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Abstract

Biofilms are considered to be one of the most prevalent and successful modes of life
on Earth, and the prevailing lifestyle for microorganisms. Enabling bacteria to adapt to
an incredibly diverse array of environments and extreme conditions, biofilms are a
major contaminant of both medical and industrial settings. Indeed, approximately 80%
of microbial infections are associated with biofilm formation, whilst the damage caused
by biofilms in industry is estimated at between 2 — 3% of global GDP per annum. In
this body of work, the effect of two industrially-relevant shear conditions on biofilm
formation by the reference Pseudomonas aeruginosa (Ps. a.) strains PA01 and PA14
was investigated, as well as the effect of growth conditions and growth medium

components on curli gene expression in E. coli K12 PHL644.

The CBC biofilm reactor was used to model low and high shear conditions at 75 RPM
and 350 RPM respectively, and biofilms grown over a time period of 96 hours. High
levels of the intracellular second messenger c-di-GMP are regarded as the determining
factor for Ps. a. sessility and progression of the biofilm phenotype, thus the c-di-GMP-
responsive cdrA::gfp reporter was used to measure intracellular c-di-GMP levels of
PAOl1 and PA14 under low and high shear conditions. Biofilms were analysed via
confocal laser scanning microscopy and staining of extracellular DNA (eDNA) and the
exopolysaccharides Psl and Pel, which are all form crucial components of a self-
produced and protective extracellular matrix that surrounds and enmeshes Ps. a.
within a biofilm. Under high shear at 350 RPM, intracellular c-di-GMP levels of initially

adhered (at 24 hours) bacteria were increased, resulting in increased production of



exopolysaccharides and formation of early aggregative structures. Shear conditions
were shown to impact upon biofilm development and maturation of three-dimensional
structures: crucially, mushroom-shaped macrocolonies, which are archetypal of Ps. a.
biofilm formation, did not form under high shear. Under low shear at 75 RPM, Psl| and
Pel were organised into networks of fibre-like structures that penetrated throughout
well-established basal biofilms (> 72 hours), which is in agreement with the work of
others (with respect to Psl), but is a novel observation of Pel morphology as produced
by PA14. The work presented in this thesis therefore provides further insight on the
variety of Psl and Pel morphologies that exhibit different structures, spatial and
temporal organisation, and function across PAO1 and PA14 biofilms in response to
either low or high shear conditions. Whilst similarities were observed between the two
strains, PAO1 and PA14 exhibited distinct responses to the imposed shear regime, in
terms of initial surface colonisation, time taken for mature structures to emerge, and

exopolysaccharide production.

Biofilms produced by E. coli PHL644 were grown using the Duran bottle model, via a
method previously developed by the Overton laboratory. High levels of the
transcriptional regulator CsgD are regarded as ‘master switch’ that determines biofilm
formation in E. coli, thus the CsgD-responsive csgB::gfp reporter was used to measure
curli gene expression in response to growth in LB broth (a rich medium) versus M63+
minimal medium, different concentrations of glucose (at 0 mM, 1 mM, 10 mM and 100
mM), and incubation at different temperatures (at 25 °C, 28 °C, 30 °C and 37 °C), and
identify parameters which resulted in maximal expression of curli. Planktonic cell

samples were taken from the tops of the Duran bottles, and sedimented cell samples



taken from the bottom of the Duran bottles for comparative analysis of growth via
spectrophotometry at ODesoo and csgB::gfp fluorescence by flow cytometry. Curli gene
expression was found to be highest in cultures grown in M63+ minimal medium, with
a glucose concentration of 10 mM and at an incubation temperature of 30 °C, which is
in agreement with comparable studies in the literature. Of interest was the fact that an
inverse relationship between biomass concentration (as defined by ODsoo values) and
csgB::gfp fluorescence was observed. Curli gene expression in sedimented cell
samples was consistently lower than that of planktonic cell cultures across all
experimental subsets, suggesting that planktonic cells are physically more capable of
surface attachment, and curli expression may be downregulated when in a sediment;

exemplifying the importance and function of curli as the initial adhesin of E. coli K12.

Overall, this body of work concludes that different shear conditions can impact upon
Ps. a. biofilm development and induce distinct organisation of the ECM, and that the
CBC biofilm reactor is a suitable experimental model for assessing the impact of
turbulent flow regimes, akin to those experienced in industrial manufacturing plants,
on biofilm formation and composition. Additionally, this body of work also demonstrated
that the Duran bottle model is also a suitable method for biofilm formation, and for
investigating the effect of a wide array of growth conditions on E. coli K12 biofilm
formation and curli gene expression. Parameters that resulted in maximal curli gene
expression in E. coli K12 PHL644 cultures grown via the Duran bottle method under
the conditions tested were identified, and could be further used to optimise production

of a physically robust E. coli biofilm for use in biocatalysis or certain industrial settings.
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Chapter 1: Introduction



Chapter 1: Introduction

Throughout nature, cooperation of individuals within a community is known to
beneficial for a variety of advantages that solitary life does not provide, including
protection from predation, starvation and adverse environmental conditions (Mann and
Wozniak, 2012). Whilst this notion is easily spotted in a variety of animal species
(including flocks of birds, herds of mammals, schools of fish and colonies of insects),
it may be surprising to note that there is evidence in the early fossil record of putative
community organisation by microorganisms over 3.2 billion years ago, forming
structures now referred to as biofilms (Costerton, 1978; Rasmussen et al., 2000;
Westall, et al. 2001). Analogous biofilm structures can still be found in contemporary
hydrothermal environments such as deep-sea vents and hot springs (Taylor et al.,
1999; Reysenbach and Cady, 2001), and the visual characteristics of biofilms that form
under various natural and artificial environmental conditions are notably similar to one
another (Hall-Stoodley et al., 2004). Similarly to the advantages acquired by Animalia
communities, the convergence of community organisation within microbial biofilms
enables bacteria to adapt to an incredibly diverse array of environments and extreme

conditions.

1.1.1. Definition of a biofilm

A biofilm can be described as an assemblage of bacterial cells that are encased in a
protective extracellular matrix (ECM) that is self-produced and can be composed of
polysaccharide material or lipids (Donlan, 2002; Hall-Stoodley et al., 2004; Branda et

al., 2005; Ma et al., 2009). Whilst the term biofilm predominantly refers to a solid,



surface-attached structure, it can also be used in reference to suspended filamentous
structures (known as streamers) or biofilms that have formed at the air-liquid interface
of standing cultures, termed pellicles (Rusconi et al., 2010). Able to form on both abiotic
and biotic surfaces, the ECM creates a niche environment that facilitates cell-cell
interaction and communication; providing a reservoir of metabolites for promotion of
growth in addition to protection of bacteria from their external, surrounding environment
outside of the biofilm (Flemming and Wingender, 2010). Biofilms can be composed of
a single species of bacteria, or a collective of multiple species and other

microorganisms including fungi (Beloin et al., 2008; Flemming et al., 2016).

Geesey et al., (1977), revealed that in both natural environments and those under
human influence, over 99% of resident bacteria are surface-attached, with the ratio of
sessile to planktonic cells often greater than 10 — 10%1. Indeed, biofilms are
considered to be one of the most prevalent and successful modes of life on Earth
(Stoodley et al., 2002), and the prevailing lifestyle for microorganisms (Watnik and
Kolter, 2000). Microbial cells encased within the ECM are able to withstand multiple
environmental pressures, including UV radiation; extremes in both temperature and
pH; high salinity; high pressure; mechanical and shear forces; nutrient depravation; the
risk of desiccation, and chemical agents including antibiotics and anti-fouling
compounds (Harrison et al., 2007; Hostacka et al., 2010; Yang et al. 2011; Kim and
Chong, 2017; Hathroubi et al., 2017; Marsden et al., 2017; Singh et al., 2017; Hou et

al., 2018).



1.1.2. Bacterial biofilms in medical settings

According to the National Institute of Health (Davies, 2003; Karatan and Watnick, 2009;
Joo and Otto, 2012; Jamal et al., 2018), up to 80% of microbial infections are
associated with biofilm formation, including but not limited to native-valve endocarditis,
periodontitis, osteomyelitis, pyelonephritis and otis media (Donlan, 2002; Hall-Stoodley
et al., 2004; Bjarnsholt, 2013; Chau et al., 2014; Veerachamy et al., 2014; Gupta et al.,
2016). Formation of biofilms is also archetypal of chronic infections, such as non-
healing wounds, cystic fibrosis and chronic prostatitis; indicative of disease
progression, long-term persistence and increased morbidity and mortality for affected
patient populations (Spoering and Lewis, 2001; Donlan, 2002; Kiedrowski and

Horswill, 2011; Majik and Parvatkar, 2014).

Of further concern is the fact that biofilm formation is also associated with nosocomial
(hospital-acquired) infections, which are demarcated as the fourth leading cause of
death in the USA; resulting in 2 million cases annually and an additional cost of $5
billion per annum to the medical sector (Wenzel, 2007). An estimated 60 — 70% of
nosocomial infections are correlated to the use of implanted medical devices, of which
in the USA alone, approximately 5 million are used per annum (Spoering and Lewis,
2001; Bryers, 2008; Majik and Parvatkar, 2014). Catheter-associated urinary tract
infections are the most prevalent nosocomial infection, accounting for 40% of all

nosocomial infections globally (Hooton et al., 2010).

Contamination of prosthetic and implantable devices can occur during surgery or

during recovery, with factors such as biomaterial composition, implant surface



hydrophilicity, surface charge and surface energy associated with the increasing rate
of infection of devices (Ribeiro et al., 2012; Koseki et al., 2014; Tran et al., 2015;
Roehling et al., 2017). Furthermore, there is always an inherent chance of bacteria re-
colonising new implantable surfaces (Oliveira et al., 2018) or being transmitted from
patient to patient (Russotto et al., 2015), as the bacterial load required to colonise such
surfaces is up to 10* less than in comparison to native tissue surfaces (Zimmerli et al.,
2004; Vergidis and Patel, 2012; Nowakowska et al., 2014). In spite of the $180 billion
per annum industry relating to the worldwide production of prostheses, implants and
materials related to tissue-engineering, all medical devices or tissue-engineered
constructs remain at risk of microbial colonisation, and thus biofilm formation (Bryers

and Ratner, 2004; Castelli et al., 2006; Bryers, 2008).

1.1.3. Bacterial biofilms in industrial settings

Biofouling in industry is defined by the undesired formation of organic deposits upon a
surface (Characklis, 1981). Microbial biofouling occurs as a result of biofilm formation
and development, whilst macrobial biofouling involves the subsequent deposition and
growth of organisms such as barnacles and mussels (Characklis, 1981). Many
industries are affected by microbial biofouling, including but not limited to bottling or
wine industries, food production, the dairy industry, production plants, power plants,

water and marine industries, and even construction (Vishwakarma, 2019).

In industry, the consequences of uncontrolled microbial fouling are numerous: it can
negatively affect the energetic efficiency of processes; cause surface corrosion and

material deterioration; decrease product quality due to contamination, and can



eventually release opportunistic or pathogenic microorganisms (such as Legionella in
aerosol form, from biofilms in cooling towers), leading to their dissemination in the
environment and the promotion of disease (Characklis, 1981; Costerton et al., 1999;
Ludensky, 2003; Srey et al., 2013; Liu et al., 2014; Lemos et al., 2015). Indeed, the
damage caused by biofilms in industry is estimated at between 2 — 3% of global GDP
per annum (http://engage.innovateuk.org/technologystrategyboardiz/lz.aspx?p1=050

46241S4354&CC=&wW=7804&cID=0&cValue=1).

Biofilm control in industry is maintained through the use of biocides to disinfect
surfaces and incapacitate microorganisms, but this is often ineffective as removal of
the biomass itself is neglected (Cloete et al., 1998; Mah and O’Toole, 2001; Faille et
al., 2013). Mechanical cleaning, illustratively by either pigging to remove deposits in
pipelines (Flemming, 2011) or through the use of ultrasonic treatment of surfaces in
the food industry (Boulangé-Petermann, 1996), whilst successful, is dependent upon
system design, as some pipelines can only be reached via chemical cleaning (Cloete,
2003). In areas of industrial plants where the flow rate is low, such as in crevices,
corners of tubing and pipelines, dead zones and surrounding valves, stagnation can
occur; promoting accumulation of bacteria and persistence of the biofilm, as well
colonisation of other surfaces if parts of the biofilm become detached and transported
downstream through the plant (Brooks and Flint, 2008; Manuel et al., 2009). Due to
their self-produced and protective ECM, bacteria sequestered within biofilm structures
are known to exhibit resistance and increased tolerance to biocidal treatments,
including disinfectants and antimicrobial compounds (Stewart and Costerton, 2001;

Hgiby et al., 2010).



1.1.4. General biofilm formation and lifestyle

The transition from a planktonic to sessile mode of growth in a biofilm occurs in
response to environmental changes, and requires the collective effect of multiple
regulatory networks and concerted changes in gene expression to facilitate the spatial
and temporal reorganisation of the bacterial cell (Pratt and Kolter, 1998; O'Toole et al.,
2000; Prigent-Combaret et al., 2001; Parsek and Singh, 2003; Monds and O’Toole,
2009). Whilst the precise mechanism of biofilm formation and the resultant biofilm
architecture and ECM components vary between different bacterial species, the
process of surface-associated biofilm formation can be summarised by five principal
stages: initial and reversible attachment, irreversible attachment, colonisation,
maturation and finally detachment or dispersal (Figure 1.1) (O’'Toole et al., 2000;

Palmer et al., 2007; Taylor et al., 2014).

When a bacterium comes into contact with a surface, it can become loosely adhered
to the substratum via one pole of the cell, and is able to detach and re-attach to the
surface (Agladze et al., 2005; Petrova and Sauer, 2012). During this stage (known as
reversible attachment), bacteria are subject to Brownian motion, and may spin, vibrate
or move rapidly across a surface (Sauer et al., 2002; Toutain et al., 2007). The
boundary layer above a surface is hydrodynamic, and can repel bacteria due to the
net negative electrostatic forces present (Pratt and Kolter, 1999; Goulter et al., 2009).
Additionally, there are drag and frictional forces that have to be overcome in order for
a bacterium to make contact with a surface (Goulter et al., 2009; Petrova and Sauer,
2012). Local nutrient levels, pH, ionic strength and temperature can result in the

presence of attractive or repulsive forces that are able to affect the velocity and



direction of bacteria either moving toward or away from a contact surface (Donlan,
2002; Kostakiotki et al., 2013). Furthermore, physical conditions such as the presence
of a conditioning film upon a surface, surface topography and roughness, and weak
interactive forces such as van der Waals also mediate initial surface attachment

(Tuson and Weibel, 2013).

Figure 1.1
The general formation of a biofilm can be summarised by five distinct stages
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The five stages of biofilm development can be summarised as follows: planktonic bacteria
that come into contact with a suitable surface will detach and re-attach reversibly, until
maintained cell-surface and cell-cell interactions result in sessility via irreversible
attachment. The production of a protective extracellular matrix (shown in blue) enables the
biofilm to grow and mature, forming complex three-dimensional structures such as
macrocolonies by either a single or multiple species of bacteria. Finally, detachment (which
limits the overall accumulation of biomass by the structures) occurs: either passively, as a
result of increased shear force causing erosion or sloughing of parts of the biofilm, or
actively via dispersion, enabling the translocation of bacteria to new surfaces for
colonisation and thus continuation of the biofilm lifestyle.

Figure taken from Pinto et al., (2020)



Motile bacteria can additionally utilise flagella to overcome both repulsive and
hydrodynamic forces (Kostakioti et al., 2013). Within the literature the importance of
flagellar motility for initial attachment has been documented in a variety of species,
including Pseudomonas aeruginosa (Ps. a.), Vibrio cholerae, Listeria monocytogenes
and Escherichia coli (E. coli) (O’'Toole and Kolter, 1998; Watnick and Kolter, 1999;
Lemon et al., 2007; Toutain et al., 2007). In some bacterial species, chemotaxis can
also be used to direct attachment. Mutations in the CheR1 methyltransferase were
shown by Schmidt et al., (2010), to result in impaired surface sensing by Ps. a., whilst
Hadjifrangiskou et al., (2012), demonstrated that disruption to the methyl-accepting

chemotaxis protein Il in uropathogenic E. coli results in perturbed biofilm phenotypes.

The transition from reversible to irreversible attachment can be defined by the ability
of surface-associated bacteria to withstand shear forces and maintain contact with the
surface (Kostakioti et al., 2013). Attachment of a bacterium to a surface via the long
axis of its cell, as well as the use of extracellular appendages and secreted adhesins,
results in irreversible attachment (Zobell, 1943; Jensen et al., 1992; O’Toole and
Kolter, 1998b). More stable than reversible attachment, irreversible attachment is
regarded as the first phase in biofilm formation, and is associated with the
establishment of a monolayer of colonising cells upon a surface (Monds and O’Toole,
2009). Whilst surface motility facilitates exploration of an environment, downregulation
of motile elements has to occur in order to support sessility and surface colonisation.
Gram negative bacteria, including Ps. a., Neisseria meningitidis and enterotoxigenic
E. coli are known to undergo transcriptional changes that are contact-dependent

(Dietrich et al., 2003; Kansal et al., 2013; Siryaporn et al., 2014). Such changes can



illustratively affect the production of virulence factors or toxins, as well as Type IV pili

tension on a surface (Moorthy et al., 2016; Newman et al., 2017; Floyd et al., 2017).

Maturation of the biofilm leads to the development of microcolonies (and subsequently
macrocolonies) that result in a more distinctive, three-dimensional structure with
pronounced architectural features. Mature biofilm colonies are densely packed with
bacterial cells embedded in the ECM, and can result in the development of pillar- and
mushroom-shaped masses that project outwards, and can reach several hundreds of
microns in height (Hall-Stoodley et al., 2004). This stage of the biofilm lifestyle is
characterised by the upregulation of genes involved in the synthesis of extracellular
polymeric substances (EPS) such a polysaccharides, proteins, lipids and DNA
(Flemming et al., 2007; da Costa Lima et al., 2018; Di Martino, 2018). EPS exhibit both
diverse structures and functions, but all are highly hydrated polymers that are
fundamental to ECM formation during biofilm maturation (Flemming et al., 2007). EPS
are distributed through the biofilm in a heterogenous pattern (Houari et al., 2008),
interacting with one another to form the encompassing ECM, as well as with bacterial
cells to confer both cohesion and viscoelastic properties to the biofilm structure (Shaw

et al., 2004; Payne and Boles, 2016).

A passive process, detachment is regarded as the principal mechanism that limits
overall accumulation of biofilm biomass, and refers to the release of parts of the biofilm
as a result of mechanical or shear stress (van Loosdrecht et al., 1997; Kaplan, 2010).
Erosion and sloughing are two distinct forms of detachment that both denote loss of

biofilm cells due to fluid frictional forces: erosion refers to the removal of small amounts



of the biofilm, whilst sloughing may result in the loss of intact pieces of biofilm or the
whole structure itself (Bryers, 1988; Telgmann et al., 2004; Flemming et al., 2011). By
contrast, dispersion (the final stage of the biofilm lifestyle) demarcates the process of
bacteria leaving the biofilm, through the en-masse transition of formerly sessile, matrix-
encased cells to the planktonic mode of growth (Rumbaugh and Sauer, 2020). A
dynamic process, dispersal results in the active ‘escape’ of either matrix-encased or
single cells from the biofilm; leaving behind biofilms with visible cavities or central voids
(Sauer et al., 2002; Stoodley et al., 2005; Petrova and Sauer, 2007). Often referred to
as ‘seeding dispersal’, dispersion contributes to bacterial survival, enabling the
translocation of bacteria to new surfaces for colonisation, and thus continuation of the

biofilm lifestyle (Purevdorj-Gage et al., 2005).

1.2. Pseudomonas aeruginosa and biofilm components

1.2.1. Pseudomonas aeruginosa

Ps. a. is a Gram negative bacillus of unipolar motility that ubiquitously inhabits the soil
and surfaces of aqueous environments; also forming a constituent part of the normal
skin flora of humans (Sousa and Pereira, 2014). Ps. a. is one of the most important
model organisms regarding the study of biofilms, due to the relative ease of growing
structured biofilms under laboratory conditions that are both consistent and
reproducible (Taylor et al., 2014). In addition, Ps. a. is of great clinical significance as
the causal agent of both acute and chronic infections in a variety of patient populations

(Gellatly and Hancock, 2013).
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1.2.2. Surface organelles

1.2.2.1. Flagellum

Flagella are long, helical and rotatable extracellular appendages that enable bacterial
dissemination in liquid, across semi-solid surfaces and at surface interfaces (Haiko
and Westerlund-Wilkstrom, 2013). Over 80% of known bacterial species possess
flagella and in Gram negative bacteria, such as Ps. a. and E. coli, the flagellum
machinery spans across both the inner and outer membranes (Moens and
Vanderleyden, 1996). Whilst the structure and arrangement of flagella on the cell-
surface is both species- and environment- dependent (Joys, 1988; Wilson and
Beveridge, 1993), flagellar motility is advantageous; enabling bacteria to move either
towards or away from favourable or detrimental conditions, colonise surfaces and to
successfully compete with other microorganisms (Fenchel, 2002; Soutourina and
Bertin, 2003). In Ps. a., flagella-mediated swimming can overcome surface repulsion,
and cell spinning is indicative of flagella attachment to a surface (Toutain et al., 2007;

Petrova and Sauer, 2012).

Ps. a. expresses a single, polar flagellum that is a polymer, composed of flagellin
subunits: the helical N- and C-termini of the flagellin monomers form the inner core
and enable polymerisation into a filament, whilst the outer surface of the flagellum is
composed of the middle residues (Vonderviszt and Namba, 2013). The flagellum of
Ps. a. is a motorised structure composed of a rotor, two stators, a flagella hook and
filament proteins; anchored into the cell membrane via several ring structures (Figure
1.2) (Ha and O’Toole, 2015). Powered by a transmembrane proton (or sodium ion)

gradient (Hirota and Imae, 1983; Blair 2003; Toutain et al., 2005), the rotor unit dictates
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the directional movement of the flagella (clockwise or anticlockwise), and sits within

the stator (Francis et al., 1994; Kojima and Blair, 2004).

Figure 1.2
Structure of the flagellar apparatus
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Scaled representation of the conserved flagellar apparatus in Gram negative bacteria. The
hook (green) connects the filament structure (composed of flagellin subunits) to the motor
area of the apparatus, known as the basal body. The basal body is a rod-shaped structure
anchored into three layers of the cell wall by several encompassing rings: the L ring located
within the outer membrane (red), the P ring anchored within the peptidoglycan layer (blue),
and the MS and C rings (yellow), which are anchored in the inner (cytoplasmic) membrane
and to the cytoplasm respectively. Mot proteins surround the MS and C rings, and act as
the stators for the motorised part of the flagellar apparatus, complexed to the C ring which
acts as the rotor, resulting in movement of the extracellular filament structure. The motor
switch is comprised of Fli proteins, which can reverse rotation of the flagellum upon
interactions with intracellular signalling molecules or in response to chemotaxis.

Figure taken from https://microbeonline.com/bacterial-flagella-structure-importance-and-
examples-of-flagellated-bacteria/
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The genome of Ps. a. contains single copies of the fliC and fliD genes, encoding for
flagellin subunits and a cap protein respectively (Toutain et al., 2007; Petrova and
Sauer, 2012). Comparison of the amino acid sequences of fliC genes from a variety of
Ps. a. strains revealed that two distinctive flagellin protein types of differing molecular
weights and structures (classified as type-a and type-b) are synthesised, with type-a
flagellins being more heterogenous than type-b flagellins (Allison et al., 1985; Arora et
al., 2001). Ps. a. strain PAO1 for example expresses type-b flagellin, whilst the majority
of clinical isolates encode type-a flagellin (Arora et al., 2001). FIiD is an important
structural component of the Ps. a. flagellum: a flagellar cap protein located at the tip of
the flagellum, FilD is a mucin-specific adhesin that is exposed to a bacterium’s external

surroundings and its selective environmental pressures (Toutain et al., 2007).

The two stator units, MotAB and MotCD, are both required for initial polar attachment
to a surface (Toutain et al., 2005; Petrova and Sauer, 2012). First reported by Kato et
al., (1999), mutations in either stator resulted in retarded attachment of Ps. a. PAOL,
and deletion of MotAB and/or MotCD results in strains that, whilst able to synthesise a
flagellum (Enomoto, 1966; Dean et al., 1984), were unable to rotate properly and only
able to move via swimming motility, albeit at a reduced speed compared to wild-type
PAO1 and PAK strains (Doyle et al.,, 2004). MotAB (but not MotCD) additionally
facilitates irreversible attachment, which is the first step in progression toward sessility
and biofilm formation (Petrova and Sauer, 2012; Ha and O’Toole, 2015). Toutain et al.,
(2005), showed that downregulation of motAB results in a significant proportion of cells
attaching via their axis to a surface (rather than the cap protein FliD); transitioning into

the irreversible attachment phase.
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1.2.2.2. Type IV pili

Type IV pili (TFP) are an additional motile appendage that mediates bacterial cell
attachment to both abiotic and biotic surfaces, and initiation of biofilm formation in Ps.
a. (O'Toole and Kolter, 1998). Similarly to the flagellum being composed of flagellin
subunits, TFP are composed of polymers of the PilA protein (known as pilin) that can
be reversibly assembled and disassembled to propel bacteria laterally across semi-
solid surfaces (Sastry et al., 1985; Mattick, 2002; Dasgupta et al., 2003). In Gram
negative bacteria, pilin subunits are held together by non-covalent interactions, whilst
Gram positive pili are polymers composed of pilin subunits that are covalently bonded
together via a sortase enzyme (Beaussart et al., 2014). Ps. a. expresses several TFP
located at the same pole of the cell (Rashid and Kornberg, 2000), with Skerker and
Berg (2001), observing that individual pili on the same cell were able to extend and
retract rapidly and independently of one another, at an average rate of 0.5 um per

second, with an estimated retraction force of 10 pN.

Beaussart et al., (2014), used different force microscopy techniques (atomic, chemical
and single-cell force microscopies) to discern how Ps. a. TFP adhere to surfaces.
Chemical force microscopy revealed that Ps. a. TFP are mechanically robust, with
individual pili able to withstand mechanical forces of up to 250 pN each (Beaussart et
al., 2014). By comparison, TFP on Neisseria gonorrheae have been observed to
withstand forces of up to 100 pN, with pili becoming narrower and longer in structure
under such conditions (Biais et al., 2008). Atomic force microscopy has also been used
to show that P-pili and Type | pili from Gram negative bacteria such as E. coli are able

to readily become longer when under mechanical stress to yield constant force
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plateaus, as a result of confirmational changes to the protein’s quaternary structure
(Miller et al., 2006; Dufréne et al., 2014). In response to mechanical or shear stress,
Ps. a. TFP are able to transition into an extended quaternary structure through protein
unfolding, which in turn exposes previously-hidden amino acid residues that are
thought to either promote adhesion, or to act as a signal that demarcates strong
attachment to the surface (Beaussart et al., 2014). Furthermore, evidence presented
by Anyan et al., (2014), suggests that TFP can promote cell-cell associations, and
control the collective movement of Ps. a. cell populations through TFP-TFP
interactions. Such interactions may occur as a precursor to biofilm formation, as
observed in Vibrio cholerae (Jude and Taylor, 2011), enabling Ps. a. to quickly colonise
new surfaces through fast and synchronised translocation of the bacterial population

(Shrout et al., 2006; Caiazza et al., 2007; Barken et al., 2008; Burrows, 2012).

1.2.3. EPS and matrix composition

1.2.3.1. Psl
In 1989, a neutral EPS was purified from a clinical Ps. a. immunotype 4 isolate, and
found to contain D-mannose, D-glucose and L-rhamnose residues (Kocharova et al.,
1989). The same constituents were identified by Rocchetta et al., (1998), and Wozniak
et al., (2003), during analysis of an EPS derived from Ps. a. PAO1, and recognised by
several other research groups through the use of Ps. a. strains incapable of
synthesising alginate, but still able to colonise solid glass substrata and form biofilms
(Friedman and Kolter, 2004a; Jackson et al., 2004; Mastukawa and Greenberg, 2004).
The first 3 genes of the polysaccharide synthesis locus (psl) were identified in 1998,

and their role in the production of a putative polysaccharide originally intimated based
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on sequence similarity to genes involved in the synthesis of the polysaccharides
colonic acid (in E. coli and Salmonella spp.) and xanthan gum (in Xanthomonas

campestris) (Chou et al., 1997; Rocchetta et al., 1998; Stevenson et al., 2000).

Psl has a distinct chemical structure, composed of a pentameric repeat of D-mannose,
D-glucose and L-rhamnose moieties (Figure 1.3) (Byrd et al., 2009). The Psl polymer
is made from the sugar-nucleotide precursors guanosine diphosphate (GDP)-D-
mannose, uridine diphosphate (UDP)-D-glucose and deoxythymidine diphosphate
(dTDP)-L-rhamnose from the sugar nucleotide pool (Byrd et al., 2009). Each sugar-
nucleotide precursor is synthesised via its own distinct pathway, and the precursors
can either be directly incorporated into the elongating polymer chain, or modified

before incorporation (Rocchetta et al., 1998; Whitfield and Roberts, 1999).

Figure 1.3
Chemical structure of the Psl polysaccharide
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Figure adapted from Liang, 2015

The psl locus consists of 15 genes (pslA to pslO, gene cluster PA2231 — PA2245)
spanning an 18.8 kb region of the Ps. a. PAO1 genome (Friedman and Kolter, 20044a,;

Jackson et al.,, 2004; Mastukawa and Greenberg, 2004). Of these, 11 genes
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(psIACDEFGHIJKL) are co-transcribed and requisite for the synthesis and export of
Psl, whilst the remaining 4 (psIB, psIM, psIN and pslO) are not required (Byrd et al.,
2009; Franklin et al., 2011). Data from transcriptional profiling revealed that the
psIMNO genes are not co-transcribed with pslABCDEFGHIJKL genes (Goodman et
al., 2004; Starkey et al., 2009). Furthermore, the gene products of psIMNO have no
known homologs in Ps. a., nor are functionally associated with synthesis of a
polysaccharide (Stover et al., 2000; Friedman and Kolter, 2004b; Jackson et al., 2004).
The second gene in the psl locus, psIB, is not essential for Psl production as it shares
functional redundancy with wbpW (Rocchetta et al., 1998; Jackson et al., 2004; Lee et
al., 2008). In Ps. a. PAO1, psIB and wbpW encode for bifunctional phosphomannose
isomerase/GDP-D mannose pyrophosphorylases that are functionally interchangeable
for production of the GDP-D-mannose precursor necessary for Psl synthesis (Byrd et

al., 2009; Franklin et al., 2011).

Psl is essential for initial attachment to abiotic and biotic surfaces by several Ps. a.
strains, and is able to form a primary scaffold upon which development of a biofilm can
occur (Ma et al., 2006; Byrd et al., 2009; Byrd et al., 2010). Ps. a. can additionally
deposit trails of Psl upon a surface which influences the motility of subsequent bacterial
cells attaching to the surface, further initiating biofilm formation (Zhao et al., 2013).
PslA and PsID have been shown to be essential for biofilm formation in Ps. a. PAO1,
with comparative attachment analyses demonstrating that a PAO1ApsIA mutant was
significantly attenuated with respect to both initial attachment and biofilm development

(Overhage et al., 2005; Campisano et al., 2006).
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Through the use of Psl-specific lectins, Ma et al., (2009), were able to directly visualise
Psl formation and localisation at different stages of biofilm formation. During initial
surface attachment, Psl was found to associate with the bacterial cell surface,
anchored in a helical pattern around the cell; stabilising Psl-Psl interactions between
adjacent bacteria, and resultantly enhancing cell-surface and intercellular interactions
(Ma et al., 2009; Wei and Ma, 2013). Mature biofilms were observed to have two
distinct architectures: a flat monolayer with equal distribution of the cell-associated Psl
matrix, or three-dimensional microcolonies with Psl accumulation at the periphery of
structures, and minimal amounts of Psl in the interior cavities of the microcolonies (Ma
et al., 2009). Crucially, Psl is the primary EPS produced by Ps. a. PAO1, whilst PA14
is incapable of producing Psl, due to a deletion of pslA to psID in its genome (Friedman

and Kolter, 2004a; 2004b).

1.2.3.2. Pel
In addition to forming biofilms on solid surfaces, Ps. a. is able to form biofilms at the
air liquid interface (ALI) of standing cultures, forming structures known as pellicles
(Ryder et al., 2007). Ps. a. strain PA14 is capable of forming robust pellicles at the ALI,
with Friedman and Kolter, (2004a), observing the development of a distinct architecture
of bacterial cells embedded in an opaque matrix (visible with the naked eye) within 48
hours. After 120 hours of incubation, due to the rigidity of the pellicle, this matrix could
not be dispersed by either forceful vortexing, boiling or enzymatic treatments
(Friedman and Kolter, 2004a). Through screening of a PA14 transposon library for
pellicle-deficient mutants, the pel operon was identified, and hypothesised to have

involvement in the production of an ECM constituent (Friedman and Kolter, 2004a).
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The pellicle gene locus (pel) consists of seven genes (pelA to pelG, gene cluster
PA3058 — PA3064), spanning a 12.2 kb region of the Ps. a. PA01 genome (Freidman
and Kolter, 2004a). The corresponding region of the Ps. a. PA14 genome shares 98%
nucleotide sequence similarity with PAO1, whilst the protein products from the pel gene
cluster are identical in both PAO1 and PA14 (Friedman and Kolter, 2004a). All seven
genes in the pel operon are required for Pel-dependent biofilm phenotypes (Vasseur
et al., 2005; Franklin et al., 2011), with five of the predicted protein products exhibiting
amino acid sequence similarities with known carbohydrate processing proteins from
other bacterial species (Friedman and Kolter, 2004a). In contrast to the psl operon, the
pel operon is poorly conserved in Pseudomonas syringae, Pseudomonas putida and

Pseudomonas mendocina (Mann and Wozniak, 2015).

Although the structure of Pel has yet to be elucidated, early carbohydrate and linkage
analyses suggested that pel encodes for a glucose-rich, linear EPS (Friedman and
Kolter, 2004a; 2004b). Pel is believed to be a cationic polymer, composed of partially
acetylated, 1,4-linked N-acetylglucosamine and N-acetylgalactosamine moieties
(Friedman and Kolter, 2004a; Jennings et al., 2015). Similarly to Psl, Pel can serve as
a primary scaffold during early biofilm formation through the maintenance of cell-cell
interactions, and is essential for the development of mature biofilm structures by Ps.
a. PA14 (Colvin et al., 2011; Ghafoor et al., 2011; Yang et al., 2011). In the non-piliated
Ps. a. strain PAK, there is evidence to suggest that Pel can also compensate as an
initial attachment factor in the absence of other adhesins such as TFP (Vasseur et al.,

2005).
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Initially, PA14 biofilms develop as small microcolonies that become increasingly
complex during maturation, resulting in the formation of large, multicellular aggregates
(Colvin et al., 2011; Yang et al., 2011). Pel facilitates the differentiation of mature
biofilm structures: compared to the wild-type, a PA14ApelB mutant is unable to develop
a three-dimensional architecture; capable of only producing a dense monolayer of cells
on the surface (Colvin et al., 2011). Conversely, overexpression of pel results in the
formation of larger cell aggregates with increased biofilm biomass (Colvin et al., 2011).
Furthermore, localisation of Pel in PA14 is analogous to that of Psl localisation in PAO1,
with Jennings et al., (2015), revealing that Pel accumulates at the periphery, rather
than within the interior, of mature biofilm structures. In the archetypal mushroom-
shaped masses of PA14 biofilms, Pel has been observed to localise to the stalk of
such structures, forming intertwined Pel fibres that extend from the surface substratum
and around the mushroom-shaped microcolonies, tethering them in place (Jennings et

al., 2015).

1.2.3.3. Alginate

Unlike Psl and Pel which are aggregative exopolysaccharides, alginate is defined as a
capsular polysaccharide that forms a protective layer around a bacterium (Mann and
Wozniak, 2015). Alginate is a high molecular weight polymer, composed of non-
repeating monomeric units of 3-1,4-linked, selectively O-acetylated D-mannuronic acid
and its C5’ epimer a-L-guluronic acid (Evans and Linker, 1973; Chitnis and Ohman,
1990; Ryder et al., 2007; Franklin et al., 2011). In Ps. a., alginate is firstly synthesised
as a linear homopolymer of D-mannuronic acid residues, and then modified in the

periplasm through selective O-acetylation by Algl, AlgJ and AlgF and epimerised by
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AlgG (Franklin and Ohman, 1993; Franklin and Ohman, 2002; Franklin et al., 2011).
AlgG converts D-mannuronic acid to L-guluronic acid at the polymer level, and
acetylation occurs at the hydroxyl groups at either the C2’ and/or the C3’ positions.
Thus, alginate is an EPS with a more irregular and distinctive structure than other
polysaccharides that are composed of regularly repeating monomeric units (Figure 1.4)

(Boyd and Chakrabaty, 1995; Franklin et al., 2011).

Figure 1.4
Chemical structure of alginate
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Figure adapted from Liang, 2015

Alginate biosynthesis has been extensively studied due to its function as a major
virulence factor in Ps. a. strains that opportunistically infect the lungs of cystic fibrosis
(CF) patient populations (Govan and Deretic, 1996; Pier, 1998; Stapper et al., 2004).
Non-mucoid strains of Ps. a. initially colonise the CF lung, producing little or no alginate
(Nivens et al., 2001). This happens early in life, with a study by Burns et al., (2001),
reporting that over 97% of children with CF have evidence of Ps. a. infection by the
age of 3. Over time however, mucoid variants, characterised by their overproduction
of alginate emerge and eventually dominate as the principal pulmonary pathogen, with

the transition from non-mucoid to mucoid phenotypes associated with the increased
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morbidity and mortality of CF patients (Hgiby, 1975; Govan and Deretic, 1996; Ramsay

and Wozniak, 2005).

Colonisation of pulmonary surfaces by Ps. a. in vivo results in the formation of a biofilm
composed of microcolonies, each encapsulated in a glycocalyx of alginate (Lam et al.,
1980; Nivens et al., 2001). In an early study by Fick et al., (1992), approximately 85%
of Ps. a. strains isolated from the lungs of CF patients had the archetypal mucoid
phenotype, whilst by comparison, only 1% of Ps. a. strains isolated from other sites of
infection display mucoidy (Doggett et al., 1966). Mucoidy in the CF lung environment
therefore confers a distinct advantage in terms of Ps. a. survival, persistence, immune
evasion and resistance to antimicrobial treatments (Stapper et al., 2004; Leid et al.,
2005). In the laboratory, the mucoid phenotype of Ps. a. is unstable, resulting in the
frequent and spontaneous conversion of mucoid cells to non-mucoid during culturing
(Govan, 1975; Flynn and Ohman, 1988). In non-mucoid strains of Ps. a., such as PA14
and PAO1 (the bacterial strains used in Chapters 3 and 4 respectively), alginate itself
is not fundamentally required during biofilm formation (Nivens et al., 2001; Mathee et

al., 2002; Wozniak et al., 2003; Stapper et al., 2004).

1.2.3.4. Extracellular DNA

Extracellular DNA (eDNA) has also been shown to be an principal constituent of the
ECM of Ps. a. (Whitchurch et al., 2002; Allesen-Holm et al., 2006). The eDNA is
generated by the lysis of bacterial subpopulations, and has been shown to further
facilitate cell-cell interactions within the biofilm (Whitchurch et al., 2002; Nemoto et al.,

2003; Montanaro et al., 2011). There is contention in early literature regarding the role
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of eDNA: whilst some suggest eDNA is not required for normal biofilm formation
(Nemoto et al., 2003; Matsukawa and Greenberg, 2004), others have proposed that
eDNA is a vital component of Ps. a. biofilms and those formed by other species;
promoting the formation of the biofilm through ECM production and providing stability
to the developing structure (Whitchurch et al., 2002; Moscoso and Claverys, 2004;

Allensen-Holm et al., 2006; Qin et al., 2007; Lappann et al., 2010; Zweig et al., 2014).

The work of Allesen-Holm et al., (2006), originally demonstrated the role of eDNA in
promoting distinct interactions between subpopulations of bacteria and mature biofilm
differentiation in PA14. Analysis of mushroom-shaped microcolonies grown in flow
chambers revealed that eDNA was primarily localised to the stalks of these three-
dimensional structures, with most of the eDNA concentrated at the outermost part of
the stalk, separating the sessile, ‘stalk-forming’ bacteria of the biofiim from the
migrating, ‘cap-forming’ cells that give rise to the distinctive mushroom-like architecture
(Allesen-Holm et al., 2006; Montanaro et al., 2011). It has since been established that
eDNA co-localises with Pel in the stalks of PA14 mushroom-shaped microcolonies,
and is able to crosslink with Pel via ionic interactions in a pH-dependent manner
(Jennings et al., 2015). At a pH of 6.3, Pel is a cationic polymer capable of aggregating
with anionic eDNA in vitro: increasing the pH to 7.3 (the isoelectric point of Pel) results
in Pel carrying no net charge, rendering it unable to crosslink with eDNA (Jennings et
al., 2015). eDNA also co-localises with Psl, resulting in the formation of a thick, ‘rope-
like’ and radial web of eDNA-PsI fibres at the centre of pellicle biofilms to provide
structural support to cell aggregates (Wang et al., 2015). Furthermore, eDNA-PsI fibres

can function as a biofilm ‘skeleton’, facilitating further attachment of bacteria through
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the provision of a supporting matrix that also enables biofilm expansion, by trafficking

cells to the leading edge of the structure (Wang et al., 2014; Wilton et al., 2016) .

1.2.3.5. Additional components

The first biofilm matrix protein to be identified in Ps. a., CdrA is an adhesin and
structural component of the ECM in Ps. a. biofilms (Borlee et al., 2010). Encoded by
the cdrAB operon, CdrA is the product of a two-partner secretion (TPS) system, in
which the outer membrane pore CdrB is required for the export of CdrA from the
periplasm to the cell surface (Reichhardt et al., 2018). The structure of CdrA is
predicted to be similar to other TPS proteins (such as filamentous haemagglutinin),
with a B-helical motif that comprises an elongated fibrillar protein core (Borlee et al.,
2010). Purported to be a rod-shaped adhesin, CdrA increases the structural stability of
Ps. a. biofilms through mediation of both CdrA-Psl| and CdrA-CdrA interactions (Borlee
et al., 2010; Reichhardt et al., 2018). Crosslinking between CdrA and Psl enables Psl
to be tethered to, or more tightly associated with, bacterial cells within the ECM,;
promoting cell aggregation and thus contributing to the integrity of the biofilm (Borlee
et al., 2010). Stability of the biofilm is further mediated through CdrA-CdrA interactions,
which enable auto-aggregation of bacteria in the absence of exopolysaccharides
(Reichhardt et al., 2018). Whilst CdrA-deficient biofilms are able to accumulate biofilm
biomass, ensuing bacterial aggregates are loosely-associated with one another and
matrix integrity is compromised, resulting in the easy removal of the biofilm from the
surface and susceptibility to proteolytic degradation (Borlee et al., 2010; Reichhardt et

al., 2018). Recently, Reichhardt et al., (2020), demonstrated that CdrA is also able to
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bind to the exopolysaccharide Pel, and is required for the stability and maintenance of

Psl-deficient matrices, such as those produced by PA14.

Assembled at the bacterial cell-surface through the chaperone-usher pathway, Ps. a.
Cup fimbriae are another class of appendages involved in surface attachment, cell-cell
interactions and microcolony formation (Vallet et al., 2001; Ruer et al., 2007). Three
cup gene clusters (cupA, cupB and cupC) are involved in the assembly of Cup fimbriae
in Ps. a. strains PAOL1 and PAK, whilst an additional gene cluster, cupD, is found in
PA14 and thought to contribute to the increased virulence of this strain (He et al., 2004;
Mikkelson et al., 2009). The products of the cupA gene cluster were shown by Vallet
et al., (2001), to be requisite for initial adhesion to abiotic surfaces, whilst the protein
products of cupB and cupC were not required for surface adherence under the
conditions tested. However, Kulasekara et al., (2004), demonstrated that expression
of all three cup gene clusters was important for the formation of pellicle biofilms at the
ALI: in the absence of cup genes, pellicle formation did not occur, and the bacteria
growing at the ALI were resultantly unicellular, or only associated in small microcolony

clusters.

1.3. Escherichia coli and biofilm components

1.3.1. Escherichia coli

E. coli is a Gram-negative, peritrichous bacillus and facultative anaerobe, that is a
principal commensal of the mammalian gastrointestinal tract (Ping, 2010; Blount,

2015). A constituent of the gut microbiomes in birds, reptiles and fish, E. coli can also
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inhabit the soil, plants, food and aqueous environments (Hartl and Dykhuizen, 1984;
Leimbach et al., 2013; Blount, 2015). Due to the ease and low costs associated with
its growth and maintenance, E. coli is considered a model organism and has
widespread use in research and industry, particularly in molecular biology, genetics,
physiology and biotechnology (Huang et al., 2012; Son and Taylor, 2012; Cronan,
2014). Able to form robust biofilms on both abiotic and biotic surfaces, E. coli is a highly
diverse species able to occupy an array of environmental and ecological niches

(Katouli, 2010; Blount, 2015).

1.3.2. Surface organelles

1.3.2.1. Curli fimbriae

Curli fimbriae, also referred to as thin aggregative fimbriae, are a type of extracellular
amyloid fibre produced by E. coli and other Enterobacteriaceae including Shigella and
Citrobacter (Smyth et al., 1996). Curli fimbriae are hydrophobic and aggregate at the
cell surface, producing structures of diameter 6 — 12 nm, and ranging from 0.5 — 1 ym
in length (Beloin et al., 2008). Curli are classified as a type of ‘functional amyloid’ and
are crucial for mediation of initial cell-surface interactions during attachment, as well
as succeeding cell-cell interactions during biofilm and pellicle formation (Vidal et al.,
1998; Prigent-Combaret et al., 2001; Cookson et al., 2002; Hung et al., 2013). There
is also evidence to suggest that curli fimbriae can also influence the three-dimensional
structure and differentiation of mature biofilms (Kikuchi et al., 2005). Curli fimbriae are
exceptionally robust: able to withstand boiling in detergent or incubation in solvents,
biofilms containing curli are thought to be more resistant to stresses imposed by

mechanically-demanding environments (Hammar et al., 1995; Nguyen et al., 2014).
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Two operons, csgBAC and csgDEFG, are required for curli production in E. coli

(Hammar et al., 1995).

The csgBAC operon encodes for the major structural subunit of curli (CsgA) and the
minor subunit CsgB, which induces nucleation of CsgA monomers into a fibre before
assembly on the cell surface (Hammar et al., 1995; Hammar et al., 1996; Barnhart and
Chapman, 2006). In the absence of CsgB, CsgA is secreted from the bacterial cell
unpolymerised, and curli fimbriae are not assembled (Hammar et al., 1996; Chapman
et al., 2002). Co-expressed with CsgA and CsgB is CsgC, which prevents the
detrimental misfolding of CsgA in the cytoplasm (Evans et al., 2015). The csgDEFG
operon encodes for accessory proteins that are requisite for curli assembly (Hammar
et al., 1995). CsgE is localised to the periplasm, and mediates the export of stable
CsgA and CsgB through CsgG, a nonameric protein complex that forms a diffusion
channel in the outer membrane and shares structural similarities to other outer

membrane channel-forming proteins (Brok et al., 1999; Thanassi and Hultgren, 2000).

At the outer membrane, CsgE directly interacts with CsgG and the periplasmic protein
CsgF (Robinson et al., 2006), enabling secretion of CsgA and localisation of CsgB on
the cell surface and subsequent polymerisation to produce curli fimbriae, via a process
known as Type VIl (or precipitation-nucleation) secretion (Figure 1.5) (Nenninger et
al., 2009; Evans and Chapman, 2014). CsgD is a transcriptional regulator in the
FixJ/UhpA family: regarded as a master biofilm regulator in E. coli, CsgD positively
regulates the csgBA operon and thus curli production (Barnhart and Chapman, 2006;

Beloin et al., 2008).
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Figure 1.5.
Assembly of the surface organelle curli
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The csgDEFG and csgBA operons, required for curli synthesis and assembly, are shown
in the lower schematic. CsgD is known to positively regulate transcription of the csgBA
operon. All proteins encoded by these operons, apart from CsgD, are translocated through
the periplasm to the outer membrane via Sec apparatus (yellow). CsgE, CsgF and CsgG
interact with one another at the outer membrane, and ensure proficient assembly of curli
major (CsgA) and minor (CsgB) subunits, that are polymerised to form curli fimbriae.

Figure taken from Barnhart and Chapman, 2006

1.3.2.2. Antigen 43

Antigen 43 (Ag43) is a self-recognising adhesin that mediates cell aggregation and
biofilm formation in E. coli (Klemm et al., 2004; Ulett et al., 2007). A representative
member of the autotransporter family (Henderson and Owen, 1999), Ag43 is a
multidomain protein, composed of a 3 domain that forms a B-barrel pore in the outer
membrane, through which the passenger (a) domain is translocated and then
anchored to the cell surface via non-covalent interactions (Caffery and Owen, 1989;
Henderson et al., 2004; Ulett et al., 2007; van der Woude and Henderson, 2008). X-

ray crystallography has revealed that Ag43 is structured distinct in a ‘L-shape’, which
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results in the a domain protruding approximately 10 nm from the cell surface (Heras et
al., 2014). This enables self-recognition and subsequent auto-aggregation of Ag43
proteins on adjacent bacterial cells, in a head-to-tail ‘Velcro-like’ mechanism (Heras et
al., 2014; Ageorges et al., 2019). Cells express Ag43 in large quantities (estimated at
50,000 copies per cell), promoting biofilm formation through cell-cell interactions in a
similar way to curli-mediated aggregation (Danese et al., 2000; Reisner et al., 2003;

Schembri et al., 2003; Klemm et al., 2004; Ulett et al., 2007).

Encoded by the flu gene, Ag43 exhibits phase variation within a bacterial population,
whereby it can be found in either an ‘ON’ or ‘OFF’ state for individual cells (Correnti et
al., 2002; Ulett et al., 2007). Phase-variable expression of Ag43 occurs at switching
rates of circa 102 per cell per generation, as a result of the concerted actions of the
enzyme deoxyadenosine methylase (Dam) and the transcriptional regulator OxyR
(Henderson et al., 1997; Henderson and Owen, 1999; Ulett et al., 2007). Dam and
OxyR compete for sites within the flu promoter: binding of Dam to the promoter results
in methylation of GATC motifs within the OxyR binding site, resulting in positive
regulation of the flu gene that results in an ‘ON’ state (Haagmans and van der Woude,
2000; Waldron et al.,, 2002; Wallecha et al., 2003). If the OxyR binding site is
unmethylated, OxyR binds to the flu promoter; preventing transcription of the flu gene
and Dam-mediated methylation, resulting in an ‘OFF’ state that is only relieved once a
bacterial cell (and its DNA) undergo replication (Waldron et al., 2002; Wallecha et al.,
2003; De Luna et al., 2008). Whilst individual cells in any population of E. coli will exist

in either an ‘ON’ or ‘OFF’ state, biofilms have been shown to contain a significant
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proportion of ‘ON’ cells; exemplifying the role of Ag43 in E. coli biofilm formation

(Chauhan et al., 2013).

1.3.3.3. Type 1 fimbriae, F fimbriae and flagella

Type 1 fimbriae (also referred to as pili) are filamentous adhesins expressed by a
variety of both commensal and pathogenic E. coli strains (Sauer et al., 2000). Type 1
fimbriae have tubular structures that can be 5 — 7 nm in diameter, and of lengths
ranging from 0.2 — 3 um (Beloin et al., 2008). Composed of repeating FimA monomers
with a tip composed of FimF, FimG and mannose-specific FimH, Type 1 fimbriae are
able to bind to numerous receptors on eukaryotic cell surfaces in a mannose-
dependent manner, as well to mannose moieties of EPS in biofilms (Duncan et al.,
2005; Beloin et al., 2008). Indeed, numerous studies in the literature have confirmed
the importance of Type 1 fimbriae during attachment of E. coli cells to abiotic surfaces
and subsequent biofilm formation (Harris et al., 1990; Cookson et al., 2002; Moreira et
al., 2003; Orndorff et al., 2004). Pratt and Kolter, (1998), suggested that Type 1
fimbriae are imperative for the non-specific binding activity of E. coli, as fimA and fimH
mutant strains experienced reduced rates of initial attachment to abiotic surfaces.
Furthermore, expression of Type 1 fimbriae has been shown to be induced in both
early and succeeding stages of biofilm formation; potentially altering the
physiochemical properties of the outer membrane of E. coli cells to increase adhesive
properties (Schembri et al., 2003; Beloin et al., 2004; Orndorff et al., 2004). The
fimAICDFGH operon encodes for structural units of the fimbriae, and is regulated by
the recombinases FimB and FimE (Gally et al., 1996; Schilling et al., 2001). FimB and

FImE additionally regulate the inversion of a 314 bp section of DNA that precedes fimA,
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resulting in phase variability of the fimA promoter and the ability to switch between ‘ON’
and ‘OFF’ states in a clonal cell population, similarly to Ag43 expression (Klemm, 1986;

Gally et al., 1996).

F fimbriae, or conjugative F pili, are found in many commensal isolates of E. coli and
facilitate the rapid sharing of DNA between individual cells via horizontal gene transfer
(Silverman and Clarke, 2009; Wang et al., 2009). F fimbriae are helical polymers
composed of repeats of a single subunit, F-pilin (Firth et al., 1996), and have been
shown to undergo cycles of structural extension and retraction during DNA transfer
between donor and recipient cells (Helmuth and Achtman, 1978). Facilitating initial
adhesion through non-specific attachment to abiotic surfaces and succeeding cell-cell
interactions, F fimbriae bind via a ‘catch-bond’ mechanism that increases their
adhesive strength in response to external, tensional forces that act upon the fimbria
(Forero et al., 2006; Aprikian et al., 2011; Berne et al., 2015). F fimbriae are able to
stabilise maturing biofilm structure via this mechanism (Ghigo, 2001; Molin and Tolker-
Nielsen, 2003), with Reisner et al., (2003), suggesting that the fimbriae can also
functionally substitute for other adhesins including curli and Ag43. It is worth noting
that most laboratory strains of E. coli (such as E. coli K-12) do not express F fimbriae
due to loss of the F plasmid (Blattner et al., 1997). However, transforming such strains
with the F plasmid has been shown to result in the production of thicker and more
differentiated biofilms, through stimulation of curli production and colonic acid

synthesis (subsection 1.3.3.1.) (Domka et al., 2007; May and Okabe, 2008).
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In contrast to Ps. a., E. coli is a peritrichous bacterium that has multiple flagella
expressed on its cell surface (McNab, 1999). It has been demonstrated that E. coli
flagella have an affinity for hydrophobic surfaces, and can enhance bacterial
attachment to rough surfaces, as a result of the flagella being able to penetrate into
surface crevices, thus increasing the overall surface area available for bacterial
adhesion (Friedlander et al., 2013; Freidlander et al., 2015). In addition to facilitating
motility and initial attachment, the flagella of E. coli are also associated with
maintaining biofilm architecture during growth (Wood et al., 2006; Serra et al., 2013).
The work of Serra et al., (2013), demonstrated that flagellar expression at the cell-
surface interface resulted in the formation of ‘cellular ropes’ composed of entangled
flagellar filaments, forming a dense mesh that could tether bacterial cells to the surface

and provide a stable base upon which macrocolony formation could occur.

1.3.3. EPS and matrix composition

1.3.3.1. Colanic acid

Colanic acid is a capsular exopolysaccharide produced by most strains of E. coli and
other bacterial species in the Enterobacteriaceae family (Stephenson et al., 1996). A
negatively charged heteropolymer composed of glucose, galactose, fucose and
glucuronic acid moieties, colanic acid forms a protective capsule around a bacterial
cell under defined growth or environmental conditions, and its synthesis is upregulated
during biofilm formation (Prigent-Combaret et al., 1999; Danese et al., 2000; Beloin et
al., 2008). Expression of colanic acid has been shown to be essential during the
development of mature E. coli biofilms, increasing the strength of the ECM through

maintenance of its three-dimensional architecture (Prigent-Combaret and Lejeune,
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1999; Danese et al., 2000). Initial attachment events have been shown to stimulate
colanic acid synthesis (Prigent-Combaret et al., 1999), although common consensus
in the literature is that expression of capsular colanic acid has an inhibitory effect on
early biofilm formation, due to the concealment of surface adhesins such as Ag43

(Hanna et al., 2003; Schembri et al., 2004).

The wca (formely cps) gene cluster is involved in colanic acid production, comprising
of at least 19 genes that encode for the synthesis, assembly and transport of the
exopolysaccharide (Stevenson et al., 1996). Induced by the RcsC/RcsD/RcsB three-
component system and the positive transcription regulator RcsA (Majdalani and
Gottesman, 2005), colanic acid synthesis can be upregulated in response to
desiccation, osmotic stress, growth on a solid surface and periplasmic glucan levels
(Ophir and Gutnick, 1994; Sledjeski and Gottesman, 1996; Ferrieres and Clarke,
2003). Sailer et al., (2003), demonstrated that production of colanic acid is also induced
by near-lethal levels of certain pB-lactam antibiotics, which further exemplifies the role

of colanic acid in biofilm formation (and persistence of the biofilm lifestyle in a host).

1.3.3.2. PNAG

Poly-B-1,6-N-acetylglucosamine (PNAG) is a highly conserved exopolysaccharide
widely expressed by a range of bacterial, fungal and protozoan microorganisms, and
is the major virulence factor of the pathogen Staphylococcus epidermis (Fitzpatrick et
al., 2005; Roux et al., 2015). A linear and positively charged homopolymer (Figure 1.6),
PNAG is necessary for the formation of E. coli biofilms through mediation of cell-

surface and cell-cell interactions (Pratt and Kolter, 1998; Wang et al., 2005). The

33



increased structural cohesion provided by PNAG is critical during initial attachment of
E. coli to abiotic surfaces (Agladze et al., 2005), and has a stabilising effect on the
mature biofilm structures produced by E. coli, Bacillus subtilis and Staphylococci (Gotz,
2002; Wang et al., 2004; Roux et al., 2015). Degradation of PNAG by metaperiodate
or Dispersin B treatment has been shown to depolymerise PNAG and detrimentally
affect E. coli biofilm structure; disrupting its three-dimensional architecture and

resulting in dispersion of the biofilm (Wang et al., 2004; Itoh et al., 2005).

Figure 1.6
Chemical structure of poly-B-1,6-N-acetylglucosamine (PNAG) exopolysaccharide
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Figure taken from Liang, 2015

The pgaABCD operon encodes four proteins required for PNAG synthesis and export:
PNAG is polymerised and partially deacetylated in the periplasm, before being
translocated to the cell surface (Wang et al., 2004, Itoh et al., 2008). PgaC, which
shares homology with family 2 glycosyltransferases, polymerises PNAG with
assistance from the membrane protein PgaD, before partial de-N-acetylation by the
putative lipoprotein PgaB (Wang et al., 2004, Itoh et al., 2008). Secretion of PNAG is
then facilitated by PgaA, an outer membrane protein containing a tetratricopeptide
repeat motif of which the N-terminal is periplasmic, and the C-terminal forms a p-barrel

pore through which PNAG is exported across the bacterial membrane (Wang et al.,
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2004; Itoh et al., 2008) Partial de-N-acetylation of PNAG is necessary to produce the
functional form of the cationic polymer: catalytically inactive PgaB (or deletion of pgaB)
results in the retention of fully-acetylated PNAG in the periplasm, and complete loss of
biofilm formation (Little et al., 2012; Little et al., 2014). In E. coli, expression of the
pgaABCD operon is tightly controlled, with positive regulation via the transcriptional
activator NhaR in response to sodium binding, and negative regulation by the RNA-
binding protein CsrA and OmpR, the response regulator protein of the EnvZ/OmpR
two-component regulatory system involved in osmoregulation (Cai and Inouye, 2002;

Wang et al., 2005; Pannuri et al., 2012).

1.3.3.3. Cellulose

Cellulose is a neutral exopolysaccharide that consists of 3-1-4-linked glucose moieties
(Ross et al., 1991). As a result of hydrogen bond formation between the chains of linear
glucose that form the structure of cellulose, fibres can be produced to form an
arrangement of structurally-stable cellulose sheets (Lembre et al., 2012). Although not
essential for biofilm formation, cellulose can bind with aggregative fimbria on the cell-
surface as a structural component of the ECM (Zogaj et al., 2001; White et al., 2003).
Cellulose production involves the operons yhjR-bscQABZC and bcseFG (Rémling and
Galperin, 2015). In the common laboratory strain E. coli K-12 however, a point mutation
exists that results in the presence of a premature stop codon in the bscQ gene; ceasing
transcription and thus expression of the downstream bscA and bscB genes, which
encode for the subunits of cellulose synthase (Serra et al., 2013). Consequently, E.

coli K-12 (the bacterial strain used in Chapter 5) does not produce cellulose.
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1.4. Quorum sensing

Quorum sensing (QS) is an intercellular communication system mediated by the
production and detection of small, diffusible signalling molecules, known as
autoinducers (Fuqua et al., 1994; Venturi, 2006; Chang, 2018). The QS system was
first described in the marine bacterium Vibrio fischeri, in which it regulates
bioluminescence of the bacteria that colonise the light organ of the squid Euprymna

scolopes (Nealson and Hastings, 1979; Waters and Bassler, 2005).

QS thusly enables a population of bacterial cells to behave like a community, in order
to maximise survival potential through coordinated gene expression and enable
selective benefits (that would not arise in individual cells) to be conferred throughout
the population (Raina et al., 2009). In general, QS is defined as a cell density-
dependent regulatory system, modulated by environmental stimuli and relying on the
self-generation of autoinducers in order to activate or repress target gene expression

(Williams, 2007; von Bodman et al., 2008).

1.4.1. QS in Ps. a.

QS controls approximately 10% of genes in Ps. a., including those involved in virulence
factor production; mature biofilm development and dispersal; swarming motility, and
the expression of antimicrobial efflux pumps (Wagner et al., 2003; Williams and
Camara, 2009). QS in Ps. a. is dependent upon three systems regulated in a
hierarchical series: the N-acetylated homoserine lactone (AHL)-based LasIR and

RhlIR systems, and the Pseudomonas Quinolone Signal (PQS)-based system
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(Williams and Camara, 2009; Nadal Jiminez et al., 2012; Fazil et al., 2014). The LasIR
system is first, and positively regulates the RhlIR system, whilst the PQS system is
linked between both AHL-based systems (Chugani et al., 2001; McGrath et al., 2004;

Wade et al., 2005).

1.4.1.1. The LasIR system

Lasl catalyses synthesis of the autoinducer N-(3-oxo-dodecanoyl)-L-homoserine-
lactone (3-ox0-Ci2-HSL), which then binds to its cognate receptor, LasR, a
transcription factor that regulates the expression of numerous genes including rhll and
rhiR, as well as lasl in a positive feedback loop to further activate the system (Waters
and Bassler, 2005; Williams and Camara, 2009; Kostylev et al., 2019). Increased cell
density results in a corresponding increase in intracellular concentrations of 3-ox0-Ci2-
HSL: when a threshold is reached, the autoinducer binds to LasR, resulting in Las-
controlled expression of genes related to virulence factor production and biofilm
formation (Davies et al., 1998; Hentzer et al., 2003). Ps. a. las mutants form biofilms
that are undifferentiated and flat, and unable to form the mushroom-shaped
macrocolony structures archetypal of mature biofilms produced by this species (Davies

et al., 1998).

The LasIR QS system is directly regulated by two LuxR homologues, VgsR (virulence
quorum sensing regulator) and QscR (quorum sensing control repressor), which
respectively lead to positive and negative regulation of las (Juhas et al., 2004). QscR
represses lasl expression during early growth, as the intracellular concentration of 3-

0x0-C12-HSL is beneath the threshold for activation of QS (Raina et al., 2009). QscR
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repression is purported to occur through the formation of inactive heterodimeric
complexes with both LasR and RhIR (Chugani et al., 2001; Ledgham et al., 2003).
Accumulation of AHLs results in the threshold level being reached, enabling 3-oxo-
C12-HSL and N-(butanoyl)-L-homoserine-lactone (Cs-HSL) to competitively bind to
their respective cognate response regulators — dissociation of the heterodimers
subsequently enables the formation of active LasR and RhIR homodimers, relieving
QscR-mediated repression (Ledgham et al., 2003). Positive regulation of QS pathways
occurs by VgsR, via an as-yet uncharacterised mechanism (Raina et al., 2009). Mutant
strains of Ps. a. that lack a vqsR gene were shown to have loss of both AHLs and
virulence factor determinant production, further supported by the transcriptomic
analysis of Juhas et al., (2004), that revealed VQgsR is involved in regulation of both

virulence and QS-related gene expression in Ps. a.

1.4.1.2. The RhlIR system

Rhll directs synthesis of the autoinducer Cs-HSL which in turn binds to its cognate
receptor RhIR which then activates the expression of rhll and other target genes
(Waters and Bassler, 2005; Kostylev et al., 2019). As the LasIR system induces both
rhll and rhiIR, the activity of RhIR and subsequent transcription of genes under its
control are dependent upon prior induction by LasR (Kostylev et al., 2019). Activation
of the RhlIR system results in the production of the surfactant rhamnolipid during
biofilm maturation, which crucially maintains the structural integrity of fluid-filled
channels (void spaces that separate macrocolonies) and overall three-dimensional
biofilm architecture (Pearson et al., 1997; Davey et al., 2003). Increased cell density

induces transcription of rhll and rhIR and results in QS-dependent rhamnolipid
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synthesis (Pearson et al., 1997; De Kievit et al., 2001), which was proposed by Davey
et al., (2003), to either prevent colonisation of a pre-formed biofilm by planktonic
bacteria, or to prevent accumulation of cellular and EPS material in the channels by
triggering dispersion of cells and microcolonies. Other works in the literature are in
agreement with the latter suggestion, as rhamnolipids have been shown to reduce the
adhesion of cells to one another, resulting in both intraspecies and interspecies biofilm

dispersal (Gomes and Nitschke, 2012; Bhattacharjee et al., 2016; Wood et al., 2018).

1.4.1.3. The POQS system

The PQS-based system is mediated by 2-heptyl-3-hydroxy-4-quinolone (PQS) and its
biosynthetic precursor, 2-heptyl-4-quinolone (HHQ) (Gallagher et al., 2002; Déziel et
al., 2005; Diggle et al., 2007). The pqgs operon (pgsABCDE and pgsH) encodes for
numerous 4-quinolones, including HHQ and PQS (Diggle et al., 2006). The gene
product of pgsABCD directs HHQ synthesis: PgsA is a homologue of a benzoate
coenzyme A ligase, whilst PgsB, PgsC and PqgsD are similar to p-keto-acyl carrier
protein synthases and are all crucial for biosynthesis — mutations in individual genes
is enough to completely abolish PQS production (Calfee et al., 2001; Gallagher et al.,

2002; Déziel et al., 2005).

HHQ is believed to be an extracellular messenger, released by one Ps. a. cell and
imported by neighbouring cells, in which HHQ is converted to PQS by PgsH, a
predicted FAD-dependent monooxygenase (Déziel et al., 2004). Although Gallagher
et al., (2002), suggested that LasR is able to control expression of pgsH, significant

amounts of PQS can be produced by a lasR mutant which may indicate that pqsH is
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additionally under LasR-independent control, or that there are other enzymes capable

of converting HHQ to PQS (Diggle et al., 2003; Diggle et al., 2007).

In contrast to the production of AHL molecules which are cell density-dependent, PQS
production is dependent on growth phase, and therefore not involved in sensing cell
density (McKnight et al., 2000; Laverty et al., 2014). At the onset of stationery phase,
activation of the pgs system results in the synthesis of rhlIR-dependent exoproducts
(Raina et al., 2009). Loss of PQS synthesis was shown by Diggle et al., (2003), to lead
to markedly reduced levels of exoproduct formation, even though intracellular C4-HSL
concentrations were the same in both wild-type and mutant strains. The PQS system
is proposed to link the las and rhl QS systems: LasR regulates PQS production, whilst
RhIR is thought to be important for bioactivity of PQS (Pesci et al., 1999). McKnight et
al., (2000), suggested that upregulation of rhl by PQS overcomes the inhibitory effect
that low intracellular 3-oxo-C12-HSL levels have on RhlIR QS; leading to increased Ca-
HSL synthesis, to a level sufficient enough for C4-HSL to compete with 3-0x0-C12-HSL

for binding to RhIR.

1.4.2. RpoS

Encoded by the rpoS gene, RpoS (the sigma factor %) accumulates inside Ps. a. and
E. coli in response to the onset of stationary phase, or exposure to environmental
stress (Evans and Linker, 1973; Hengge-Aronis, 2002; Robbe-Saule et al., 2006).

Expression of rpoS is under direct control of the rhl QS system in Ps. a. (and indirectly
controlled by las), thus &° production inside the cell enables QS-regulation of genes

during stationery phase (Latifi et al., 1996; Jgrgensen et al., 1999; Kojic and Venturi,
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2001). How the QS systems and c° interact remains uncharacterised however,
although several research groups have observed relationships between them.
Schuster et al., (2004), suggested that c° represses rhll expression (and thus C4-HSL
production) until cells reach later logarithmic or stationary growth phases, whilst
Medina et al., (2003), proposed that ¢ can somewhat activate transcription of rhlIAB
(the genes that control rhamnolipid production), but only in stationary phase of growth.
Two lectin adhesins, encoded by lecA and lecB, are produced as a result of both direct
rhl-dependent regulation of lecA, and indirect regulation by rhl, as mediated by c°

(Winzer et al., 2000).

1.4.3. OSin E. coli

In E. coli, there are three different QS systems: the SdiA system, the LuxS/autoinducer-
Il system, and the autoinducer-Ill/epinephrine/norepinephrine system (Sperandio et
al., 2003; Ahmer, 2004; De Keersmaecker et al., 2006; Walters and Sperandio, 2006).
The role of indole as an intercellular QS molecule remains a point of contention within
the literature (Hu et al., 2010; Kim and Park, 2011), and indole is generally considered
to be an effector of QS-related pathways, rather than a QS autoinducer (Lee et al.,

2007).

1.4.3.1. The SdiA system

The SdiA QS system enables E. coli to sense AHL autoinducers produced by other
bacterial species, such as Ps. a. (Laverty et al., 2014). Whilst E. coli lacks the luxl gene
and thus cannot synthesise its own AHLSs, Van Houdt et al., (2006), revealed that the

LuxR homologue SdiA can bind to exogenous AHL autoinducers, suggesting that

41



AHLs can facilitate both intraspecies and interspecies communication. Furthermore,
Yao et al., (2006), demonstrated that binding of different AHLs to SdiA results in
‘folding switch’ behaviour of the LuxR homologue, that may enable identification of

AHLs produced by multiple bacterial species.

In the absence of AHLs, expression of sdiA results in the formation of insoluble SdiA
inclusion bodies; in the presence of AHLs by contrast, the binding of an autoinducer to
SdiA ‘switches’ the protein’s structure, leading to the formation of a folded, soluble and
monomeric complex (Yao et al., 2006). In agreement with this is the work of Nguyen
et al., (2015), who proposed that AHL binding has a stabilising effect on the SdiA
protein. SdiA is itself a transcription factor comprised of two functional domains: a C-
terminal domain that binds DNA to regulate downstream target genes, and a N-
terminal domain that binds autoinducers such as AHL (Henikoff et al., 1990; Van Houdt

et al., 2006).

SdiA has been shown by Suzuki et al., (2002), to positively regulate expression of
uvrY, resulting in activation of the LuxS system and production of autoinducer-II
(subsection 1.4.3.2). Shimada et al., (2014), further reported that SdiA activation
results in a slower rate of cell division, which likely promotes the close proximity of
cells preceding biofilm formation (Ren et al., 2004). In mixed Ps. a. and E. coli biofilms,
AHLs produced and secreted by Ps. a. are able to bind to SdiA; signalling that another
species is nearby on a spatial and temporal level to form a coordinated interspecies

biofilm (Culotti and Packman, 2014).
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1.4.3.2. The LuxS system

The LuxS QS system is mediated by autoinducer-II (Al-2), and may be involved in cell
metabolism via the up- or downregulation of QS-related genes, and the intracellular
activated methyl cycle during exponential growth (March and Bentley, 2004; Vendeville
et al.,, 2005; Laverty et al.,, 2014). Synthesised via the activity of LuxS, Al-2
concentration peaks during mid- to late-exponential phases of growth, and decreases
rapidly at the onset of stationery phase, whilst LuxS protein levels remain relatively
constant in comparison (Hardie et al., 2003; Xavier and Bassler, 2005; Laverty et al.,
2014). Upon entering stationery phase, Al-2 uptake by E. coli cells increases; occurring
via the Lsr transporter, an ATP-binding cassette that is itself regulated by luxS gene

expression (Xavier and Bassler, 2005).

Encoded by the IsrACDBFG operon, LsrB is requisite for Al-2 import into cells, with
expression of IsrB controlled by the QS regulators LsrK and LsrR (encoded by the
IsrKR operon) (Wang et al., 2005). LsrK is a cytoplasmic kinase, which phosphorylates
Al-2 moieties, enabling their subsequent binding to the Isr repressor LsrR (Laverty et
al., 2014). Mutations to IsrK results in repression of the Lsr transporter system, with Al-
2 consequently remaining located in the extracellular fluid, whilst mutations of IsrR
relieve LsrR-mediated repression of the Lsr transporter system; resulting in continuous
import of Al-2 into the cell cytoplasm (Taga et al., 2003; Wang et al., 2005; Li et al.,

2007).

During early- and mid-exponential phases of E. coli growth, intracellular and

extracellular concentrations of Al-2 are low, leading to LsrR-mediated repression of the
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IsrACDBFG and IsrKR operons (Wang et al., 2005; Xavier and Bassler, 2005). As
extracellular levels of Al-2 increase, active transport and diffusion of the autoinducer
occurs, through a yet-to-be elucidated pathway unrelated to Lsr-mediated transport
(De Keersmaecker et al., 2006). Non-phosphorylated Al-2 binds to LsrR, resulting in
downregulation of a variety of QS and biofilm-related genes, including IsrR itself, the
flu gene (which encodes for production of the auto-aggregative protein Ag43), and the
wza gene involved in colanic acid synthesis (Laverty et al., 2014). Uptake of Al-2
through the Lsr transport system remains repressed until bacteria enter the late-
exponential phase of growth, whereby a threshold concentration of Al-2
(corresponding to nutrient depletion) is reached and leads to increased Lsr-mediated
import of Al-2 (Laverty et al., 2014). Intracellular Al-2 is phosphorylated by LsrK:
phosphorylated-Al-2 binding to LsrR relieves repression of Isr genes, whilst
transcription of the IsSTACDBFG operon acts in a positive feedback loop to increase Al-
2 uptake in response to detection of phosphorylated-Al-2 (Taga et al., 2003; Xavier et

al., 2007).

In turn, an increase in LsrR/phosphorylated-Al-2 QS results in the expression of genes
associated with biofilm formation. Through microarray analysis, DeLisa et al., (2001),
observed Al-2-mediated upregulation of the putative fimbrial genes yadK and yadN,
crl (a transcriptional regular of csgA) and wzb and rscB, involved in production of
fimbriae, curli and colanic acid respectively, and downregulation of figN, required for
flagellum synthesis, thus suggesting a switch from a motile to a sessile lifestyle.

Furthermore, E. coli cells are able to disseminate towards higher concentrations of Al-
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2 through chemotaxis, resulting in increased localisation and aggregation of bacterial

cells, and greater biofilm formation (Ren et al., 2004; Laganenka et al., 2016).

1.4.3.3. The autoinducer-lll/epinephrine/norepinephrine system

A 4,5-dihdroxy-2,3-pentadione derivative (autoinducer-I1ll, or Al-3) is also produced by
LuxS enzymatic activity (Kendall et al., 2007). Al-3 is mainly produced by
enterohaemorrhagic E. coli, the causative agent of haemorrhagic colitis and
haemolytic-uremic syndrome in human hosts (Kaper et al., 2004). Whilst not directly
associated with E. coli biofilm formation, Al-3 is important with respect to genes relating
to virulence factor production, adhesion in the large intestine (as facilitated by the LEE
operon which causes the formation of attaching and effacing lesions), and motility (via

flagella; Sperandio et al., 2001).

Epinephrine and norepinephrine, of the catecholamine class of hormones, are agonists
to this system: produced by the colonised host, Al-3 and epinephrine/norepinephrine
can bind to the same receptor and enable bacterial-host cell communication
(Freestone et al., 2000; Sperandio et al., 2003; Kendall and Sperandio, 2014). The Al-
3/epinephrine/norepinephrine QS system is controlled by the activity of a gene regulon
which includes the two-component regulatory system QseB/QseC (Walters et al.,
2006; Weigel and Demuth, 2016). The kinase receptor QseC undergoes
autophosphorylation in the presence of both Al-3 and epinephrine, leading to the
successive phosphorylation of QseB, the response regulator that activates the
expression of genes involved in flagella biosynthesis and thus motility (Sperandio et

al., 2002). Transcription of the LEE operon is controlled through the LysR transcription
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factors QseA and QseD, whilst formation of the attaching and effacing lesions during
intestinal attachment is regulated by QseE and QseF, in a similar manner to the
QseB/QseC system (Sperandio et al., 2002; Reading et al., 2009). Bansal et al.,
(2007), showed that enterohaemorrhagic E. coli move via chemotaxis to areas with
increased concentration of epinephrine and norepinephrine, leading to the

upregulation of virulence genes through binding of the hormones to QseC.

1.5. Requlation of biofilm formation

1.5.1. cyclic-di-GMP

A universal second messenger in bacteria, cyclic dimeric guanosine monophosphate
(c-di-GMP) is believed to be the major determining factor for the motility-sessile switch
in Ps. a (Henge, 2009; Ro6mling et al., 2013; Chang, 2018). Whilst c-di-GMP is an
important factor governing E. coli motility and biofilm development, CsgD is regarded
as the master regulator of biofilm formation in E. coli (subsection 1.5.3) (Barnhart and

Chapman, 2006), and thus the role of c-di-GMP in Ps. a. biofilm formation is discussed.

First identified in Acetobacter xylinum to control extracellular cellulose biosynthesis
(Ross et al., 1987; Tal, 1998), cellular levels of c-di-GMP have been shown to increase
up to fivefold in Ps. a. when grown on agar compared to liquid cultures (Chang, 2018),
with c-di-GMP promoting biofilm formation and downregulation of motile components
such as the flagellum (Kuchma et al., 2012). Indeed, Ps. a. biofilms are estimated to
contain 75 — 110 pmol of c-di-GMP per mg of total cell extract, whilst planktonic cells

contain less than 30 pmol mg* in comparison (Basu and Sauer, 2014).
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1.5.1.1. c-di-GMP metabolism

Levels of intracellular c-di-GMP are regulated by the enzymatic activity of diguanylate
cyclases (DGCs), which synthesise c-di-GMP from guanosine-5’-phosphate (GTP),
and phosphodiesterases (PDEs), which degrade c-di-GMP into 5’-phosphoguanylyl-
(3’-5’)-guanosine (pGpG) (Romling et al., 2013). pGpG is then hydrolysed by the 3'-5’
exoribonuclease Orn to yield two molecules of guanosine monophosphate (GMP)

(Cohen et al., 2015; Orr et al., 2015).

The catalytic domains of DGCs were found to contain a GGDEF active site motif, whilst
PDEs contain either an EAL or a HD-GYP domain (Tal et al., 1998; Ryjenkov et al.,
2005; Schmidt et al., 2005). These domains can exist independently in a protein; in
association with transmission and receiver domains, or in the case of GGDEF and EAL
domains, within the same protein — in the latter, one of the domains will be catalytically
active, with the other domain either developing a regulatory function or a third
regulatory domain also being present (Chou and Galperin, 2016). Additionally, the
works of several research groups have demonstrated that some proteins have both
DGC and PDE activities (Boles and McCarter, 2002; Tarutina et al., 2006; Feirer et al.,
2015). In Ps. a., one such protein is MucR: in planktonic cells, MucR functions as a
DGC and as a positive regulator of alginate synthesis, leading to biofilm formation; in
a biofilm, MucR functions as a PDE and positively regulates biofilm dispersal, induced

in response to nitric oxide or glutamate (Hay et al., 2009; Valentini and Filloux, 2016).
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Figure 1.7
Metabolism and effectors of c-di-GMP
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Diguanylate cyclases synthesise the intracellular second messenger c-di-GMP from 2
molecules of GTP via their GGDEF domain-containing active sites, whilst
phosphodiesterases (containing either EAL or HD-GYP catalytic domains) degrade c-di-
GMP into pGpG. Further hydrolysis of pGpG by Orn results in the formation of 2 molecules
of GMP. Increased concentrations of intracellular c-di-GMP lead to its binding (directly or
allosterically) to effector proteins; altering their function in response to elevated levels of
the second messenger and controlling the transition from planktonic growth and maotility to
sessility in a biofilm.

Figure taken from Vallentini and Filloux, (2016)

The genome of Ps. a. PAOL1 encodes for 17 proteins with DGC activity; 5 with EAL
domain-mediated PDE activity; 3 with predicted HD-GYP domains, and 16 that have
both DGC and PDE activity (Galperin et al., 2005; Kulesekara et al., 2006; Valentini
and Filloux, 2016). Ps. a. PA14 contains most of the same genes but lacks two that
encode for a DGC and PDE respectively, and also has an additional PDE-encoding
gene (Kulesekara et al., 2006). Ps. a. has one of the highest numbers of DGCs and
PDEs encoded in its genome, and this could reflect the multiplicity of cellular functions

associated with c-di-GMP signalling (Valentini and Filloux, 2016).
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1.5.1.2. Modulation and requlation of c-di-GMP

Five DGCs are known thus far to specifically control the shift from planktonic to surface-
associated growth: WspR, SadC, RoeA, SiaD and YfiN/TpbB (Hickman et al., 2005;
Guvener et al., 2007; Klebensberger et al., 2009; Malone et al., 2010; Merritt et al.,
2010; Bernier et al., 2011; Valentini and Filloux, 2016). Two DGCs (GcbA and NicD)
and the PDEs DipA, NbdA and RbdA have been associated with biofilm dispersal

(Ueda and Wood, 2009; Li et al., 2013; Petrova et al., 2014; Roy and Sauer, 2014).

The works of Kuchma et al.,, (2007), and Merritt et al.,, (2007), respectively
demonstrated that the DGC SadC and the PDE BifA can regulate biofilm formation and
swarming motility. Using Ps. a. PA14, a AsadC mutant is a hyper-swarming strain that
has significantly impaired attachment whilst the AbifA mutant is the opposite: unable
to swarm but exhibiting a hyper-biofilm phenotype (Kuchma et al., 2007; Merritt et al.,
2007). Swimming and twitching motilities were not really affected: neither mutant had
swimming motilities significantly different from the wild-type, and a slight reduction in
twitching motility was only observed in the AbifA mutant — from this, it was concluded
that SadC and BifA principally impact upon swarming but not swimming or twitching
behaviours, and that SadC and BIfA are important for regulation of intracellular c-di-
GMP levels for surface behaviours, including swarming, EPS production and biofilm

formation in PA14 (Kuchma et al., 2007; Merritt et al., 2007; Fazil et al., 2014).

Part of the Wsp (wrinkly spreader) chemotaxis-like regulatory system in Ps. a., the

WspR response-regulator is a DGC of detailed characterisation in the literature

(D’Argenio et al., 2002; Hickman et al., 2005; Guvener and Harwood, 2007; Malone et

49



al., 2007; Chen et al., 2014; Hueso-Gil et al., 2020). The Wsp chemosensory system
responds to a sensed surface by regulating intracellular c-di-GMP levels, and is
encoded by a cluster of seven genes: wspA, wspB, wspC, wspD, wspE, wspF and

wspR (Hickman et al. 2000; Guvener and Harwood, 2007).

In response to growth on a surface, the chemoreceptor WspA is methylated by WspC,
ultimately leading to the activation of WspE, which is able to phosphorylate WspR and
result in c-di-GMP synthesis (Gulvener and Harwood, 2007; O’Connor et al., 2012).
WspR phosphorylation has been shown by Huangyutitham et al., (2013), to prompt
subcellular oligomerisation and cluster formation, which further increases the DGC
activity of WspR. Wsp-mediated accumulation of c-di-GMP leads to increased EPS
production and resultantly, a distinct wrinkly colony morphology (Hickman et al., 2005;
Ha and O’Toole, 2015). Work by De et al., (2008), showed that WspR can be inhibited
in a phosphate-independent manner through c-di-GMP binding at the DGC'’s inhibitory
site. Furthermore, several groups have shown that WspR can adopt three different
forms in solution: as a globular dimer when active; a tetramer with increased DGC
activity, and an elongated dimer in response to c-di-GMP binding, which results in
decreased enzymatic activity and feedback inhibition (Malone et al., 2007; De et al.,

2010).

1.5.1.3. c-di-GMP effectors

Four proteins in Ps. a. have thus far been identified as effectors of c-di-GMP: Alg44,
FimX, FleQ and PelD (Hickman et al., 2005; Kazmierzcak et al., 2006; Lee et al., 2007;

Merighi et al., 2007). Alg44 is a membrane-associated protein involved in alginate
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synthesis (Fazil et al., 2014). Crucially, Alg44 has a cytoplasmic PilZ domain,
containing two conserved motifs that can bind c-di-GMP; upon c-di-GMP binding, the
activity of Alg44 is modulated and leads to increased alginate production and the
characteristic Ps. a. mucoid phenotype (Merighi et al., 2007; Hgiby et al., 2010). PilZ
domains are recognised as the archetypical c-di-GMP binding domain in bacteria (Fazil

et al., 2014).

FimX is a cytoplasmic protein with degenerate GGDEF and EAL domains, and was
originally thought to have c-di-GMP PDE activity (Huang et al., 2003; Kazmierczak et
al., 2006). However, up to 20 — 25% of EAL domains encoded by bacterial genomes
are catalytically ineffectual, due to the absence of crucial amino acid residues within
their active sites (Rao et al., 2008; Barends et al., 2009). FimX has been shown to
have no DGC activity, and only weak PDE activity in vitro, although it is able to bind c-
di-GMP with high affinity via its EAL domain (Ko ~ 100 nM) (Kazmierczak et al., 2006;

Navarro et al., 2009; Qi et al., 2011).

FimX is requisite for TFP biogenesis and twitching motility in Ps. a., with Huang et al.,
(2003), revealing that unipolar localisation of FimX is critical for its function in TFP
assembly. Deletion of FimX, or point mutations within the degenerate GGDEF and EAL
domains, results in diminished twitching motility: intracellular pilin subunit levels remain
unchanged, but there is a marked diminution in surface pili expression (Huang et al.,
2003; Kazmierczak et al., 2006). Current consensus regarding FimX is that it may be
crucial in the coupling of TFP-mediated twitching motility and adhesion to c-di-GMP;

under low intracellular c-di-GMP levels, FimX localises to the leading pole of the cell,
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promoting the spatial and temporal localisation of pili assembly by binding with the PilB

ATPase (Qi et al., 2011; Jain et al., 2017).

Identified as novel c-di-GMP-binding protein by Hickman and Harwood, (2008), FleQ
is an enhancer-binding protein that regulates flagellum biosynthesis. FleQ contains an
N-terminal FleQ domain, an AAA+/ATPase c>*-interaction domain and a helix-turn-
helix DNA binding domain at its C-terminus (Baraquet et al., (2012). Dasgupta et al.,
(2000), demonstrated that the expression of all FleQ-regulated operons involved in
flagellum biosynthesis are dependent on c°*, and that most of these genes are
downregulated under high intracellular c-di-GMP levels. In contract, the expression of
FleQ-regulated genes involved in biofilm formation occurs independently of <>

(Dasgupta et al., 2000).

Although lacking a PilZ domain, c-di-GMP is able to interact with FleQ via its ATP-
binding site, and thus competitively inhibit the ATPase activity of FleQ (Su et al., 2015).
Baraquet et al., (2012), demonstrated that FleQ is able to act as both an activator or
repressor of pel transcription. When intracellular c-di-GMP levels are high, the second
messenger binds to FleQ, resulting in its dissociation from a secondary protein, FleN,
and conversion of FleQ from a repressor of pel, psl and cdr genes into an activator,
leading to increased EPS and adhesin production (Baraquet et al., 2012; Baraquet and

Harwood, 2013; Su et al., 2015).

Synthesis of Pel is further controlled by the effector protein PelD. PelD is an inner

membrane protein with a GAF domain, a degenerate GGDEF domain and a conserved
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inhibitory site, with a RxxD motif (Whitney et al., 2012; Vallentini and Filloux, 2016).
Lee et al., (2007), demonstrated that c-di-GMP binds to PelD via the inhibitory site,
and can act as a positive allosteric regulator that primarily regulates Pel polymerisation.
Mutations in conserved amino acid residues within the C-terminus of PelD were shown
to result in the loss of c-di-GMP binding, and consequently lack of Pel synthesis and

biofilm formation in PA14 (Lee et al., 2007).

1.5.2. CsgD

CsgD, the master regulator of curli expression, is regarded as the ‘master switch’ of
biofilm formation in E. coli (Barnhart and Chapman, 2006). Composed of a N-terminal
receiver domain and C-terminal DNA-binding domain, CsgD acts as a transcriptional
regulator that mediates the expression of approximately 24 genes, including the CsgD-
dependent adrA gene, which encodes for a DGC that synthesises c-di-GMP and also
stimulates the enzymes required for cellulose production (Galperin et al., 2001; Simm
et al., 2004; Brombacher et al., 2006). CsgD also modulates expression of yoaD, which
encodes a protein with an EAL-containing PDE domain that can degrade c-di-GMP;
thus enabling tight control of cellulose synthesis via CsgD-dependent adrA and yoaD

expression (Brombacher et al., 2003).

During stationary phase of growth, CsgD is the transcription activator of the csgBAC
operon, leading to increased curli synthesis (Brombacher et al., 2003). CsgD also
stimulates expression of the DGC-encoding yaiC, leading to increased c-di-GMP
synthesis and promotion of the biofilm phenotype, whilst downregulating expression of

fecR, pepD and yagS, the gene products of which all detrimentally affect cell
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attachment, aggregation and biofilm formation (Brombacher et al., 2003; Brombacher
et al.,, 2006). Through the activation and repression of multiple genes, CsgD is a
positive determinant that is essential for E. coli biofilm formation (Brombacher et al.,

2003; Brombacher et al., 2006; Liu et al., 2014).

1.5.2.1. Modulation and requlation of cgsD

Modulation of csgD expression occurs through its concerted regulation by a multitude
of different transcription factors associated with sensing stressful or adverse
environmental conditions, including OmpR (Vidal et al., 1998; Prigent-Combarent et
al., 2000; Gerstel et al., 2003), CpxR (Prigent-Combarent et al., 2001; Jubelin et al.,
2005), IHF (Gerstel and R6mling, 2001; Gerstel et al., 2003), H-NS (Arnqvist et al.,
1994; Gerstel et al., 2003) and RstA (Ogasawara et al., 2010). OmpR, CpxR and RstA
are all organised in two-component regulatory systems, and only activated when
phosphorylated by the sensor kinases EnvZ, CpxA and RstB respectively (Raivio and
Silhavy, 1997; Yamamoto et al., 2005; Ogasawara et al., 2010). OmpR and RstA are
positive factors that lead to transcription from the csgD promoter, and thus synthesis
of curli, in response to low osmolarity (OmpR) or under acidic conditions (RstA) (Russo
and Silhavy, 1991; Vidal et al., 1998; Ogasawara et al., 2010). IHF is a nucleoid protein
and global regulator of transcription when bound near promoters, and is able to form
complexes with OmpR and RstA to positively influence csgD transcription (Ogasawara

et al., 2010).

By contrast, CpxR and the global regulatory protein H-NS are factors that negatively

affect csgD transcription (Raivio and Silhavy, 1997; Dorel et al., 1999; Jueblin et al.,
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2005). Activated CpxR is able to bind to several repression sites on the promoters for
csgD and csgB transcription, and repress csgD translation via activation of the small
RNA RprA, leading to reduced curli synthesis in response to high osmolarity, cell
envelope stress and high salt concentrations (Prigent-Combarent et al., 2001,
Ogasawara et al.,, 2010; Hunke et al., 2012). Work by Ogasawara et al., (2010),
demonstrated that H-NS is able to cooperatively repress expression of csgD through

simultaneous binding to the csgD promoter; negatively affecting csgD transcription.

1.6. Multispecies biofilms

Biofilms are considered a distinctive bacterial phenotype, principally characterised in
the past through in vitro studies focusing on monospecies biofilms (Parsek and
Greenberg, 2005). However, the composition of the majority of biofilms in natural
habitats is multispecies: containing different species of bacteria and in some cases
even algae, fungi and protozoa (Jass et al.,, 2002). As a result of the increased
complexity with respect to interspecies interactions within a multispecies biofilm, and
the emergence of multiple functions and capabilities as a result, multispecies biofilms
are known to exhibit increased tolerance against antibiotics; increased tolerance to
grazing by predatory protozoan; increased virulence in infections, and the ability to
degrade more complex organic compounds in comparison to monospecies biofilms
(Fux et al., 2005; Bharathi et al., 2011; Lopes et al., 2012; Pastar et al., 2013; Ragder
et al., 2016). Multispecies biofilms also provide opportunities for horizontal gene
transfer and co-metabolism (Molin and Tolker-Nielson, 2003; Jefferson, 2004;

Burmglle et al., 2006).
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Common consensus in the literature is that there are three forms of bacterial
organisation within a multispecies biofilm: microcolonies, which form separate niches
in parallel to one another; layered structures, in which different species are located in
separate layers, and the formation of multispecies mixing patterns (Tolker-Nielsen and
Molin, 2000; Habimana et al., 2010; Liu et al., 2018). The development of multispecies
biofilms is believed to occur through a succession of cooperative and competition
events, which are themselves influenced by cell-cell and cell-environment interactions

(Liu et al., 2016).

For example, biofilms that form in the human oral cavity are complex and well-
organised structures, due to the cooperative and successive interspecies interactions
they exhibit (Zijnge et al., 2010; Ferrer and Mira, 2016). Coaggregation is defined as a
specific cell-cell interaction (facilitated through binding of bacteria in suspension) that
often occurs between genetically distinct species or even genera during multispecies
biofilm formation, and over 1000 oral bacterial strains are known to co-aggregate
(Rickard et al., 2003). In other instances, bacterial species within a multispecies biofilm
may be spatially-separated from one another, in order to avoid interspecies
competition for substrates or the secretion of toxic compounds by neighbouring cell
populations (Kim et al., 2008; Momeni et al., 2013). Spatially-structured multispecies
biofilms are thought to facilitate effective co-existence of different bacterial species;
enabling co-metabolism, coordinated social activities (including increased virulence
during infections) and the negation of localised competition (Harrison et al., 2006;

Hansen et al., 2007; Pande et al., 2016).
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1.6.1. Biofilm components in multispecies biofilms: cell-surface organelles and EPS

Biofilm components such as curli fimbriae, cellulose, capsular polysaccharides and
lipopolysaccharides are believed to improve the biofilm-forming ability of bacteria
through mediation of crucial cell-surface and cell-cell interactions, and also promote
the viability and resistance of biofilms (Wang, 2019; Li et al., 2021). In multispecies
biofilms, non-EPS-producing strains are often at a disadvantage: directly competing
against EPS-producing strains for nutrients and space, as EPS-mediated expansion
of the biofilm during maturation enables EPS-producing strains to develop into the
nutrient-rich areas surrounding the biofilm (Wang et al., 2013). lllustratively, through
use of knock-out mutants, Periasamy et al., (2015), observed that the genes involved
in Pel and alginate production gave Ps. a. a distinct competitive advantage over
Pseudomonas protegens and Klebsiella pneumoniae during multispecies biofilm
formation. However, bacteria lacking EPS and cell-surface organelles can still form
mixed species biofilms, through interactions with bacteria that do have the ability to
produce biofilm components; enabling their proliferation and persistence in the biofilm

(Wang, 2019).

The structure of multispecies biofilms formed by E. coli O157:H7 and Salmonella
typhimurium is highly dependent on the presence of curli fimbriae and cellulose (Wang
et al., 2013). Whilst Wang et al., (2013), demonstrated that Salmonella typhimurium
was able to outcompete E. coli O157:H7 during planktonic growth, development of the
mixed biofilms between the two species was dependent upon EPS production and
curli-mediated cell-cell interactions. In mixed species biofilms, mutant strains of either

E. coli O157:H7 or Salmonella typhimurium with EPS-negative phenotypes were found
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to exhibit increased resistance against sanitiser treatment in comparison to
monospecies biofilms, by forming a multispecies biofilm with the EPS-producing strain
of the other species, which offered protection to the non-EPS producing companion
strain (Wang et al., 2013). Carter et al., (2019), revealed that curli fimbriae endow E.
coli 0157:H7 with a competitive advantage over spinach-associated microorganisms
isolated from foodborne contaminants, by increasing the rate of curli-mediated E. coli
attachment on spinach leaves and stainless steel surfaces, resulting in increased
biofilm formation by E. coli O157:H7. E. coli O157:H7 mutants deficient in curli
production were impaired in both initial surface colonisation and mixed species biofilm

formation with the spinach-associated microorganisms (Carter et al., 2019).

The EPS TasA, produced by Bacillus subtilis, is able to directly interact with
polysaccharides produced by Streptococcus mutans; enabling enhanced rates of the
initial attachment of both species during dual-species biofilm formation (Duanis-Assaf
et al., 2018). Wild-type Bacillus subtilis expressing TasA was able to adhere strongly
to Streptococcus mutans biofilms, whilst a TasA-deficient mutant exhibited reduced
adhesive properties, and consequently the mutant strain was less abundant in the
dual-species biofilm due to its inability to adhere to Streptococcus mutans (Duanis-
Assaf et al., 2018). Expression of major Bacillus subtilis ECM operons were found to
be significantly upregulated in the presence of Streptococcus mutans across different
stages of biofilm development, suggesting that the two species were interacting with
one another and modulating gene expression accordingly, in order to produce a robust
dual-species biofilm with increased three-dimensional complexity (Duanis-Assaf et al.,

2018).
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During the processing of ultrahigh-temperature-sterilised milk, Kives et al., (2005),
revealed that Lactococcus lactis, a species naturally poor in biofilm formation, benefits
from the enhanced attachment conferred through forming a multispecies biofilm with
Pseudomonas fluorescens; utilising its ECM to form compact biofilms in which both
cell types were found in close spatial proximity to one another. Despite Pseudomonas
fluorescens and Lactococcus lactis normally occupying different ecological niches as
contaminants in raw milk, both species are able to benefit from forming a multispecies
biofilm. Pseudomonas fluorescens can utilise lactic acid (which is produced by
Lactococcus lactis) as a source of carbon and energy, with Kives et al., (2005),
suggesting that the rate of lactic acid production is compensated via its consumption
by Pseudomonas fluorescens, ensuring that pH levels within the biofilm remain
constant. In fermented foods, direct cell-cell interactions between a lectin-like protein
produced by Lactococcus plantarum and mannan produced by the yeast
Saccharomyces cerevisiae is thought to enable the formation and maintenance of
multispecies biofilms (Hirayama et al., 2019), whilst in drinking water distribution
systems, Pseudomonas spp. and Basidiobolus similarly coexist in dual-species
biofilms: Basidiobolus secretes extracellular enzymes that are able to degrade high-
molecular-weight compounds; releasing secondary metabolites which can then be
used by other microorganisms (including Pseudomonas spp.) for growth and further

development of the biofilm (Douterelo et al., 2016).

1.6.2. OS in multispecies biofilms

As previously described in section 1.4, QS enables a population of bacterial cells to

behave like a community, by sensing cell density and then regulating gene expression
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accordingly; maximising the survival of the population through coordinated responses
to stimuli (Raina et al., 2009). AHL-mediated QS has been purported by Chandler et
al., (2012), to be vital for interspecies competition in multispecies biofilms. Using a
dual-species model composed of the soil saphrophytes Burkholderia thailandensis and
Chromobacterium violaceum, Chandler et al., (2012) reported that Chromobacterium
violaceum can ‘eavesdrop’ on AHLs produced by Burkholderia thailandensis by
sensing AHL production via a broad-spectrum, ‘promiscuous’ AHL receptor; providing
a competitive advantage to Chromobacterium violaceum through inhibition of growth
of Burkholderia thailandensis. Competitive interactions have been observed between
Pseudomonas fluorescens and Shewanella baltica, whereby Shewanella baltica is
thought to either consume the AHL secreted by Pseudomonas fluorescens, or inhibit
its production altogether in dual-species biofilms (Zhu et al., 2019). In contrast to this,
the work of Almeida et al., (2017), demonstrated that Salmonella enteriditis is able to
form biofilms that are physically stronger and more robust in the prescence of AHL
autoinducers from other species under anaerobic conditions, in spite of being unable

to produce these autoinducers themselves.

Ps. a. and Burkholderia cepacia can be found existing in mixed biofilms in the CF lung,
with each employing AHL-mediated QS to control both the expression of virulence
factors and biofilm formation (Van Delden and Iglewski, 1998; Tummler and Kiewitz,
1999; Elias and Banin, 2012). Through use of an artificial biofilm flow chamber reactor
and alginate bead mouse lung infection model, Riedel et al., (2001), demonstrated that
Burkholderia cepacia is able to recognise several AHLs produced by Ps. a., resulting

in close association and the formation of mixed microcolony formation between the two
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species. Furthermore, AHL-mediated communication between the two species was
observed occurring during co-infection (Riedel et al., 2001). When Burkholderia
cepacian was grown with non-AHL producing strains of Ps. a., separate microcolonies
formed, resulting in the loss of interspecies interactions; indicating the role of AHL-
mediated signalling during development of the architecture (and virulence) of these
mixed species biofilms (Riedel et al., 2001). Similarly to this, the work of An et al.,
(2006), in which Ps. a. and Agrobacterium tumefaciens were co-cultured in a flow-cell
system, revealed a competitive fitness imparted to Ps. a. via AHL-based QS. When
co-cultured with wild-type Ps. a., Agrobacterium tumefaciens biofilm biomass was
notably reduced compared to the monospecies Agrobacterium biofilm; when co-
cultured with a Ps. a. QS-mutant strain defective in both the LasIR and RhlIIR QS
systems (and thus unable to respond to the autoinducers 3-0x0-C12-HSL and Cs-HSL
respectively), the amount of Agrobacterium tumefaciens biomass remained constant

across both the monospecies and mixed biofilms (An et al., 2006).

The Al-2 QS system has been shown to be an important factor governing dual-species
biofilm formation between E. coli and Enterococcus faecalis (Laganenka and Sourjik,
2018). Accumulation of Al-2 in extracellular medium occurs during early growth: once
a certain cell density is reached, extracellular Al-2 levels are depleted via import of the
autoinducer via the Lsr transport system into the bacterial cell (Xavier and Bassler,
2005). In the dual-species biofilms, Enterococcus faecalis secreted greater
concentrations of Al-2, enhancing the expression of the E. coli Isr operons, promoting
coaggregation of both species and increased resistance to stress (Laganenka and

Sourjik, 2018). In dual-species biofilms composed of Pseudomonas fluorescens and
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Staphylococcus aereus, regulation of EPS by Al-2 has been shown to result in the
formation of more complex biofilm structures (Wang et al., 2020), whilst in multispecies
biofilms formed by Ps. a., Pseudomonas fluorescens and Aeromonas hydrophila on
crab surfaces, Ps. a. and Pseudomonas fluorescens were found to significantly reduce
extracellular levels of both AHL and Al-2 autoinducers, resulting in significant inhibition

of biofilm formation by Aeromonas hydrophila (Jahid et al., 2018).

1.7. Hydrodynamic conditions and shear stress

Hydrodynamic conditions within industrial processes are known to influence biofilm
formation, development and persistence. Hydrodynamic conditions demarcate the
transport of bacterial cells, as well as oxygen and nutrient gradients from the bulk fluid
to the biofilm (Bryers and Characklis, 1981; Stoodley et al., 1999; Sim&es et al., 2007).
The hydrodynamics of the bulk fluid can therefore affect the structure and activity of
the biofilm, as flow conditions define both the velocity of the bulk fluid and the shear
stress that will be exerted upon the surface (Vieira and Melo, 1999; Manz et al., 2003;
Gjersing et al., 2005; Lemos et al., 2015). Indeed, within the literature are a plethora
of studies that consistently conclude that fluid flow greatly influences biofilm
characteristics (Santos et al., 2001; Stoodley et al., 1999; Pereira et al., 2002; Hall-
Stoodley et al., 2005; Tsai, 2005; Besemer et al., 2007; Fonseca and Sousa, 2007,

Merrit et al., 2007; Simdes et al., 2007; Graham et al., 2013; Teodésio et al., 2013).

Shear fluid forces present at the interface between the bulk fluid and the biofilm can

influence EPS production; cause mechanical deformation of the biofilm and impact

62



upon local flow patterns surrounding parts of the biofilm, and lead to increased rates
of detachment (Salek et al., 2009). As a result of shear fluid forces, erosion can be
continuous and encompass the detachment of either single cells or small clusters of
cells from the biofilm surface, whilst detachment by sloughing is more severe, and
leads to the precipitous loss of large aggregates or whole areas of the biofilm (Bryers,
1988; Choi and Morgenroth, 2003). If the internal strength of the biofilm cannot

withstand sloughing, complete loss of the biofilm can occur (Garny et al., 2008).

Thus, the strength of shear fluid forces is a parameter that crucially influences both
microbial adhesion (Bucssher and van der Mei, 2006), and biofilm development
(Stoodley et al., 1999; Liu and Tay, 2002). However, there are contrasting views in the
literature as to whether shear stress enhances or impedes the formation of a biofilm.
During the initial stages of biofilm formation, some contend that high shear forces will
increase the residence time of bacterial cells at the substratum’s interface with the bulk
fluid, resulting in more rapid cell association with the surface (Characklis, 1990;
Donlan, 2002; Lecuyer et al., 2011). Others suggest that high shear stress leads to
reduced attachment and maintenance of stable interactions with the surface, as a
result of weaker adhesion and increased incidences of reversible compared to
irreversible attachment (Ramsey and Whitley, 2004; Fonseca and Sousa, 2007; Park

et al., 2011).

Common consensus is that high shear forces lead to the development of biofilms that

are thinner, denser and stronger (Kwok et al., 1998; Liu and Tay, 2002; Laspidou and

Rittmann, 2004), whilst low shear forces result in thicker, multilayer biofilm structures
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(Rochex et al., 2008; Rodesney et al., 2017). As fluid shear stress increases, biofilm
density has been observed to also increase: leading to the formation of biofilms with
higher volumetric density but decreased thickness, mass and microbial diversity

(Celmer et al., 2008; Paul et al., 2012).

Mechanosensitive proteins, thought to be expressed on the cell envelope of Ps. a., are
thought to enable ‘mechanosensing’ of changes in surrounding environmental
conditions (Kuchma et al., 2010; Luo et al., 2015; Rodesney et al., 2017). Siryaporn et
al., (2014), suggested that the cell surface protein PilY1, necessary for TFP biogenesis
and pili-mediated attachment in Ps. a. (Aim et al., 1996; Heiniger et al., 2010), may act
as a mechanosensor, whilst Persat et al., (2015), proposed that TFP are able to act as
‘force sensors’, modulated by the second messenger 3',5’-cyclic adenosine
monophosphate (CAMP). High levels of cCAMP are associated with Ps. a. virulence, as
cAMP can bind to, and in turn activate, the transcription factor Vfr (virulence factor
regulator) (Whitchurch et al., 2005). Vir regulates the expression of over 200 genes,
including those involved in type Il and Ill secretion systems and quorum sensing

(Whitchurch et al., 2003; McDonough and Rodriguez, 2011).

Rodesney et al., (2017), demonstrated that increased mechanical shear is an
environmental ‘cue’ mechanically-sensed by Ps. a. that leads to increased c-di-GMP
synthesis; enhancing the transition from a motile to sessile lifestyle. In agreement with
Luo et al. (2015), PilY1 was identified as a mechanosensitive protein that upon sensing
a surface, signals the inner-membrane bound DGC SadC, resulting in increased c-di-

GMP synthesis (Luo et al., 2015; Rodesney et al., 2017). Early enhancement of
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intracellular c-di-GMP levels in response to increased shear stress is purported as an
adaptation in response to high shear, through greater resilience of cells and increased
EPS production; forming biofilms that are more elastic and denser in ECM components
than those grown under lower shear regimes (Stewart and Franklin, 2008; Lemos et

al., 2015; Araujo et al., 2016).

1.8. Experimental models for biofilm growth under flow conditions

Growth of biofilms under flow conditions is used to more accurately imitate real
environmental conditions, and evaluate dynamic biofilm formation in response to
physiological parameters. Through use of fluid flow regimes, the effect of media
composition, oxygen concentration, temperature and pH across all stages of biofilm
development can be investigated, as well as the effects of antibiotics and strategies to

either control or enhance biofilm formation (Azeredo et al., 2016).

1.8.1. The Robbins device

The Robbins device (RD) comprises a pipe, in which there are several threaded holes
for the mounting of coupons onto the end of screws to generate submerged biofilms
under fluid flow (McCoy et al., 1981; Lappin-Scott and Costerton, 1989). The coupons
are aligned in parallel to fluid flow direction, and can be removed independently of one
another to provide multiple sampling opportunities. Originally used to evaluate biofilm
formation in a ‘simulated drinking water facility’ (McCoy et al., 1981), the RD underwent
modification for use in smaller-scale laboratory experiments, as a method of forming

biofilms under controlled conditions (Nickel et al., 1985; Azeredo et al., 2016). The
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modified RD is composed of a square-shaped pipe, in which there are equally-spaced
sampling ports: plugs, comprised of small pistons attached to coupons, align with the
inner surface of the device, and can be removed for assessment of biofilm formation
(Azeredo et al., 2016). In contrast to the original RD, the modified equipment can
operate under both laminar and turbulent flow regimes (Linton et al., 1999), and sustain
biofilm growth over a timescale of several weeks or more (Teodosio et al., 2011;
Teodosio et al., 2012). The modified RD is typically used to simulate biofilm formation
in medical settings on implantable devices and catheters, as well as to evaluate the
effects of therapeutic agents on biofilms formed under flow conditions relevant to those

in vivo (Coenye et al., 2007; Blanc et al., 2014; Magana et al., 2018).

1.8.2. The drip flow biofilm reactor

Developed by Goeres et al., (2009), the drip flow biofilm reactor (DFR) is a small device
composed of four parallel chambers that contain a surface (most commonly a
microscope slide) upon which biofilms can form. Each chamber has a lid, which is
vented, and a port through which medium and bacterial inoculum can be added
through use of a gauge needle (Goeres et al., 2009; Azeredo et al., 2016). The DFR
runs tilted at an angle of 10° (from the horizontal), enabling fluid to ‘drip’ and pass
across the length of the test surface (Buckingham-Meyer et al., 2007; Agostinho et al.,
2011). Operating under low shear conditions, the DFR enables evaluation of different
surface materials simultaneously in one device with the ability to do so non-invasively
(Goeres et al., 2009), and is frequently used in efficacy testing of antimicrobial agents
and disinfection methods (Stewart et al., 2001; Buckingham-Meyer et al., 2007,

Ammons et al., 2011).
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1.8.3. The CDC biofilm reactor

The CDC biofilm reactor (CBR) is a type of rotating disk reactor that facilitates the
growth of biofilms on removable coupon surfaces, under continuous flow conditions
and controlled shear stress regimes (Goeres et al., 2005; Swartz et al., 2010). Shear
is created in the reactor through use of a magnetic stir plate rotating a magnetic baffle,
the latter of which sits centrally within the CBR; also ensuring that inflowing medium is
well-mixed and the imposed shear regime remains constant (Lawrence et al., 2000).
Fixed in position through the use of holding rods, coupons are equally-spaced and
located at the same radial distance from the rotary apparatus, thus hydrodynamic
conditions experienced by biofilms forming on the coupons is uniform (Lawrence et al.,

2000).

A limitation of the flow regime generated in the modified RD is that plugs located
proximal to the inlet for flow will originally experience increased nutrient consumption
in comparison to plugs distal to the inlet, therefore biofilm formation will occur under
varying nutritional environments unless a stabilisation period of flow is applied, to
ensure full development of shear flow and enable direct comparison of samples,
independent of plug location (Azeredo et al., 2016). Heterogeneity of biofilms formed
through use of the FDR are similarly limited by device hydrodynamics, and the fact that
only low shear regimes can be evaluated; the flows of which are of little relevance

industrially (Azeredo et al., 2016). The CBR does not have these limitations.

Coupons for use in the CBR can be made from a variety of materials, including plastics

and steel, and can be further modified with coatings to reflect medically-relevant
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materials (such as those used in implantable devices) or those with anti-biofilm
capabilities. In addition, the dilution rate of the inflowing medium can be adjusted
independently of the shear regime, enabling greater manipulation of the model’s
parameters to influence biofilm structure and cell density (Teodosio et al., 2013b). A
limitation of the CBR is the fact that only one experimental group can be used in the
reactor at a time, whilst its semi-open design, in contrast to the contained designs of
the modified RD and FDR, results in an increased risk of system contamination

(Azeredo et al., 2016).

Crucially, the CBR is able to model industrially-relevant shear and nutritional
conditions, and was thus chosen by the industrial sponsor of this PhD project, Procter
and Gamble (P&G), as the experimental model that would be used to assess the
impact of turbulent flow regimes akin to those experienced in P&G manufacturing

plants on biofilm formation and composition.
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1.9. Aims and objectives

There were two overarching aims of this PhD project: the first was to investigate the
effect of industrially-relevant shear regimes on biofilm formation by Ps. a. strains PAO1
and PA14, through use of the CDC biofilm reactor, and the second was to evaluate the
effect of different growth conditions and growth medium components on curli gene

expression by E. coli strain K-12 PHL644, through use of the Duran bottle model.

For Ps. a. biofilm studies, biofilm samples grown under low and high shear conditions
were subject to analysis by confocal scanning laser microscopy and selective staining
of both intracellular and extracellular DNA, as well as the crucial ECM components Psl
and Pel, to evaluate the effect of shear stress on biofilm development, maturation and
architecture of three-dimensional structures. For E. coli biofilm and curli gene
expression studies, biofilm samples were taken from the top and bottom of the Duran
bottles (composed of planktonic cultures and sedimented cells respectively) and

subject to analysis by spectrophotometry at ODeoo and flow cytometry.

Two reporter genes were used throughout this study: cdrA::gfp (in Chapters 3 and 4),
and csgB::gfp (in Chapter 5) for work on Ps. a. and E. coli respectively. The cdrA::gfp
reporter enabled inference of intracellular c-di-GMP levels in Ps. a. PAO1 and PA14
during biofilm formation under low and high shear conditions. The csgB::gfp reporter
enabled analysis of curli expression by the E. coli strain K-12 in response to different

growth medium components, measured by flow cytometry and spectroscopy.
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Specific objectives over the course of this PhD were as follows:

1. Calculate two different shear stress regimes for the CDC biofilm reactor of
industrial relevance to P&G.
2. Generate a standard operating procedure for running the CDC biofilm reactor
that is reproducible and reliable, comprising:
a. Maintenance of system sterility during reactor operation, sampling and
replacement of inflow/outflow vessels;
b. Maintenance of the operating temperature within a defined range; and
c. Staining of biofilm samples with multiple lectins and dyes.
3. Characterise the effects that low and high shear conditions have upon:
a. Initial adhesion of PAO1 and PA14 to test surfaces;
b. Production of the exopolysaccharides Psl and Pel and their respective
morphologies in PAO1 and PA14 biofilms;
c. Intracellular concentrations of c-di-GMP at different stages of biofilm
development through use of the cdrA::gfp reporter; and
d. The differentiation of three-dimensional biofilm architectures, in particular
the mushroom-shaped structures, archetypal of mature Ps. a. biofilms.
4. Evaluate the effect of physiological conditions have on curli expression in E.
coli K-12 through use of an existing and established biofilm model in the
Overton laboratory, in order to identify conditions that result in optimal

expression of curli.
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1.10. Thesis outline

This thesis is organised into a total of seven chapters: the first comprises a literature
review as an introduction to the research areas relevant to the PhD project, and the
second a comprehensive list and description of the materials and methods used
throughout this PhD. The third chapter focusses on Ps. a .PA14 biofilm formation under
low and high shear conditions, whilst the fourth chapter presents results of Ps. a. PAO1
biofilm formation under the same shear conditions in the preceding chapter. The final
results chapter focusses on optimisation of curli expression by E. coli K-12, and
contains published work. The sixth chapter comprises an overall discussion,
conclusions and suggestions for further work, including work that was planned but
disrupted by the pandemic. Finally, the last chapter is a list of references used

throughout this PhD project.
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Chapter 2: Materials
and methods



Chapter 2: Materials and methods

Unless otherwise stated, all solutions in this project were made with sterile deionised
water.

Chemicals, unless otherwise stated, were purchased from Sigma Aldrich.

2.1. General Microbial Processes

2.1.1. Bacterial Strains

Pseudomonas aeruginosa (Ps. a.) strains PAO1 and PA14 were used throughout this
study. Both strains were provided by Dr Mark Webber from the Quadram Institute
Biosciences, Norwich, UK. Additionally, the Escherichia coli (E. coli) K-12 PHL644
strain was used for work in Chapter 5. A derivative of the parental strain E. coli
MC4100, E. coli K-12 PHL644 has a single point mutation in the ompR234 gene which
results in an L43R amino acid change and optimised biofilm-forming phenotype (Vidal
et al., 1998). A summary of the species and strains used in this study is presented in

Table 2.1.

2.1.2. Bacterial Growth Media

Ps. a. strains were maintained on Tryptic Soy Agar (TSA) plates, whilst E. coli K-12
PHL644 was maintained on Nutrient Agar (NA) plates. Plates were incubated statically
at 37 °C (Ps. a.) or 30 °C (E. coli) for 20 hours for growth, then stored at 4°C for a

maximum of two weeks. For long-term storage of stocks, bacterial cultures were frozen
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in cryogenic vials at -80 °C in 25% glycerol (v/v), for a maximum of eighteen months.

Recipes for general bacterial growth media used can be found in Table 2.2.

Table 2.1. Bacterial species and strains used throughout this study

Species and strain Description of genotype Reference
Pseudomonas aeruginosa PA0O1  Wild-type Reference strain
Accession numbers: Stover et al., 2000

GCA_000006765.1 (GenBank)  Winsor et al., 2016
GCF_000006765.1 (RefSeq)

Pseudomonas aeruginosa PA14 Wild-type Reference strain

Accession numbers: Rahme et al., 1995
GCA _000014625.1 (GenBank)  Winsor et al., 2016
GCF_000014625.1 (RefSeq)

Escherichia coli K-12 PHL644 deoC1 ptsF25 rbsR malA-kan Vidal et al., 1998
ompR234

For E. coli K-12 PHL644 work, M63+ minimal medium was primarily used in
experiments and consisted of 100 mM of potassium phosphate monobasic (KH2POa4),
17 mM of sodium succinate (C4aHaNa204) (ThermoFisher), 15 mM of ammonium sulfate
((NH4)2S04), 10 mM of D-glucose (ThermoFisher), 1 mM of magnesium sulfate
(MgSOa4) (ThermoFisher), and 1.8 uM of ferrous sulfate (FeSOas). To prevent
interactions between components during preparation and autoclaving, M63+ minimal
medium was made in the following order: a 500 mL 5X stock solution comprised of 500
mM KH2PO4 (32.02 g), 85 mM CsHaNa204 (11.48 g), and 75 mM (NH4)2SO4 (4.96 Q)
was dissolved in water and the pH adjusted to 7.0 through dropwise addition of
potassium hydroxide. This solution was then autoclaved and stored at room
temperature. The remaining components were made up to the stock solution

concentrations outlined in Table 2.3.
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Table 2.2. List of bacterial growth media used throughout this study

Medium Composition Concentration  Supplier
prepared
Nutrient Agar 15 g/L agar 28 g/L Oxoid
5 g/L peptone
5 g/L NaCl

2 g/L yeast extract
1 g/L ‘Lab-Lemco’ powder

Tryptic Soy Agar 15 g/L agar 40 g/L Sigma Aldrich
15 g/L casein peptone
5 g/L NaCl
5 g/L soya peptone

Luria-Bertani Broth Miller formula: 25 g/L Sigma Aldrich
10 g/L tryptone
5 g/L yeast extract

10 g/L NaCl
Tryptic Soy Broth 15 g/L casein peptone Variable; see Sigma Aldrich
5 g/L NaCl sections 2.2.
3 g/L soya peptone and 2.4. for
2.5 g/L glucose details

2.5 g/L dipotassium
hydrogen phosphate

Table 2.3. Additional components of M63+ minimal medium

Component Concentration of Final working Supplier
stock solution solution

Magnesium sulfate 100 mM 1.5mM ThermoFisher

(MgSO.) Autoclaved

D-glucose 1M 10 mM ThermoFisher

(CeH1206) Filter sterilised

Ferrous sulfate 1.8 mM 1.8 uM Sigma Aldrich

(FeS0.) Filter sterilised

74



Magnesium sulfate and D-glucose solutions were aliquoted into sterile 50 mL falcon
tubes (Alpha Laboratories) and stored at 4 °C. Ferrous sulfate was similarly aliquoted
into a sterile 50 mL falcon tube, wrapped in foil to prevent exposure to light and stored
at 4 °C. D-glucose and ferrous sulfate solutions were filter-sterilised using a 0.22 uM

filter.

2.1.3. Plasmids

The pcdrA::gfp plasmid was predominantly used throughout this study. Kindly donated
by Professor Morten Rybtke (Costerton Biofilm Centre, University of Copenhagen), the
pcdrA::gfp plasmid was used as a reporter to measure intracellular c-di-GMP levels in
Ps. a. The reporter cassette is shown in Figure 2.1. Briefly, the reporter is composed
of the promoter region for cdrA (an adhesin); an optimised ribosome binding site to
enhance translation of gfp mRNA; gfp mut3 which encodes for a stable GFP protein,

and two downstream transcriptional terminators.

Figure 2.1
Reporter cassette designed by Rybtke et al., 2012

>

J PCd.r"A ‘ RBSII | gfp |Tr;} T1 |

The promoter region for cdrA is transcriptionally fused to the ribosome binding site (RBS) and
the gfp gene, to increase c-di-GMP-responsive transcription from the promoter. TO and T1 are
transcriptional terminators that minimise unnecessary read-through by RNA polymerase.

The plasmid pJTC-L was used in E. coli K-12 PHL644 work, as a csgB::gfp reporter to
measure curli expression levels (Leech, 2017). Using the parental strain MC4100 as

the template genome for the reporter sequence, the intergenic sequence (of length
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754 base pairs) between the csgBAC and csgDEFG open reading frames was used
as the promoter region for the reporter. The native ribosome binding site of csgBAC
(AGGGTGACAAC) was replaced with an optimised binding site (AGGAAACAGCT) in

order to increase efficiency of translation.

This sequence was fused with eGFP (Zhang et al., 1996), and followed at the C-
terminus by an amino acid degradation tag (AANDENYALVA) and two terminator
codons. The AANDENYALVA degradation tag was used to reduce the half-life of GFP
from 24 hours to approximately 60 minutes (Miller, Leveau and Lindow, 2000).The
reporter construct was subcloned into the pPROBE’-TT plasmid (Addgene) using the
restriction endonuclease sites flanking the two ends of the construct: EcoRI at the 5’
end, and Hindlll at the 3’ end. pPROBE’-TT has a pBBRL1 origin of replication, and a
tetracycline resistance marker. Table 2.4 summarises the plasmids used throughout

this study.

Table 2.4. Plasmids used throughout this study

Plasmid Key characteristics Reference
pcdrA:gfp pUCP22Not Rybtke et al., 2012
pRO1600 ori
AmpR
GmR
pJCL-T pPROBE-TT Leech et al., 2020
(pcsgB::gfp) pBBR1 ori
Tet?
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2.1.4. Antibiotics

For Ps. a., selective plates and growth media were supplemented with 200 pg/mL of
carbenicillin (Melford). Stock solutions of carbenicillin (at a concentration of 200
mg/mL, in water) were filter-sterilised using a 0.22 um filter and stored at -20 °C. For
E. coli, selective plates and growth media were supplemented with 10 pg/mL of
tetracycline or 100 ug/mL of ampicillin (Roche). Stock solutions of tetracycline and
ampicillin (both at a concentration of 1200 mg/mL) were dissolved in a 70% (v/v) ethanol
solution and water respectively, filter-sterilised using a 0.22 um filter and stored at -20

°C.

2.1.5. Competent Cell Preparation for Electroporation of Pseudomonas aeruginosa

The day before electroporation, 300 mM sucrose was prepared and filter-sterilised
using a 0.22 um filter. Sucrose solutions were stored at room temperature in 40 mL

aliquots. During competent cell preparation, aseptic technique was followed.

5 mL of Luria-Bertani (LB) broth was used to set up overnight cultures of bacterial
strains. Each test tube was inoculated with a single colony and incubated at 42 °C at
150 RPM. Cultures were incubated for 18 hours, and then transferred to sterile 2 mL
microfuge tubes (2 x 2 mL tubes per strain). Cell cultures were centrifuged at 14,549
g for 15 minutes using a benchtop Eppendorf 5418 centrifuge (Eppendorf, Hamburg,
Germany). The supernatants were decanted and discarded, and the pellets each re-
suspended in 2 mL of 300 mM sucrose. Cultures were then centrifuged under the same
conditions, for a total of three washing stages. After the final wash step, the

supernatant was carefully aspirated and discarded, and per strain, the two resultant
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pellets re-suspended in a total of 200 uL of 300 mM sucrose solution. Competent cells

were used immediately after preparation.

2.1.6. Transformation of Competent P. aeruginosa Cells via Electroporation

All steps were performed aseptically and at room temperature unless otherwise stated.
From 200 pL aliquots of competent cells, 100 uL was transferred into a sterile 1.5 mL
microfuge tube. Per strain, 2 uL of plasmid stock was added gently and allowed to mix
for 5 minutes. The other 100 ul of competent cell suspension was transferred to a
sterile 1.5 mL microfuge tube, and 2 uL of water added to each negative control. Cell
mixtures were then transferred to sterile electroporation cuvettes (Cell Project, blue
cap: gap width = 2 mm) and a pulse of 2500 V delivered (Vp 2480, 6 ms™) (BTX

Harvard Apparatus).

500 uL of LB broth was immediately added to each cuvette, mixed and the total volume
transferred into sterile 1.5 mL microfuge tubes. Tubes were incubated at 37 °C at 150
RPM for 4 hours to allow for recovery post-electroporation. After incubation, tubes were
removed and the contents gently mixed to re-suspend any sedimented cells. 25 uL of
controls and transformants were spread onto LB agar plates (LB broth plus 1.5% (wi/v)

bacteriological agar (VWR Chemicals)) with 200 pg/mL carbenicillin.

Selective plates were incubated statically at 37 °C for 20 hours. Colonies resulting from
transformations were subsequently re-streaked onto fresh LB agar plates with 200
ug/mL carbenicillin, to ensure for plasmid selection. Transformation plates were stored

at 4 °C for a maximum of two weeks.
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2.1.7. Competent Cell Preparation for Transformation of Escherichia coli

The day before transformation, 100 mM calcium chloride (ThermoFisher) and a
solution of 100 mM calcium chloride + 15% (v/v) glycerol was prepared and autoclaved,
then stored at 4 °C. During competent cell preparation, aseptic technique was followed

and all solutions were kept on ice.

5 mL of LB broth was used to set up overnight cultures of bacterial strains. Each test
tube was inoculated with a single colony and incubated at 30 °C at 150 RPM. Cultures
were incubated for 24 hours, and then 400 uL of overnight culture added to 40 mL of
LB broth in a 250 mL conical flask, to yield a 1% inoculum. This was incubated for 2 —

4 hours at 30 °C at 150 RPM, until an optical density (ODsoo) of 0.3 — 0.5 was reached.

Once the desired ODsoo was achieved, the 40 mL cell culture was transferred to a
sterile 50 mL centrifuge tube (Nalgene), and left on ice for 20 minutes before
centrifugation at 1683 g at 4 °C for 15 minutes. The supernatant was carefully decanted
and discarded, and the pellet resuspended in 4 mL ice-cold 100 mM calcium chloride
and left on ice for a further 20 minutes. This was then centrifuged again under the
same conditions, and the supernatant decanted and discarded. The resultant pellet
was resuspended in 2 mL ice-cold 100 mM calcium chloride + 15% (v/v) glycerol, and
transferred into sterile 1.5 mL microfuge tubes in 200 pL aliquots. Competent cell

solutions were then stored at -80 °C, for a maximum of 12 months.
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2.1.8. Transformation of Competent E. coli Cells via Heat-Shock

All steps were performed aseptically and on ice unless otherwise stated. An aliquot of
chemically competent cells was removed from storage at -80 °C and immediately
placed onto ice to thaw. 100 pL was transferred to a sterile 1.5 mL microfuge tube, and
1 uL of plasmid stock added gently and allowed to mix for 30 minutes. The other 100
uL of competent cell suspension was transferred to a sterile 1.5 mL microfuge tube,
and 1 uL of water added as a negative control, also left on ice to mix. Cell mixtures

were then transferred to a heat block, and heat-shocked at 42 °C for 1 minute.

Heat-shocked cell mixtures were immediately placed back on ice for 1 minute, and 700
uL of LB added to each. Tubes were then incubated on the heat block at 37 °C at 600
RPM for 2 hours, to allow for recovery post-transformation. After incubation, the tubes
were centrifuged at 5000 g for 5 minutes, and approximately 750 uL of supernatant
removed from each. The remaining 50 uL of supernatant was gently mixed with the

pellets, and spread onto NA plates with 10 ug/mL tetracycline or 100 ug/mL ampicillin.

Selective plates were incubated statically at 30 °C for 24 hours. Colonies resulting from
transformations were subsequently re-streaked onto fresh NA plates with 10 pg/mL
tetracycline or 100 ug/mL ampicillin, to ensure for plasmid selection. Transformation

plates were stored at 4 °C for a maximum of two weeks.

2.1.9. Plasmid Maintenance

Transformed E. coli DH5-a cultures were grown in 5 mL of LB broth with appropriate

antibiotics. Cultures were incubated at 37 °C at 150 RPM for 18 hours. After incubation,

80



plasmids were extracted from cultures using a QIAprep Spin Mini Kit (QIAGEN) and
eluted into molecular biology-grade water. Concentration of DNA was quantified using
a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
Massachusetts). Plasmids were stored in sterile microfuge tubes at -20 °C for a

maximum of two years.

2.2. Biofilm Generation Practices

2.2.1 Working Cell Banks for Biofilm Experiments (P. aeruginosa)

Per wild-type (plasmid negative) strain, a glycerol stock was removed from -80 °C and
stabbed once with a sterile, single-use inoculation loop (volume 1uL; Fisher Scientific).
This was then subcultured onto a fresh TSA plate and incubated statically at 37 °C for
20 hours. For reporter (plasmid positive) strains, glycerol stocks were similarly
subcultured onto TSA plates with appropriate antibiotic, and incubated under the same

conditions as wild-type plates.

5 mL of 30 g/L Tryptic Soy Broth (TSB) was used to set up overnight cultures of all
strains. Each was inoculated with a single colony from the plates generated above,
and incubated at 37 °C at 150 RPM. Cultures were incubated for 18 hours, and then
briefly vortexed to remove any cells from the bottom of culture tubes. 10% (0.5 mL) of
each overnight culture was used to inoculate 50 mL of 30 g/L TSB in a 250 mL conical
flask, yielding a 1% inoculum. Flasks inoculated with reporter cultures included
appropriate antibiotics. Flask cultures were incubated at 37 °C at 150 RPM, and grown

until an ODsoo of 0.5 - 0.7 was reached. Once in the desired ODsoo range, bacterial
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cultures were frozen in 2 mL aliquots in cryogenic vials at -80 °C in 25% glycerol (v/v)

for a maximum of two months, forming the working cell bank (WCB).

2.2.2. Cultures for Biofilm Experiments (P. aeruginosa)

A vial from a strain’s WCB (total volume of 2 mL) was thawed and added to 48 mL of
30 g/L TSB in a 250 mL conical flask to yield a 4% inoculum. Appropriate antibiotics
were used when preparing the starter culture of a reporter strain. The flask was
incubated at 32.5 °C at 150 RPM until an ODeoo of 0.1 was reached within the 50 mL
culture volume (approximately 3.5 — 4.5 hours). Once reached, the total culture volume
was transferred to a sterile centrifuge tube and centrifuged at 27,698 g for 25 minutes
(Sigma 3K-30). The supernatant was carefully decanted and discarded, and the cell
pellet re-suspended in 1 mL of 3 g/L TSB to form the starting culture for biofilm

experiments, containing approximately 108 colony forming units (CFU)/mL.

2.2.3. Flask cultures of P. aeruginosa

1 mL of cell culture (as prepared in subsection 2.2.2) was used to inoculate 48 mL of
3 g/L TSB in a 250 mL conical flask. Flasks were prepared and inoculated in triplicate,
and incubated at 25 °C at 75 RPM or 350 RPM for 48 hours. At regular timepoints, 1
mL samples from the top and bottom of the flasks were taken and analysed by

spectrophotometry (ODsoo) and flow cytometry.
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2.2.4. Cultures for Biofilm Experiments (E. coli)

Reporter (plasmid positive) strains, a single colony was similarly subcultured onto NA
plates with appropriate antibiotic, and incubated under the same conditions as wild-

type plates.

From the plates generated above, a single colony was selected and used to inoculate
5 mL of LB which was incubated at 30 °C at 150 RPM. Cultures were incubated
overnight for 24 hours before centrifugation at 1122 g for 20 minutes. The supernatant
was decanted and discarded, and cell pellets gently resuspended in 2.1 mL of M63+

minimal medium.

2.3. Biofilm Generation Platforms

2.3.1 Preparation of Coupons for Use in Biofilm Generators

Coupons made of polyethylene (PE) (supplied by Dr Kevin Wright at Procter and
Gamble, Reading, UK. Dimensions per coupon: diameter of 30 mm and thickness of
12.7 mm) were boiled in Tween 80 (5% solution in water) for 30 minutes. Coupons
were then rinsed in pure water, and sonicated in a sonicating water bath for 30 seconds
at a time in pure water until completely free of detergent. Coupons were placed into a
70% ethanol solution for 1 hour before being air-dried. Clean, sterile coupons were

stored in petri dishes until use to prevent surface contamination.

After use in biofilm experiments, coupons were autoclaved and once cool, each

individually scrubbed to remove any remaining residues. Coupons were then rinsed
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with pure water, dried and stored in petri dishes until needed again. Coupons were

used in biofilm generators for a maximum of 6 times before being replaced.

2.3.2. Use of Duran Bottles as an E. coli Biofilm Growth Model

Developed by the Overton laboratory as a method of replicable biofilm generation
(Leech et al., 2020, Figure 2.2), a polyurethane bung was inserted into a 100 mL Duran
bottle in place of the lid and autoclaved. Table 2.5 outlines the volumes of each M63+
minimal medium component then added to give the desired final concentrations of
each, in a total volume of 70 mL. All components were added aseptically in a biological
safety cabinet, and antibiotics omitted from growth media to prevent any adverse
effects on biofilm formation. All stock solutions were examined daily, and discarded if

any signs of contamination or precipitation were present.

Figure 2.2
Schematic of Duran bottle method of biofilm formation developed by the Overton
laboratory

100 mL Duran
bottle

Dry’ region —__ _Air-liquid

~ interface

/4 Coupon

a

‘ ~ Submerged
region

Medium level (70 mL) -

Image taken from Leech et al., 2020.
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Table 2.5. Overview of the M63+ minimal medium ‘recipe’ for the Duran bottle model

Component Concentration of Desired final Volume added
stock solution concentration

Water N/A N/A 54.53 mL

5X stock Comprised of: For each: 14 mL

solution 500 mM KH2PO4 100 mM KH2PO4
85 mM C4HsNa,O4 17 mM C4HsNaxO4
75 mM (NH2)4SO4 15 mM (NH2)4SO4

D-glucose 1M 10 mM 700 pL

MgSO, 100 mM 1 mM 700 pL

FeSO4 1.8 mM 1.8 uM 70 uL

700 pL of cell culture (as prepared in subsection 2.2.4.) was used to immediately
inoculate the 70 mL M63+ minimal medium. Bottles were prepared and inoculated in
duplicate, and incubated at 30 °C at 70 RPM for 24 — 60 hours, unless otherwise stated
in Chapter 5. At regular timepoints, 1 mL samples from the top and bottom of the Duran

bottles were taken and analysed by spectrophotometry (ODsoo) and flow cytometry.

2.4. Description of the CDC Biofilm Reactor

The CDC Biofilm Reactor (CBR) (BioSurface Technologies, USA) is a glass vessel
(capacity 1 L) with an effluent spout positioned to give an approximate operational
capacity of 350 mL inside the reactor. The top of the CBR is composed of a
polyethylene lid that holds eight independent and removable polypropylene rods in
place, as well as an inlet port for media and a gas exchange port (a 0.22 uM bacterial

air vent filter, of diameter 50 mm) (Figure 2.3).
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2.4.1. Preparation of the CDC Biofilm Reactor

The CBR vessel, head plate, coupon holders and blank rods were washed in laboratory
detergent, and then rinsed thoroughly with pure water. Coupons were fitted into their
holding rods, and the CBR assembled according to the manufacturer's instructions
(Biosurface Technologies Corp.). The nutrient inlet and effluent tubes were clamped
prior to medium addition. 350 mL of 3 g/L TSB was prepared and added to the
assembled CBR. Exposed tubing ends, and bacterial air vents were foiled, prior to

autoclaving for 20 minutes at 121 °C to sterilise.

Figure 2.3
Picture of the CDC bioreactor

Capacity for 8

polycarbonate rods {1 Inlet ports for:

that can be sampled -— 1. Gas exchange

independently of one { / 2. Inflow of media
3. Inoculation

another over time \

Effluent spout for

) . . outflow of waste media
Magnetic batfle stir bar to ‘/K"‘ ) positioned at ~ 400 mL
ensure consistent mixing

Made of inert materials including Pyrex glass, ultra-high-molecular-weight polyethylene and
stainless steel, the CBR facilitates the growth of microorganisms under varying shear stress
conditions. A total of 24 sampling opportunities are available, as each rod holds 3 coupons.
Image taken from the CDC Bioreactor Operator’'s Manual, BioSurface Technologies Corp.
(2016).

To prepare for the continuous flow phase of the CBR, 3 bottles of 500 mL of 12 g/L

TSB were made and autoclaved for 20 minutes at 121 °C. Two 20 L carboys were each
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filled with 19.5 L of water. Any exposed tubing or air vents on the carboys was covered
with foil prior to autoclaving for 20 minutes at 121 °C. Carboys were allowed to cool

and then stored in a cool dry place until use.

2.4.2. Running the CDC Bioreactor

The CBR was ran in batch phase for 24 hours and then in a continuous flow mode for
a total of 72 hours; giving a total run time of 96 hours. To begin the batch phase, the
sterile CBR was aseptically inoculated with the previously-prepared 1 mL starting
culture (as prepared in subsection 2.2.3.) in a biological safety cabinet. The CBR was
then placed onto a magnetic stir plate (IKA RCT basic), and a heat jacket initially
wrapped around the reactor to keep the vessel at a constant temperature. The stir

plate was set to the desired speed, and the CBR incubated at 25 °C for 24 hours.

To run the CBR in continuous flow mode, the ensuing steps were followed and
completed aseptically. 500 mL of pre-prepared 12 g/L TSB was added to 19.5 L of
water in the inlet carboy, giving a final TSB concentration of 0.3 g/L. The nutrient inlet
tube on the CBR was connected to the inlet carboy, and the clamp removed. The
effluent tube of the CBR was similarly connected to a waste carboy and the second
clamp removed. A peristaltic pump (Watson Marlow) was used to pump a continuous
flow of medium into the reactor, with a flow rate of 11.67 + 0.2 mL per minute, leading
to a residence time of 30 minutes in the CBR. Every 24 hours, the inlet and waste
carboys were both replaced to ensure culture volume and nutrient concentration

remained constant.
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2.4.3. Modifications to the CBR and operating procedures

During initial running of the CBR, several modifications to the standard operating
procedure provided by Biosurface Technologies were made. In order to maintain a
running temperature of 25 °C (+ 1 °C) a recirculating water bath was used, with tubing
wrapped around the CBR to the 600 mL mark on the vessel acting as a constant
heating jacket. Temperature was monitored digitally via a temperature probe housed
in a dip tube and connected to a BioController and BioConsole (Applikon
Biotechnologies) to enable constant recording of temperature, accurate to 1 decimal
place. As a result of this, the CBR housed 7 rods, giving a total of 21 coupons to
sample. The CBR and magnetic stir plate were housed in a containment tray, and

carboys sat upon a spill tray with capacity of 40 L (Figure 2.4).

Waste collected in the outlet carboys was neutralised by adding 20% (w/v) of Virkon
(LanXESS) and mixed by swirling, before being left for 24 hours in a fume cupboard.
After this time, waste medium was disposed of, and outlet carboys rinsed with water

before being immediately re-used.
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Figure 2.4
Schematic of the CBR set up (A) and modified set up in the laboratory (B)

Inlet carboy

|

Peristaltic
pump

Outlet carboy

The inlet carboy is connected to a peristaltic pump which feeds medium into the CBR at the
desired flow rate. Waste medium leaves the CBR through the effluent spout and is collected
into an outlet carboy. In the laboratory (B), the carboys sit on the same spill tray and a
recirculating water bath (red arrow) is used to keep temperature constant. Schematic (A) taken
from Norris, 2003.

2.4.4. Calculation of Stirring Speeds for Modelling Shear Stress

As the CBR was used to investigate the effect of low and high shear on the growth and
morphology of Ps. a. biofilms, it was imperative to identify two different stirring speeds
that were both relevant to industrial conditions and significantly distinct from one
another. To calculate the fluidic wall shear stress that would be exerted onto coupons
in the CBR, the reactor was modelled by two concentric cylinders with the assumption
that bulk fluid has the properties of water (Table 2.6.). Under hydrodynamic conditions
in industry, typical wall shear stresses range from 0.09 — 7.3 Pa with wall shear rates
of 86 — 7300 s (Saur et al., 2017). Constants for the model were as follows: an outer

radius (Ro) of 12 cm and an inner radius (Ri) of 8cm for the two cylinders, giving a ratio
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of the inner to outer cylinder of 0.667; fluid density (p) of 998.23 kg.m3, and a dynamic

viscosity (u) of 0.001002 kg.(m.s™).

Table 2.6. Fluid dynamic equations for the CBR

Equations Model assumptions References
2 N.a.R%.p i. The reactor is modelled by Goeres (2006)
e=——
Iz two concentric cylinders Gomes et al. (2014)
41.3 T ;
_ ii. Reynolds equation as
Retrans = =o' y _ q _
described by Characklis
0.0791
turb. = 3575 and Marshall (1990), to
16 concentric cylinders
Fram. = ¢ iii. Bulk fluid has the properties
F.p.N%R;.R, of water
v=——>

Adapted from Gomes et al. (2014), where: Re = Reynolds number; N = rotational speed; a =
the ratio of the inner to outer cylinder; R, = outer radius; p = fluid density; u = dynamic viscosity;
F = fanning friction factor; Ri = inner radius and y = shear stress.

Reynolds number (Re) is a dimensionless quantity that is defined by the ratio of inertial
to viscous forces in a fluid (Franklin et al., 2015). A low Re number describes laminar
flow of fluids, whilst a high Re number conversely describes the turbulent flow of fluids.
A stirring speed of 75 RPM was selected to represent a low shear, industrially-relevant
condition, whilst a stirring speed of 750 RPM was initially selected to represent the high
shear condition, being ten-fold greater than the low shear stirring speed. However,
during testing of stir speeds, 750 RPM was found to result in instability of the CBR itself
with a risk of the reactor breaking, and so an alternative high shear condition, based
upon a stirring speed of 350 RPM was selected as this was a five-fold increase in RPM

and still of industrial relevance. Calculated parameters are presented in Table 2.7.,

and are within the range of shear rates described by Saur et al., (2017).
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Table 2.7. Calculated Reynold’s numbers and shear stress rates for the stirring speeds

selected
Stirring speed (RPM) Re Wall shear stress (Pa) Wall shear rates (s™)
75 6383 0.074 74.348
350 29,788.807 0.690 688.626
750 63,833.158 2.076 2071.424

Wall shear stress and wall shear rates were calculated using Taylor-Couette flow equations
as outlined by Saur et al., 2017.

Agitation flow is considered laminar if Re < 10 and turbulent if Re > 10* (Geankoplis,
1993; Perez et al., 2006). Thus, a stir speed of 75 RPM can be described as transitional
flow (with a Re number of 6383 < 10%), whilst stirring at 350 RPM is decidedly turbulent
(as the calculated Re number of 29,788.807 > 10%). Additionally, the presence of
bubbles during stirring at 350 RPM was observed and absent at 75 RPM, further
confirming that the two stirring speeds selected were dynamically distinct from one
another and represented two distinctive flow configurations. It is worth noting that the

CBR is not a good geometry for generating or testing laminar flow.

2.4.5. Sampling of CDC Bioreactor Coupons

Coupons were sampled every 24 hours from the CBR: at the end of the batch phase,
and before carboys were replaced during continuous flow mode. Sampling was done
under aseptic technique. At each sampling time, the peristaltic pump was stopped and
the inlet and effluent tubes on the CBR were clamped, and the reactor disconnected
from both carboys. The CBR was then transferred to a biological safety cabinet and
samples removed by pulling out the relevant coupon holding rods. Sterile blank rods

were inserted to replace sampled rods. The CBR was then transferred back to the stir
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plate, water bath tubing re-wrapped around it, and attached to new inlet and waste
carboys. Flow rate through the reactor was monitored to ensure that residence time

remained the same.

Although biofilms form on both faces of each coupon, only the inner faces (i.e. those
that were located "baffle-side" of the holding rods) were subject to analysis. Removed
coupons were carefully unscrewed from their holding rods and deposited into a petri

dish, inner faces orientated upwards.

1 mL of planktonic culture from the top and the bottom of the CBR was taken using
sterile, disposable glass Pasteur pipettes (230 mm in length; Volac), and transferred
to a disposable culture tube (made from borosilicate glass, dimensions 13 x 100 mm;
FisherScientific) for flow cytometry analysis. 1 mL of phosphate buffered saline (PBS)
(Oxoid) was added to the inner faces of both the top and bottom coupons to keep them
hydrated until staining. The remaining coupon (from the middle of the holding rod) was
held between forceps, and the biomass from the inner face scraped off with a sterile
toothpick into a cuvette (Sarstedt), before disaggregation of biofilm from the toothpick
into 1 mL of PBS and subsequent transferal of the suspension to a disposable culture

tube.
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2.5. Analytical Techniques

2.5.1. Flow Cytometry

Planktonic cell and disaggregated biofilm suspensions were analysed using a BD
Accuri C6 Flow Cytometer (FCM) (BD, UK). Samples were diluted as necessary in
filter-sterilised PBS to give approximately 2000 events per second. In order to measure
GFP fluorescence, a laser of wavelength 488 nm was used to excite samples, and
fluorescence emission detected via a 533/30 nm filter. Mean GFP fluorescence (FL1-
A) was calculated using Accuri C6 software (BD, UK). No additional staining was

required, as FCM was used to solely measure GFP fluorescence.

The FCM was set to record 25,000 events per sample, at a flow rate of 35 uL/min. Cell
size was measured using a forward scatter detector (FSC), and cell granularity by a
side scatter detector (SSC). A threshold of 12,000 units was applied to the FSC, to
reduce background noise (i.e. from non-cellular materials) and ensure events were
recorded for average Ps. a. and E. coli cell sizes. After running samples, the FCM was
flushed with 0.5% sodium hypochlorite solution (filter-sterile) for 10 minutes followed
by filter-sterilised water and 70% ethanol for 3 minutes at a time, at a flow rate of 66

uL/min.

2.5.2. Confocal Laser Scanning Microscopy

The inner faces of the top and bottom coupons were gently rinsed with 1 mL PBS,
added dropwise via Pasteur pipette, to remove non-adherent cells before staining.

Coupons were carefully transferred to a 6-well plate wrapped in foil for sequential
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staining of different biofilm components. An overview of stains and lectins used can be

found in Table 2.8.

Table 2.8. Stain and lectins used to visualise Ps. a. biofilm components

Stain/lectin Fluorophore Stock solution Working solution
Hoechst 33342 N/A 1 mg/mL 100 pg/mL
Concanavalin A Tetramethylrhodamine 5 mg/mL 250 pg/mL
Wheat Germ Agglutinin ~ Alexa Fluor 633 10 mg/mL 100 pg/mL

All stock solutions were made in sterile deionised water, and stored in the dark at -20 °C. From
these, fresh working solutions were made fortnightly, diluted in water and stored at 4 °C.

Hoechst 33342 (ThermoFisher Scientific) binds to double stranded DNA, and was used
to stain all cells and eDNA. Concanavalin A conjugated to tetramethylrhodamine
(ConA-TRITC) (ThermoFisher Scientific) binds to o-mannopyranosyl and a-
glucopyranosyl residues whilst Wheat Germ Agglutinin Alexa Fluor 633 (WGA) binds
to N-acetylglucosaminyl residues, thus enabling visualisation of the EPS components
Psl and Pel respectively. Stains were added to biofilms in the following order: for PAO1,
Hoechst, ConA-TRITC and then WGA, for PA14, Hoechst and then WGA. 50 uL of
each working solution was added to biofilms that were 24 and 48 hours old, and 100
uL added to biofilms that were 72 and 96 hours old. Between addition of each stain,
biofilms were incubated at room temperature for 15 minutes, in the dark to prevent

photobleaching.

The foil-wrapped 6-well plate containing stained coupons was placed into a

polystyrene box forimmediate transport to the Biosciences Advanced Light Microscopy

(BALM) suite. Stained coupons were placed into sterile polystyrene dishes (of diameter
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35 mm and depth 10 mm) (CytoOne), and deionised water added. As PE coupons
float, BluTac was used to secure these coupons to the bottom of the dish during
imaging. All images in this study were obtained using a Leica TCS SP8 Confocal
Scanning Microscope (Leica Microsystems CMS GmbH, Wetzlar, Germany), with a
40X water immersion lens due to the necessity of keeping biofilms hydrated during

image acquisition.

The excitation and emission filters used were as follows: for Hoechst, excitation at 410
nm using a UV filter and emission at 483 nm; for ConA, 493/566 nm, and for WGA,
638/775 nm. For GFP, an excitation and emission filter of 493/566 nm was used. When
visualising PAO1 reporter biofilms, two sequential scans were completed: the first for
Hoechst and ConA, and the second for GFP and WGA to reduce the effect of

fluorophore overlap.

Per coupon, 5 — 7 separate sample sites across the surface were imaged. A Z-stack
scan was taken for each sample site, and a scanning distance between each Z-slice
of 1 — 2 um was employed to capture the visible thickness of the biofilms. For biofilms
that had a thickness greater than 150 um, the scanning distance was increased to 5
um. Sectional and 3D rendered images of the biofilms were obtained using LasX

software (Leica).

2.5.3. Image Analysis

Fiji (Schindelin et al., 2012) was used to quantify fluorescent values in individual Z-

stack images; line profiles were quantified from horizontal lines drawn across Z-stack
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slices of each sample site. Fluorescence signal intensity was normalised to the

brightest pixel per coupon, and a five point moving average calculated.
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Chapter 3: Biofilm formation by PA14 under low shear conditions at

75 RPM versus high shear conditions at 350 RPM

3.1. Introduction

As discussed in Chapter 1, Ps. a. is one of the most important model organisms
regarding the study of biofilms, due to the relative ease of growing structured biofilms
under laboratory conditions that are both consistent and reproducible (Taylor et al.,
2014). Furthermore, strains of Ps. a. are frequently isolated from a variety of medical
and industrial settings, whereby they colonise a variety of biotic and abiotic surfaces;
forming persistent biofilms that can have a pronounced and detrimental effect upon

affected patient populations and industrial processes.

Work presented in this chapter focusses on the effect of two different shear conditions
on biofilm development by the reference strain PA14. Incapable of synthesising Psl as
a result of a deletion of pslA to psID in its genome, PA14 is reliant on Pel for
microcolony and macrocolony development during biofilm maturation (Friedman and
Kolter, 2004a; 2004b; Colvin et al., 2011). Therefore, biofilm formation of PA14 under
low and high shear regimes was investigated first, to enable more detailed
characterisation of observed Pel morphologies in a Pel-dependent strain, rather than
initially inferring structural and functional roles of the exopolysaccharide in PAO1, a

strain which primarily relies on Psl instead.
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The CBR was used to investigate the effect of shear on biofilm formation by Ps. a.
strains PAO1 and PA14. Both strains were transformed with the pcdrA::gfp plasmid
constructed by Rybtke et al., (2012), which expresses GFP under control of the c-di-
GMP-responsive cdrA promoter (Rybtke et al., 2012; Nair et al., 2016). Use of the
cdrA::gfp reporter thusly enabled the visualisation of c-di-GMP throughout the biofilm
structures as they developed over time, with the fluorescence intensity of GFP

correlating directly to intracellular c-di-GMP levels.

3.2. Methodology

To generate the biofilms, 1 mL of PAO1 cdrA::gfp or PA14 cdrA:gfp cells were
inoculated into the CBR to give a starting cell concentration of 108 CFU/mL. The CBR
was run in batch phase for 24 hours with 3 g/L TSB as the growth medium, and then
in a continuous flow mode for a total of 72 hours feeding 0.3 g/L TSB. Shear conditions
were determined through use of a magnetic stir plate (upon which the CBR sat), set to
either 75 RPM or 350 RPM for low and high shear conditions respectively (section
2.4.4). During continuous flow mode, the CBR was operated with a flow rate of 11.67
+ 0.2 mL per minute, leading to a residence time of 30 minutes in the CBR. Every 24
hours, the inlet and waste carboys were both replaced to ensure culture volume and

nutrient concentration remained constant.

Biofilms were grown on the surfaces of PE coupons, which were removed at 24, 48,

72 and 96 hours for analysis by CLSM and flow cytometry. For CSLM, a 40X water

immersion lens was used, due to the necessity of keeping biofilms hydrated during
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image acquisition. Hoechst 33342 was used to stain the DNA of all Ps. a. cells (as well
as extracellular DNA) and identify those that were not expressing GFP, whilst WGA
(which binds to N-acetylglucosaminyl residues) conjugated to Alexa Fluor 633 was
used to visualise the exopolysaccharide Pel. The excitation and emission filters used
were as follows: for Hoechst, excitation at 410 nm using a UV filter and emission at
483 nm; for GFP, an excitation and emission filter of 493/566 nm; and for WGA-

Alexa633 excitation at 638 nm and emission at 775 nm.

Per coupon, 5 — 7 separate sample sites across the surface were imaged, with a Z-
stack scan taken for each sample site, at a scanning distance of 1 — 2 um between
each Z-slice to capture the visible thickness of the biofilms. Two coupons were imaged
per timepoint. Sectional and 3D rendered images of the biofilms were obtained using
LasX software, whilst Fiji was used post-image acquisition to quantify fluorescent
values in individual Z-stack images and generate fluorescence intensity profiles,

enumerated from horizontal lines drawn across Z-stack slices of each sample site.

3.3. Results

3.3.1. Initial attachment of PA14 cdrA::qfp is greater under high shear at 350 RPM

After 24 hours of growth, colonisation of the coupon surfaces was sparse under both
low and high shear conditions, with a mixture of adhered single cells, cell clusters and
small, three-dimensional features being observed. Under low shear at 75 RPM, surface
colonisation was generally more homogenous than at high shear, with the adherence

of PA14 cdrA::gfp cells either individually or in small, elliptical aggregates of cells being
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most predominant (Figure 3.1). As a reflection of this, fluorescence intensity profiles
were punctate, with peaks corresponding to areas of cell clustering or increased
fluorescence of individual cells, and troughs indicative of areas of the coupon surface
with little or no colonisation (Figure 3.1A, yellow arrows). Overall, colonisation of the
coupon surface after 24 hours remained sparse in terms of the number of attached
cells or clusters, whilst structures formed under low shear remained largely two-
dimensional and flat. Height at this stage was very low, with attachment only two cells

thick in the z dimension.
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Figure 3.1
Early cell-surface adhesion of PA14 cdrA::qfp after 24 hours growth under low shear conditions at 75

RPM

(figure legend overleaf)

Biomass/eDNA Merge

Average intensity (%)

1004

60

404

Average intensity (%)

b e |-
Y PR Ty

100 200
Distance across slice (pm)

l

74
, .

1004

804

60~

40+

204

Average intensity (%)

T e
100 200
Distance across slice (ym)

1

LA AW G SO N
NS - 1 Ze3% th,

101

L ¥ ]
100 200
Distance across slice (pm)

300

Biomass
GFP
Pel

Biomass
GFP
Pel

Blomass
GFP
Pel



(figure legend for Figure 3.1)

Representative confocal images are from PA14 cdrA::gfp biofilms (GFP signal is green) cultivated for 24 hours in the CBR under low shear (at
75 RPM) and stained with Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). A, B and C are each independent sample
sites from two different coupon surfaces, and show horizontal optical cross-sections with limited surface colonisation. Scale bar = 20 um. Fiji was
used to quantify fluorescent values in individual z-stack images: fluorescence signal intensity was normalised to the brightest pixel per coupon,
and a five point moving average calculated. Yellow arrows show a punctate fluorescence intensity for a small cluster of cells, whilst grey arrows
show a punctate signal for Pel, uncorrelated to either Hoechst or GFP fluorescence.
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Hoechst fluorescence and GFP expression were found to correlate well with one
another, as shown by their respective and similar fluorescence intensity profiles. This
suggests that all cells were expressing comparable quantities of cdrA and therefore
likely had similar c-di-GMP concentrations. Across independent sample sites of the
coupon surfaces, colonised areas generally displayed similar fluorescence intensity
profiles to one another (Figure 3.1), suggesting homogeneity in Hoechst and cdrA::gfp
fluorescence across this initially attached cell layer, irrespective of spatial location. In
areas with punctate and colocalised fluorescence intensities across all three channels,

Hoechst staining of clusters is likely cell-based.

Small multicellular features were observed sporadically as a form of surface
colonisation under low shear at 24 hours, composed of three-dimensional, globular
structures (Figure 3.2). At this stage, the height of features (in the z dimension) was 5
—10 um on average, whilst the length and width of the features (in the x and y
dimensions) were more variable. Intensity profiles for featureless areas of the surface
were similarly punctate to those in Figure 3.1, with Hoechst fluorescence, cdrA::gfp
fluorescence and Pel fluorescence correlating well with one another (Figure 3.2). By
contrast, the relative fluorescence intensity profiles across all three channels for the
three-dimensional structures were greater, and dependent upon the individual
organisation of the features themselves. The three-dimensional structures had more

diffuse Hoechst staining, suggesting eDNA can function an early ECM component.
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Figure 3.2

Early feature development by PA14 cdrA::gfp cell populations after 24 hours of growth under low shear conditions at 75 RPM
(figure legend overleaf)
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(figure legend for Figure 3.2)

Representative confocal images are from PA14 cdrA::gfp biofilms (GFP signal is green) cultivated for 24 hours in the CBR under low shear (at
75 RPM) and stained with Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). A, B and C are each independent sample
sites from two different coupon surfaces, and show horizontal optical cross-sections with limited surface colonisation. Scale bar = 20 um. Fiji was
used to quantify fluorescent values in individual z-stack images: fluorescence signal intensity was normalised to the brightest pixel per coupon,
and a five point moving average calculated. Yellow arrows show a punctate fluorescence intensities for GFP and Pel within a feature, red arrows
show heterogenous GFP fluorescence within the same features, orange and cyan arrows show the formation of an eDNA (orange arrows) and
Pel network (cyan arrows) forming upon the coupon surface, green arrows show eDNA and Pel localisation to an elongated feature with lower
GFP fluorescence, and grey arrows show plateaus as maximum intensity across the three channels was reached in some features.
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For some of the features there was localised variation in the intensity of biomass,
cdrA::gfp and Pel fluorescence, leading to peaks and troughs observed in the resultant
intensity histograms for the features themselves. In Figure 3.2A, the fluorescence
intensity of Hoechst was greatest in the feature, with a punctate region of GFP
correlating to a similarly punctate Pel expression on the feature’s as-viewed right-hand
side (yellow arrows). By comparison, the feature captured by the bottom sampling line
in Figure 3.2B had well correlated intensities for both Hoechst and Pel fluorescence,
but varying cdrA::gfp fluorescence which was lower on the feature’s as-viewed left-
hand side (red arrow). Staining of these features by Hoechst and WGA was
colocalised, which could suggest both eDNA and Pel are both important for initial cell-

surface and cell-cell interactions during early development of PA14 biofilms.

In Figure 3.2C, a mesh-like network stained by Hoechst can be seen on the coupon
surface as well as protruding from the periphery of the spherical feature (orange
arrows). Punctate Pel fluorescence was observed to associate with the mesh-like
networks, (Figure 3.2, cyan arrows), whilst GFP expression of individual PA14
cdrA::gfp cells within the network was lower than that of the features, suggesting the
cells have lower intracellular c-di-GMP levels, and may have become recently sessile.
In the elongated structural feature (Figure 3.2C, green arrows), punctate Pel
production is seen interspersed throughout areas stained by Hoechst, and could be
representative of a feature at an earlier stage of formation, whereby eDNA has
provided a structural network that PA14 cells can adhere to. Allensen-Holm et al.,
(2006), showed that eDNA is organised during early PAO1 biofilm formation, and
entwining of eDNA between cells can result in the development of stable clumps (i.e.

within the features shown in Figure 3.2). The work of Gloag et al., (2012), further
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supports this, as eDNA was revealed to maintain coherent cell alignments during

twitching motility-mediated growth of the biofilm.

The fluorescence intensity profiles for some of the features formed plateaus,
displaying maximum intensity across the three channels. Plateau formation may be
indicative of overexposure during image acquisition, leading to saturation of the
structures within some of the more defined features (Figures 3.2B and 3.2C, grey
arrows). After 24 hours of growth under low shear at 75 RPM, it was extremely
challenging to expose the image such that small, faint features (i.e. individual PA14

cells) and large, bright features were both visible and not saturated.

Under high shear at 350 RPM, initial attachment of PA14 cdrA::gfp was generally
characterised by the formation of cell clusters or aggregates (of sizes ranging from 20
um to > 50 um in the x and y dimensions) that were spatially separate from one
another, leading to sparse colonisation of the coupon surface overall. Compared to
low shear at 75 RPM where single cell attachment was typically seen (Figure 3.1),
high shear conditions appeared to induce the formation of small clusters of cells
(Figure 3.3). For areas of the coupon surfaces colonised by individual cells and
clusters under both low and high shear, intensity profiles were similarly very punctate,
but the respective fluorescence intensities across all three channels were more
variable for the high shear condition. Under high shear at 350 RPM, individual cells
and clusters exhibited greater fluorescence intensities, a lack of correlation between
channels, and more pronounced punctate profiles as a result of increased PA14

cdrA:.gfp attachment to the surface (Figure 3.3A, red arrows).
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Figure 3.3A shows individual PA14 cdrA::gfp cells that are surface-attached, as well
as the formation of clustering cell populations of varying sizes, which may be indicative
of various stages of localised cluster development (i.e. early versus established
clusters) (Figure 3.3A, pink arrows). Hoechst and GFP fluorescence were well
correlated with one another in the clusters, which were observed to have increased
fluorescence intensities compared to the single attached cells for both Hoechst and
GFP, but not Pel (Figure 3.3A, grey arrows). Clustering of PA14 cdrA::gfp cells, which
appear to be attached to both the surface and to one another, was induced by high
but not low shear conditions, and may precede the formation of features and early
microcolony development. Lecuyer et al.,, (2011), previously demonstrated that
increased shear stress resulted in a greater frequency of adhesion events for PA14,
resulting in cells that were surface-attached for longer, and were less likely to detach
from the surface once adhered. In agreement with this is the work of several other
groups, who similarly found that higher rates of shear resulted in increased

accumulation of bacteria on test surfaces (Thomas et al., 2002; Horn et al., 2003).
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Figure 3.3

Increased attachment of PA14 cdrA::gfp cells after 24 hours of growth under high shear conditions at 350 RPM

(figure legend overleaf)
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(figure legend for Figure 3.3)

Representative confocal images are from PA14 cdrA::gfp biofilms (GFP signal is green) cultivated for 24 hours in the CBR under high shear (at
350 RPM) and stained with Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). A, B and C are each independent
sample sites from two different coupon surfaces, and show horizontal optical cross-sections with limited surface colonisation overall. Scale bar =
20 um. Fiji was used to quantify fluorescent values in individual z-stack images: fluorescence signal intensity was normalised to the brightest
pixel per coupon, and a five point moving average calculated. Red arrows show punctate fluorescence intensity profiles across all three channels
as a result of increased single cell attachment, pink arrows show population of GFP-expressing cells forming clusters, which had well correlated
Hoechst fluorescence as shown by the grey arrows. Light blue, orange and green arrows show areas of a feature displaying heterogenous
fluorescence intensities, as a result of variable GFP expression and differential staining of the feature by Hoechst and WGA.
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Given that the fluorescence intensity of Pel was lower than and often uncorrelated to
Hoechst and GFP fluorescence intensities (Figure 3.3A), clustering of individual cells
may have been facilitated by surface-associated behaviours such as swarming and
twitching, leading to migration of individual PA14 cells to the same area of the coupon
surface (Burrows, 2012; Partridge and Harshey, 2013). Twitching is mediated by TFP,
and this type of motility has been previously observed in cellular aggregates (Semmler
et al., 1999; Merz et al., 2000; Mattick, 2002). Furthermore, TFP are known to be
involved in mediating cell-surface and cell-cell interactions enabling biofilm
development, as Ps. a. mutants defective in pili biosynthesis are non-motile, do not
migrate along surfaces and are unable to form microcolony structures (O'Toole and

Kolter, 1998a; Klausen et al., 2003; Barken et al., 2008).

In contrast to the observations of PA14 cells grown under low shear, high shear
conditions at 350 RPM resulted in the formation of much more pronounced features,
which were more variable with respect to their size (in X, y and z dimensions), shape
and relative proportions of Hoechst, GFP and Pel fluorescence. Whilst some of the
features were of a comparable size to those formed under low shear, fluorescence
intensities within the features differed based upon spatial location. Some features
exhibited modest Pel production in comparison to the correspondingly high intensities
for Hoechst and cdrA::gfp fluorescence (Figure 3.3B, yellow arrows), whilst other
features had distinct and spatially-dependent fluorescence intensity profiles for

Hoechst, GFP and Pel respectively.

Heterogenous fluorescence intensities within the same feature can be seen in the

resulting line profiles in Figure 3.3C. Hoechst fluorescence predominated one area of
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the feature (as sampled by the top line), whilst GFP and Pel fluorescence intensities
were visibly reduced (Figure 3.3C, light blue arrows). In the part of the feature as
sampled by the bottom line, Hoechst and Pel were observed to co-localise in an area
of the feature with decreased cdrA::gfp fluorescence (Figure 3.3C, orange arrows)
whilst the adjacent cell subpopulation exhibited increased GFP fluorescence which
was uncorrelated to either Hoechst or Pel fluorescence (Figure 3.3C, green arrows).
Taken together, such results indicate that production of Pel during early adhesion may
be a stochastic process, given that different degrees of Pel fluorescence were
observed in both spatially-separated (and thus independently-formed) features, and

within the same feature itself (Figure 3.3).

High shear conditions also resulted in the formation of more developed features after
24 hours of growth, with increased height in the z dimension compared to features
grown under low shear, which were on average 10 um in height. By comparison, larger
features under high shear were > 10 um in height on average, had more irregular
peripheries, and were seen in areas where surface colonisation by individual cells or
small cell clusters was minimal or absent (as already shown by Figures 3.3B and
3.3C). Such features also had differing morphologies to one another, with some
structures appearing more globular; composed of individual cell clusters aggregated
together which may represent a more mature feature (Figure 3.4). As a result of this,
fluorescence intensity profiles for these features were no longer punctate, and in
general Hoechst, GFP and Pel fluorescence correlated well with one another, albeit

with different intensities respectively.
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Figure 3.4 shows a feature imaged at two heights in the z dimension: at Z+5 and Z+10
um (with Z defined as the bottom layer closest to the coupon surface). At a height of
Z+5 um, three different features can be seen, labelled i, ii and iii respectively.
Fluorescence intensities of Hoechst, GFP and Pel are well-correlated to one another
for the largest feature (i), with signal intensity highest across all three channels at the
feature periphery, resulting in a concave intensity profile (Figure 3.4, feature i, yellow
arrows). Fluorescence intensities at the peripheral edges was heterogenous,
particularly with respect to GFP and Pel fluorescence which had greater intensities at
the as-viewed left-hand side periphery compared to the as-viewed right-hand side
periphery (Figure 3.4, red arrows). Features i and iii appeared to have globular-like
morphologies, appearing to be composed of individual cell clusters aggregated
together. In feature iii, Pel fluorescence was greatest at the periphery in compassion
to the feature interior (Figure 3.4, green arrows), whilst Hoechst and GFP fluorescence
was more homogenous across the feature, suggesting that cells were expressing
equivalent levels of cdrA (pink arrows). Hoechst, GFP and Pel fluorescence intensities
were similarly well-correlated in feature ii, although cdrA expression was
heterogenous, with increased GFP fluorescence at the as-viewed right-hand side of

the feature interior and periphery (Figure 3.4, grey arrows).

At a height of Z+10 um, the apex of feature (i) is seen emerging (Figure 3.4). Hoechst,
GFP and Pel fluorescence correlated well with one another overall, although the
fluorescence intensity of Pel was lower than that of Hoechst and GFP (Figure 3.4,
cyan arrows). Given that the fluorescence intensity of Hoechst was greatest, and
staining by Hoechst appeared diffuse rather than punctate, this could suggest the

presence of eDNA within the feature. As discussed for features formed under low
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shear conditions, eDNA can facilitate cell-cell interactions by acting as an
interconnecting ECM matrix component, and is believed to be important during the
initial and early development of Ps. a. biofilms (Whitchurch et al., 2002; Allensen-Holm

et al., 2006; Flemming and Wingender, 2010) .
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Figure 3.4
Three-dimension feature formation by PA14 cdrA::gfp after 24 hours of growth under high shear conditions at 350 RPM
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Representative confocal images are from PA14 cdrA::gfp biofilms (GFP signal is green) cultivated for 24 hours in the CBR under high shear (at
350 RPM) and stained with Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Two different z heights for the same
sample location are presented, and show horizontal optical cross-sections of several different features (i, ii and iii). Scale bar = 20 um. Fiji was
used to quantify fluorescent values in individual z-stack images: fluorescence signal intensity was normalised to the brightest pixel per coupon,
and a five point moving average calculated. Yellow arrows show a concave fluorescence intensity profile for feature i, indicative of increased GFP
expression and staining at the periphery compared to the feature interior. Red arrows show the concave profile is heterogenous, with increased
fluorescence intensities at the as-viewed left-hand peripheral edge compared to the as-viewed right-hand side. Green arrows show increased
fluorescence of Pel at the periphery of the globular feature iii, and pink arrows show homogenous fluorescence intensities of Hoechst and GFP
across the feature’s interior. Grey arrows show areas with increased GFP fluorescence in feature ii. Cyan arrows show well-correlated
fluorescence intensities in emerging apex of feature i, with Pel fluorescence lower than that of Hoechst and GFP.
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3.3.2. Pel production in PA14 is increased during early biofilm development under high

shear at 350 RPM

After 48 hours of growth, biofilm formation under low shear at 75 RPM was
characterised by the development of a basal biofilm that covered most of the coupon
surface (Figure 3.5), with an average height for this layer of 10 — 15 um. Fluorescence
intensity profiles for Hoechst and GFP were well correlated, suggesting most cells
were expressing equivalent quantities of cdrA to one another throughout the basal

biofilm (Figures 3.6 and 3.7).

Figure 3.5
Basal biofilms formed by PA14 cdrA::qfp after 48 hours under low shear conditions at

75 RPM are composed of homogenous cell and cell-associated EPS layers
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Representative confocal images are from PA14 cdrA:.gfp biofiims (GFP signal is green)
cultivated for 48 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Three different z heights for
the same basal biofilm are presented, with Z defined as the bottom layer closest to the coupon
surface. Each panel shows horizontal optical cross-sections that display homogeneity with
respect to Hoechst, GFP and Pel fluorescence. Scale bar = 20 um.
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Whilst production of Pel, as quantified by WGA, was also well correlated with Hoechst
and GFP fluorescence, there were areas within the basal biofilm with increased and
localised Pel concentration in lower layers, resulting in more punctate fluorescence
intensities (Figure 3.6, yellow arrows). These punctate fluorescence intensities for Pel
did not correlate to similarly elevated levels of Hoechst and GFP fluorescence, which
suggests that the Pel in this part of the biofilm is not cell-associated (Figure 3.6, from
Z to a height of Z+3 um). This localised area of increased Pel production could indicate
that Pel is able to provide structural support to the upper cell layers of that part of the
basal biofilm, facilitating their attachment and early development of a three-

dimensional architecture.

From a height of Z+6 um upwards (Figure 3.6), the average fluorescence intensity of
Pel decreased with increasing height whilst the fluorescence intensities of both
Hoechst and GFP increased, indicating the composition of the biofilm became more
cell-based. Work by Vasseur et al., (2005), has previously demonstrated that Pel is
required for mediation of initial cell-surface contact, particularly to glass or plastic
surfaces. Thus, at the bottom of the basal biofilm where maintenance of irreversible
attachment to the surface is vital if maturation of the biofilm is to occur, Pel production

may enable increased cell-surface and cell-cell interactions to the PE coupon face.

Using atomic force microscopy and software to enable the tracking of individual
bacteria over time, Cooley et al., (2013), revealed that Pel promotes organisation of
bacteria lying flat and symmetrically on a surface, with Apel mutants in comparison
forming disorganised piles of cells adhered to the surface and one another

asymmetrically (i.e. standing on end rather than lying flat). Therefore, one could
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hypothesise that the area of increased Pel concentration as in Figure 3.6 is providing
localised, structural organisation to that part of the biofilm; promoting the formation of

homogenous cell layers in the same orientation as one another.

By the height Z+15 um, the basal biofilm is reaching its apex, and populations of cells
with increased GFP expression can be seen beginning to protrude above the rest of
the biofilm (Figure 3.6, red arrows). Thus, these subpopulations of PA14 cdrA:.gfp
cells can be characterised by their increased cdrA expression, as shown by the
fluorescence intensity profile for GFP and its more punctate appearance at heights of

Z+11 and 15 pum (Figure 3.6, grey arrows).
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Figure 3.6

Increased Pel production localised within a basal biofilm formed by PA14 cdrA::gfp

after 48 hours under low shear conditions at 75 RPM

(figure legend overleaf)
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(figure legend for Figure 3.6)

Representative confocal images are from PA14 cdrA:gfp biofiims (GFP signal is green)
cultivated for 48 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are
shown for the same basal biofilm, with Z defined as the bottom layer closest to the coupon
surface. Scale bar = 20 um. Fiji was used to quantify fluorescent values in individual z-stack
images: fluorescence signal intensity was normalised to the brightest pixel per coupon, and a
five point moving average calculated. Yellow arrows show regions of punctate Pel
fluorescence uncorrelated to Hoechst or GFP fluorescence, red arrows show cell
subpopulations within the upper layers of the basal biofilm that have increased GFP
fluorescence and therefore cdrA expression. Grey arrows show the punctate GFP
fluorescence intensities of such cell subpopulations.
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Across different sampling sites, localised cell populations were frequently observed to
have increased GFP expression in comparison to adjacently located cells (Figure 3.7,
pink arrows), that did not appear to correlate with either increased Hoechst or Pel
fluorescence. Increased fluorescence intensities for GFP correlate to increased levels
of intracellular c-di-GMP, as cdrA promoter activation is c-di-GMP-dependent (Rybtke
et al., 2012; Nair et al., 2016). Thus, areas composed of PA14 cdrA::gfp cells that
exhibited increased GFP expression may represent a cell population forming a
developing microcolony. Increased intracellular levels of c-di-GMP are known to result
in the second messenger binding to FleQ (an enhancer-binding protein that regulates
flagellum synthesis), resulting in its dissociation from a secondary protein, FleN, and
conversion of FleQ from a repressor of pel, psl and cdr genes into an activator, leading
to increased EPS and adhesin production (Baraquet et al., 2012; Baraquet and
Harwood, 2013; Su et al., 2015). Areas with increased GFP expression could therefore
be nucleation centres for growth and maturation of the biofilm. Microcolony structures
emerging from the basal biofilm (Figure 3.7, at Z +13 um) support this notion, as they
were characterised by punctate fluorescence intensity profiles with respect to both
GFP and Pel, with Pel observed to localise to either the structure periphery, or the
centre of the structure at its apex, emerging above the cells (Figure 3.7, red arrows).
Increased and well-correlated fluorescence intensities across all three channels were

additionally found across the interior of some structures (Figure 3.7, grey arrows).

At the bottom of the basal biofilm there were ‘shadows’ located directly underneath
the microcolony structures with low fluorescence intensities across all three channels
(Figure 3.7 at Z, orange arrows). These could represent a limitation in laser penetration

to the base of the biofilm.
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Figure 3.7
Emergence of developing microcolonies formed by PA14 cdrA::gfp after 48 hours under low shear conditions at 75 RPM

(figure legend overleaf)
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(figure legend for Figure 3.7)

Representative confocal images are from PA14 cdrA::gfp biofilms (GFP signal is green) cultivated for 48 hours in the CBR under low shear (at
75 RPM) and stained with Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are shown for the
same basal biofilm, with Z defined as the bottom layer closest to the coupon surface. Scale bar = 20 um. Fiji was used to quantify fluorescent
values in individual z-stack images: fluorescence signal intensity was normalised to the brightest pixel per coupon, and a five point moving
average calculated. Pink arrows show subpopulations of cells with increased cdrA expression in comparison to adjacent cell populations, resulting
in increased GFP fluorescence intensities. Red arrows show localisation of punctate Pel fluorescence at the apex of emerging microcolonies,
whilst grey arrows show well-correlated Hoechst, GFP and Pel fluorescence intensities across the interior of the microcolony. Orange arrows
show cavities with the basal biofilm (including beneath the microcolony identified by the grey and red arrows), with cavities exhibiting negligible
fluorescence intensities.
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Under low shear conditions at 75 RPM, development of a basal, multi-cell layered
PA14 cdrA::gfp biofilm appeared to be generally homogenous, irrespective of location
on the coupon surface and cell location within the basal layer. Pel fluorescence in the
basal biofilm was consistently lowest in terms of its fluorescence intensity when
compared to Hoechst and GFP fluorescence intensities, with areas of increased Pel
production in the basal biofilm punctate and variable throughout the height of the
structure (Figures 3.6 and 3.7). However, some areas of the basal biofilm exhibited
greater staining by WGA, indicative of increased and spatially-localised Pel production

(Figures 3.8 and 3.9).

In these areas, Pel was observed as either a dense aggregate that encapsulated the
spatially-localised PA14 cdrA::gfp cells (Figures 3.8 and 3.9, yellow arrows), or as
fibre-like projections throughout the lower parts of the basal layer, connecting local
populations of adjacent cells to one another (Figures 3.8 and 3.9, grey arrows).
Structural cavities were also present in the lower part of the basal biofilm beneath
microcolony structures, with Pel seemingly localised to the boundary between the
cavity and basal layer (Figure 3.9 at Z and Z+2 um, red arrows). Previous work by Ma
etal., (2009), in Ps. a. strain PA01 demonstrated that Psl can either be cell-associated,
or located in areas of the biofilm which lacked bacterial cells as free Psl, which was
shown to be capable to forming a fibre-like matrix structure that enmeshed bacteria to
the test surface (Ma et al., 2009). Zhao et al., (2013), revealed that Ps. a. is additionally
capable of depositing Psl trails on a surface, which are able to influence the surface
motility of subsequently-adhering cells, their migration and initiation of biofilm
formation. Given that Ps. a. strain PA14 is incapable of making Psl due to a deletion

of pslA to psID in its genome (Friedman and Kolter, 2004a; 2004b), the observed fibre-
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like networks of Pel forming in Figures 3.8 and 3.9 (grey arrows) may be similar to
previously-described Psl networks in terms of function; promoting cell-surface and

cell-cell interactions via deposition of free Pel on the surface.
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Figure 3.8
Aggregative Pel morphologies observed after 48 hours of PA14 cdrA::qgfp biofilm formation under low shear conditions at 75 RPM
(figure legend overleaf)
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(figure legend for Figure 3.8)

Representative confocal images are from PA14 cdrA::gfp biofilms (GFP signal is green) cultivated for 48 hours in the CBR under low shear (at
75 RPM) and stained with Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are shown for the
same basal biofilm, with Z defined as the bottom layer closest to the coupon surface. Scale bar = 20 um. Fiji was used to quantify fluorescent
values in individual z-stack images: fluorescence signal intensity was normalised to the brightest pixel per coupon, and a five point moving
average calculated. Yellow arrows show dense aggregates of Pel that encapsulated cell populations, whilst grey arrows show Pel as fibre-like
projections throughout the basal biofilm, forming a Pel network. Red arrows show a punctate region of Pel production in-between two emerging
microcolony apexes. Orange arrows show cavities void in Hoechst fluorescence in the lowest basal layers, at the site of the developing Pel
aggregate. White dashed line shows the maximum width reached in the x dimension by the dense Pel aggregate identified by the yellow arrows.
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Figure 3.9
Aqggregative Pel morphologies within PA14 cdrA::qfp basal biofilms observed after 48 hours under low shear conditions at 75 RPM
(figure legend overleaf)
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(figure legend for Figure 3.9)

Representative confocal images are from PA14 cdrA::gfp biofilms (GFP signal is green) cultivated for 48 hours in the CBR under low shear (at
75 RPM) and stained with Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are shown for the
same basal biofilm, with Z defined as the bottom layer closest to the coupon surface. Scale bar = 20 um. Fiji was used to quantify fluorescent
values in individual z-stack images: fluorescence signal intensity was normalised to the brightest pixel per coupon, and a five point moving
average calculated. Yellow arrows show dense aggregates of Pel that encapsulated cell populations, whilst grey arrows show Pel as fibre-like
projections throughout the basal biofilm, forming a network of Pel. Red arrows show Pel fluorescence localised to the boundary between a
microcolony cavity and basal biofilm. Pink arrows show an area of increased fluorescence that is cell-surface and cell-cell associated. Orange
arrows show fibre-like projections of Pel connecting to adjacent cell populations to one another. Green arrows show fibre-like projections of eDNA
stained by Hoechst, correlating with WGA-stained Pel fibres as identified by the orange arrows. White dashed line shows the maximum width
reached in the x dimension by the dense Pel aggregate identified by the yellow arrows.
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Chew et al., (2014), suggested that ‘younger’ biofilms are thinner, less robust
structures that are easily disrupted by mechanical forces (such as shear), and that the
production of a matrix that is crosslinked or enmeshed prevents detachment of
surface-attached cells and centralises growth to these newly-colonised sites. Thus,
the Pel fibre-like networks observed could be ensuring neighbouring PA14 cdrA::gfp
cell populations remain adhered to the surface and to one another, as illustrated in
Figure 3.9 at a height of Z+2 um, whereby increased and cell-associated Pel
production can be seen within the initial surface-associated basal layers of the biofilm
(pink arrows). This increased and localised concentration of Pel was maintained at
heights of Z+3 um and Z+4 um, with fibre-like projections of Pel enmeshed together
observed forming across an area noticeably devoid of a GFP-expressing cell
population; seemingly connecting the two adjacent cell populations to one another

until their peripheral edges are seen (Figure 3.9, orange arrows).

As demonstrated in Figure 3.8, an equivalently punctate concentration of Pel can be
seen in-between two emerging colony apexes at a height of Z+15 um (red arrows), as
a continuation of the fibre-like Pel structures that initially emerge at Z; extending
upwards throughout the basal biofilm, forming a entangled meshwork (Figure 3.8, grey
arrows). Maximally produced at a height of Z+10 um, the meshwork can be seen in a
formation akin to a spider’s web, with fibres radiating outwards from a central region
that exhibits punctate Pel concentration (Figure 3.8, grey arrows). Of further interest
is the fact that fibre-like structures stained by Hoechst appear well-correlated to some
of the WGA-stained Pel fibres, which could indicate that these structures comprise of
Pel-eDNA complexes (Figure 3.9, green arrows). Allesen-Holm et al., (2006), showed

that eDNA could promote distinct interactions between subpopulations of bacteria,
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thus the formation of Pel-DNA complexes may enhance local interactions between
spatially-separated cell populations; in turn ensuring the formation of a stable, more
robust basal layer that enables future biofilm development into a more three-

dimensional structure.

The dense aggregates of Pel observed in Figures 3.8 and 3.9 (yellow arrows) further
suggest that Pel can adopt different structural phenotypes within a developing biofilm.
In Figure 3.8, the large Pel aggregate was maximally produced at a height of Z+15
um, whereby it measured 45 um in width (in the x dimension, white dashed line) and
was observed to be encapsulating a population of cells. In the lower layers of the basal
biofilm, at heights of Z and Z+5 um, formation of the Pel aggregate can be seen in an
area that is correspondingly devoid of staining by Hoechst (Figure 3.8, orange arrows),
suggesting that this aggregate is composed of more free, rather than cell-associated
Pel. By comparison, the aggregate of Pel in Figure 3.9 is much denser: maximally
produced at a height of Z+2 um, whereby it measured 30 um in width (in the x
dimension, white dashed line), the Pel aggregate remained cell-associated throughout
the basal biofilm layers, as shown by the well-correlated and increased fluorescence

intensities profiles across all three channels.

By contrast, biofilm development under high shear (at 350 RPM) was markedly
different, most notably with respect to the formation of the basal biofilm layer. Instead
of forming a defined and continuous basal biofilm layer, spatially-separate basal
biofilms were distributed across the coupon surface and displayed increased
heterogeneity with respect to Hoechst, GFP and Pel fluorescence. Biofilms formed

under high shear exhibited noticeably increased Pel production in comparison to those
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developing under low shear, with the additional appearance of individual, GFP-

expressing cells in the uppermost basal layers (Figure 3.10).

Figure 3.10
Basal biofilm formation by PA14 cdrA::gfp under high shear conditions at 350 RPM

displays increased heterogeneity

Biomass/eDNA C Merge

Representative confocal images are from PA14 cdrA:gfp biofiims (GFP signal is green)
cultivated for 48 hours in the CBR under high shear (at 350 RPM) and stained with Hoechst
for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). A and B are from two
independent sampling sites on the same coupon. Each panel shows horizontal optical cross-
sections that display heterogeneity with respect to Hoechst, GFP and Pel fluorescence and
biofilm morphology. Scale bar = 20 um.

Resultantly, fluorescence intensity profiles for GFP were more punctate, and did not
strongly correlate with corresponding Hoechst or Pel fluorescence intensity profiles
(Figure 3.11). Pel was observed to encapsulate PA14 cdrA::gfp cells in certain
structures and exist as free, non-cell associated Pel, as demonstrated by the
increased fluorescence intensity of Pel in comparison to the equivalent Hoechst and
GFP fluorescence intensities (Figure 3.12, red arrows). Individual GFP-expressing

cells appeared to localise and associate with such structures and/or the coupon

surface.
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Figure 3.11
Surface colonisation by PA14 cdrA::qgfp after 48 hours under high shear conditions at 350 RPM is variable
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Representative confocal images are from PA14 cdrA::gfp biofilms (GFP signal is green) cultivated for 48 hours in the CBR under high shear (at
350 RPM) and stained with Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are shown for the
same basal biofilm, with Z defined as the bottom layer closest to the coupon surface. Scale bar = 20 um. Fiji was used to quantify fluorescent

values in individual z-stack images: fluorescence signal intensity was normalised to the brightest pixel per coupon, and a five point moving
average calculated. GFP fluorescence was punctate, and did not correlated to either Hoechst or Pel fluorescence.
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Figure 3.12
Increased production of both cell-associated and free Pel structures to increase attachment of PA14 cdrA::qfp cells after 48hours
under high shear at 350 RPM
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Representative confocal images are from PA14 cdrA::gfp biofilms (GFP signal is green) cultivated for 48 hours in the CBR under high shear (at
350 RPM) and stained with Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are shown for the
same basal biofilm, with Z defined as the bottom layer closest to the coupon surface. Scale bar = 20 um. Fiji was used to quantify fluorescent
values in individual z-stack images: fluorescence signal intensity was normalised to the brightest pixel per coupon, and a five point moving
average calculated. Red arrows show areas with increased Pel fluorescence intensities and encapsulation of associated cells.
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Areas of the coupon surface with a more developed basal biofilm layer exhibited
increased Hoechst and WGA staining compared to the basal biofilms formed under
low shear, with biomass/eDNA and Pel constituting most of the biofilm structure
(Figure 3.13). Some areas of the basal biofiim were composed of layered cell
populations separated by channels (of approximate width 20 um) that were maintained
throughout the height of the biofilm (Figure 3.13, red arrows). Although the individual
shapes of these basal structures varied, Hoechst and Pel were well correlated with
one another with respect to their relevant fluorescence intensities (Figure 3.13, yellow

arrows).

GFP fluorescence intensities were also well correlated to both Hoechst and Pel
fluorescence intensities, although the average intensities of GFP fluorescence within
the basal biofilm were much more variable than they were under low shear, which

suggests that under high shear at 350 RPM, cdrA expression was more heterogenous.

Other areas of the basal biofilm had increased Pel production, as demonstrated by the
Merge channels in Figure 3.13, which show Pel covering the basal layer of cells
throughout the height of the biofilm. Compared to low shear, the fluorescence
intensities for Pel were much greater, and did not always correlate to Hoechst or GFP
fluorescence intensities (Figure 3.13, grey arrows). Furthermore, within the basal
biofilm increased Pel concentration was not continuous (as demonstrated by troughs
in the intensity profile traces), and some areas had inverse fluorescence intensities for

Hoechst and Pel (Figure 3.13, orange arrows).
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Figure 3.13
Formation of aggregative clusters and spatially-heterogenous basal biofilms after 48 hours at 350 RPM
(figure legend overleaf)
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(figure legend for Figure 3.13)

Representative confocal images are from PA14 cdrA::gfp biofilms (GFP signal is green) cultivated for 48 hours in the CBR under high shear (at
350 RPM) and stained with Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are shown for the
same basal biofilm, with Z defined as the bottom layer closest to the coupon surface. Scale bar = 20 um. Fiji was used to quantify fluorescent
values in individual z-stack images: fluorescence signal intensity was normalised to the brightest pixel per coupon, and a five point moving
average calculated. Red arrows show channels separating basal cell populations that were maintained throughout the biofilm. Yellow arrows
show well-correlated Hoechst and Pel fluorescence in areas of the basal biofilm with lower GFP fluorescence. Grey arrows show maximal Pel
fluorescence intensities in areas with lower Hoechst and GFP fluorescence intensities. Orange arrows show areas of the basal biofilm with
increased Hoechst and decreased Pel fluorescence intensities, in contrast to areas identified by the grey arrows. White areas show emergent
features with aggregative morphologies. Pink arrows compare increased and heterogenous GFP fluorescence in the features to cells in the basal
layer. Green arrows show a globular morphology for Pel punctate fluorescence intensity profiles for GFP and Pel fluorescence, as a result of
heterogeneity within the cell aggregates the feature is composed of.

137



Features projecting upwards from the coupon surface were also observed under high
shear conditions (Figures 3.13 and 3.14). Features were often elongated in structure
and of an irregular shape, and heterogenous in terms of their respective Hoechst, GFP
and Pel fluorescence intensities. Two features are present in Figure 3.13, and emerge
from the basal biofilm at differing heights (Figure 3.13, white arrows). The first feature,
captured by the top sampling line, emerges at Z+5 um and has markedly increased
Hoechst and GFP fluorescence intensities in comparison to the basal biofilm,
indicating that cells within the feature have increased cdrA expression in comparison
to cells in the basal layer (Figure 3.13, pink arrows). By comparison, Pel fluorescence
intensity in this feature is lower than the basal biofilm fluorescence intensity at Z+5

pm.

The second feature, captured by the bottom sampling line in Figure 3.13, emerges at
Z and has a more irregular shape. The feature appears to be composed of spherical
clusters of cells aggregated together, resulting in localised variation in fluorescence
intensities for GFP and Pel, and more punctate intensity profiles (Figure 3.3.13, green
arrows). The fluorescence intensities of Hoechst, GFP and Pel are well correlated in
the feature, and by Z+5 um fluorescence intensities are maximal. At heights of Z+4
um and Z+5 um, the fluorescence intensities of Pel in the feature are also comparable
to the fluorescence intensities of basally-associated Pel, which contrasts with low
shear biofilm data in which the basal biofilm is characterised by low concentrations of
Pel. Increased Pel production will increase the ‘stickiness’ of bacteria adhering to the
coupon surface, and to each other, and reduce the risk of erosion or loss of cell volume

due to the increased shear stress.
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Figure 3.14
Formation of aggregative clusters of cells and ECM components after 48 hours at 350 RPM
(figure legend overleaf)
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(figure legend for Figure 3.14)

Representative confocal images are from PA14 cdrA::gfp biofilms (GFP signal is green) cultivated for 48 hours in the CBR under high shear (at
350 RPM) and stained with Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are shown for the
same basal biofilm, with Z defined as the bottom layer closest to the coupon surface. Scale bar = 20 um. Fiji was used to quantify fluorescent
values in individual z-stack images: fluorescence signal intensity was normalised to the brightest pixel per coupon, and a five point moving
average calculated. Red arrows show cell aggregates with increased Hoechst and GFP fluorescence but lower Pel fluorescence. Grey arrows
show the same cell aggregate emerging from part of a basal layer, in which Pel fluorescence intensities were better correlated to those of Hoechst
and GFP. Yellow arrows shows a feature with globular morphology, composed of spherical and aggregative cell clusters that display variable
fluorescence intensities for GFP and Pel within the feature. Pink arrows show areas with maximal Hoechst and GFP fluorescence intensities.
Green arrows show a pore which is not stained by WGA for Pel, but exhibits staining by Hoechst and the presence of GFP-expressing cells.
Orange arrows show exclusion of cells and Hoechst or WGA-stained matrix components from the same pore with increasing z height.
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Some features that formed under high shear did not appear to be connected to a well-
defined basal biofilm layer, and were spatially isolated from other parts of the
developing biofilm (Figure 3.14). In such areas, features were characterised by
increased fluorescence intensities of Hoechst, GFP and Pel, although Pel production
in these features was once again variable. In the first feature identified in Figure 3.14
by the top sampling line, Hoechst fluorescence intensity is greatest throughout the
height of the feature, followed by GFP fluorescence, with Pel fluorescence intensities
being lowest in the feature (Figure 3.14, red arrows). This feature appeared to emerge
from an area of basal biofilm (from Z+2 um to a height of Z+4 um), in which the
fluorescence intensities of Pel were comparable to the feature (Figure 3.14, grey

arrows).

Of interest are the fluorescence intensity profiles for the second feature (captured by
the bottom sampling line in Figure 3.14). Similarly to the feature in Figure 3.13, this
feature was composed of spherical clusters of cells aggregated together, with
individual cell clusters having localised variation in fluorescence intensities for GFP
and Pel once more (Figure 3.14, yellow arrows). Throughout the feature’s height,
Hoechst and GFP fluorescence intensities were well correlated, with maximal
fluorescence intensities reached at a height of Z+4 um (Figure 3.14, pink arrows). Pel
concentration was observed to increase throughout the height of the feature, as shown
by the lower fluorescence intensities of Pel at a height of Z+3 um and below, with
maximal Pel fluorescence reached by Z+8 um. This may suggest that expression of
Pel is independent, with different parts of the feature exhibiting different levels of Pel
production. Within the centre of the feature, there was a pore that was maintained

throughout the height of the biofilm, but exhibited Hoechst staining and the presence
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of GFP-expressing cells at heights of Z+2 um to Z+4 um (Figure 3.14, green arrows).
As the feature increased in height, the trough in fluorescence intensities across all
three channels (Hoechst, GFP and Pel) became more pronounced, demonstrating
complete exclusion of biofilm components from this pore (Figure 3.14, orange arrows).
By a height of Z+8 um the pore was well defined, and the fluorescence intensities of
Hoechst, GFP and Pel surrounding the pore reached a plateau of maximum intensity
and correlated well with one another. Given that the pore was maintained throughout
the feature’s height, it may be an important structural component of the developing

biofilm.

Overall, biofilm formation under high shear after 48 hours was characterised by
increased but heterogenous Pel production, presumably as a result of the selective
pressures conferred by the higher shear condition. Fibres of Pel were also observed
at high shear but not low shear. Increased concentrations of Pel throughout the biofilm
enables PA14 cdrA:gfp cells to remain attached to the coupon surface, and by
encapsulating the cells Pel and eDNA offers protection from high shear and the risk of

sloughing.
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3.3.3. Mushroom-shaped macrocolonies do not develop under high shear at 350 RPM

After 72 hours of growth under low shear at 75 RPM, PA14 cdrA::gfp biofilms were
characterised by the formation of macrocolony structures with defined mushroom cap
structures, archetypal of mature Ps. a. biofilms (O’'Toole et al., 2000; Klausen et al.,
2003). The basal biofilm remained on average approximately < 20 um in height, whilst
the mushroom-shaped macrocolonies exhibited more variation in the individual
heights they reached, as well as their respective sizes in the x and y dimensions

(Figures 3.15 and 3.16).

Figure 3.15
Macrocolony formation by PA14 cdrA::gfp after 72 hours under low shear at 75 RPM

Blomass/eDNA

Representative confocal images are from PA14 cdrA::gfp biofiims (GFP signal is green)
cultivated for 72 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Shown are top-down three-
dimensional and side views of the biofilm Scale bar = 50 um.
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Figure 3.16
Observation of macrocolony formation by PA14 cdrA::gfp after 72 hours under low

shear at 75 RPM

Biomass/eDNA

Representative confocal images are from PA14 cdrA:.gfp biofiims (GFP signal is green)
cultivated for 72 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Shown are top-down three-
dimensional and side views of the biofilm Scale bar = 50 um.

Mushroom-shaped macrocolonies were a recurrent architectural feature observed at
72 hours across different sample site locations on the coupons, and during
independent runs of the CBR at 75 RPM. Under low shear conditions, the structural
integrity of the macrocolonies is maintained, enabling the formation of a well-defined
three-dimensional biofilm, which is in agreement with works in the literature that

suggest that low shear forces result in thicker, multilayer biofilm structures (Rochex et

al., 2008; Rodesney et al., 2017).

Fluorescence intensity profiles for Hoechst and GFP were well correlated throughout
the basal biofilm at 72 hours, suggesting most cells were expressing equivalent

guantities of cdrA to one another. Pel (as stained by WGA) production in the basal
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biofilm appears equally distributed and cell-associated, as demonstrated by the
fluorescence intensity profiles for Pel which also correlated well with Hoechst and GFP
(Figures 3.17 and 3.18). This suggests that the basal biofilm is well-established and
homogenous with respect to its composition. Due to the height of the biofilm features,
Figures 3.17 and 3.18 are split; 3.17A and 3.18A show the basal layer and 3.17B and
3.18B the upper layers of the microcolonies. The outermost, or leading, edges of the
basal layers were characterised by greater fluorescence intensities across all three
channels, in comparison to other parts of the existing basal biofilm (Figures 3.17A and
3.18A, yellow arrows). Similarly to the other parts of the basal layer, the leading edges
themselves exhibited good correlation between Hoechst, GFP and Pel fluorescence
intensities. These leading edges may be representative of ‘younger’ cell populations
that have colonised those particular surface areas more recently, and as a result could
have increased cdrA expression and production of Pel to facilitate newer cell-surface
and cell-cell interactions, resulting in lateral spreading of the biofilm (Figure 3.17A,

grey arrows).

The emergence of three-dimensional macrocolony structures from the basal biofilm
was frequently observed after 72 hours of biofilm growth (Figures 3.17 and 3.18).
Structural cavities, located directly underneath the macrocolonies, appear at Z (i.e. the
bottom of the biofilm), with negligible fluorescence intensity profiles across all three
channels (Figures 3.17A at Z+4 um and 3.18A up to a height Z+7 um, red arrows). It
is highly unlikely that the structural cavities represent areas completely void of
bacterial cells and EPS, as this would suggest that the distinctive macrocolonies are
able to form without any structural support from the basal biofilm. Instead, lack of

visualisation within the cavities is likely due to poor laser penetration through the
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entirety of the biofilm to its lowermost surface-associated layer, rather than poor
penetration of Hoechst and WGA, the fluorescence intensity profiles for which were
correlated to very low PA14 cdrA::gfp fluorescence. Furthermore, there is evidence of
GFP-expressing cells and Pel production in the cavities when studying the
representative CSLM slices (Figure 3.18A from Z to a height of Z+7 um, pink arrows),

with areas of localised and punctate concentration of Pel visible by eye.
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Figure 3.17A
Emergence of mushroom-shaped macrocolonies from PA14 cdrA::gfp basal biofilms

formed after 72 hours at 75 RPM
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Representative confocal images are from PA14 cdrA:.gfp biofiims (GFP signal is green)
cultivated for 72 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are
shown for the same basal biofilm, with Z defined as the bottom layer closest to the coupon
surface. Scale bar = 20 um. Fiji was used to quantify fluorescent values in individual z-stack
images: fluorescence signal intensity was normalised to the brightest pixel per coupon, and a
five point moving average calculated. Yellow arrows show concave fluorescence intensity
profiles for emerging macrocolonies. Grey arrows show the movement of the leading edge of
the basal biofilm during lateral spreading. Red arrows show a cavity beneath the macrocolony
in lower basal layers with negligible Hoechst, GFP and Pel fluorescence. Orange arrows show
increased fluorescence intensities at the boundary layer between the forming macrocolony
and basal biofilm. Green arrows show eDNA-Pel complexes, forming a ‘bridge’ between the
macrocolony and adjacent basal layer. Cyan arrows show loss of the ‘bridge’ structure.
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Figure 3.18A.
Emergence of mushroom-shaped macrocolonies is homogenous across independent

sampling sites after 72 hours under low shear at 75 RPM

(figure legend overleaf)
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(figure legend for Figure 3.18A)

Representative confocal images are from PA14 cdrA:.gfp biofiims (GFP signal is green)
cultivated for 72 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are
shown for the same basal biofilm, with Z defined as the bottom layer closest to the coupon
surface. Scale bar = 20 um. Fiji was used to quantify fluorescent values in individual z-stack
images: fluorescence signal intensity was normalised to the brightest pixel per coupon, and a
five point moving average calculated. Yellow arrows show concave fluorescence intensity
profiles for emerging macrocolonies. Red arrows show a cavity beneath the macrocolony in
lower basal layers with negligible Hoechst, GFP and Pel fluorescence. Pink arrows show
evidence of punctate Pel production within the cavity. Green arrows show further areas of
punctate Pel fluorescence surrounding the boundary layer between the macrocolony and
basal layer.
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In Figure 3.17A, the boundary edge between the basal biofilm and the bottom of the
macrocolony was observed to have slightly increased fluorescence intensities across
all three channels (Z+7 um, orange arrows), from which ‘bridges’ were seen forming
between the macrocolony and the basal biofilm at a height of Z+11 pum, which could
be composed of eDNA and Pel complexes that are cell-associated (Figure 3.17A,
Z+11 um, green arrows). The ‘bridges’ could thus be tethering part of the macrocolony
to the rest of the biofilm, with Jennings et al., (2015), previously demonstrating that
Pel is able to colocalise with eDNA at the stalk of PA14 mushroom-shaped colony
structures of flow-cell grown biofilms. By a height of Z+15 um, this connecting ‘bridge’
is no longer visible, and the macrocolony appears discrete from the basal biofilm

(Figure 3.17A, Z+15 um, cyan arrows).

Figures 3.17B and 3.18B show the emergence of macrocolony structures above the
biofilm, and are each a continuation of the same regions of the biofiims shown in
Figures 3.17A and 3.18A respectively. Like basal biofilm formation under low shear at
75 RPM, macrocolony formation appears to be homogenous; irrespective of spatial
location within the biofilm or the overall elevation of individual mushroom-shaped
macrocolonies, as shown by the similarity in fluorescence intensity profiles across all
three channels in both Figures 3.17B and 3.18B. Fluorescence intensities for Hoechst,
GFP and Pel were well-correlated with one another in the mushroom macrocolonies,
with the fluorescence intensities initially displaying a concave profile, indicative of
increased biomass/eDNA, cdrA expression and production of Pel at the macrocolony
periphery (Figures 3.17B and 3.18B, yellow arrows). Within the interior of the
macrocolonies, localised concentrations of Pel were additionally observed (Figures

3.17B and 3.18B, grey arrows), resulting in punctate fluorescence intensities that did
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not appear to be cell-associated or correlated to increased Hoechst staining (Figure

3.18B, red arrow).

With increasing height of the macrocolony, as shown in Figure 3.17B at a height of
Z+21 um, the fluorescence intensities of GFP and Pel at peripheral edges of the
structure diverge: the as-viewed left-hand periphery exhibits increased cdrA::gfp
fluorescence (orange arrows), whilst the as-viewed right-hand peripheral edge has an
increased production of Pel which is maintained up to a height of Z+28 um (pink
arrows). Similar differences in the fluorescence intensities at the peripheral edges can
be seen in Figure 3.18B. At a height of Z+43 um, GFP and Pel fluorescence intensities
are well-correlated and symmetrical at the peripheries (Figure 3.18B, green arrows).
At a height of Z+48 um, the as-viewed left-hand peripheral edge has increased PA14
cdrA::gfp fluorescence (Figure 3.18B, orange arrows) whilst at a height of and Z+53
um the as-viewed right-hand peripheral edge exhibits increased cdrA::gfp
fluorescence (Figure 3.18B, cyan arrows). As the apex of the macrocolony emerged,
GFP expression was observed to increase within the interior of the structure, resulting
in a punctate fluorescence intensity profile that did not correlate to greater Hoechst or
Pel fluorescence intensities (Figure 3.18B, cerise arrows). Similarly in Figure 3.17B,
punctate areas of increased cdrA::gfp fluorescence were observed at the structural
apex at a height of Z+32 um that did not correlate to either Hoechst or Pel fluorescence

intensities (Figure 3.17B, cyan arrows).

PA14 cells with increased cdrA expression (and thus increased levels of intracellular
c-di-GMP) may represent small cellular aggregates that, as suggested by Klausen et

al., (2003), are a motile subpopulation of cells that have formed a ‘cap’ on top of the
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non-motile macrocolony population. Local consumption of nutrients within the biofilm
is known to resultantly create nutrient gradients throughout the structure (DeBeer et
al., 1994; Picioreanu et al., 1998). Thus, the apexes of macrocolonies, given their
ascension from the basal biofilm and into the bulk fluid, may be surrounded by zones
of higher nutrient concentrations that facilitate increased biomass accumulation and
expansion of the three-dimensional structures as observed. Indeed, Figures 3.15 and
3.16, showing representative three-dimensional, top-down CLSM images, have similar
areas of increased GFP and Pel fluorescence atop the mushroom-shaped

macrocolonies that are visible by-eye.
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Figure 3.17B
Hoechst, GFP and Pel fluorescence increase across the interior of macrocolonies

reaching their apexes
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Representative confocal images are from PA14 cdrA:gfp biofiims (GFP signal is green)
cultivated for 72 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are
shown for an emerging macrocolony structure, as a continuation of Figure 3.17A. Scale bar =
20 um. Fiji was used to quantify fluorescent values in individual z-stack images: fluorescence
signal intensity was normalised to the brightest pixel per coupon, and a five point moving
average calculated. Yellow arrows show concave fluorescence intensity profiles for the
emerging macrocolony. Grey arrows show localised and punctate concentrations of Pel within
the macrocolony interior. Orange arrows show increased GFP fluorescence at as-viewed left-
hand peripheral edge, whilst pink arrows show increased Pel fluorescence at the as-viewed
right-hand side peripheral edge. Cyan arrows show punctate and increased GFP fluorescence
of cell populations at the macrocolony apex.
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Figure 3.18B
Apical layers of macrocolonies formed after 72 hours under low shear at 75 RPM have
increased GFP fluorescence
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Representative confocal images are from PA14 cdrA:gfp biofiims (GFP signal is green)
cultivated for 72 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are
shown for an emerging macrocolony structure, as a continuation of Figure 3.17A. Scale bar =
20 um. Fiji was used to quantify fluorescent values in individual z-stack images: fluorescence
signal intensity was normalised to the brightest pixel per coupon, and a five point moving
average calculated. Yellow arrows show concave fluorescence intensity profiles for the
emerging macrocolony. Grey arrows show localised and punctate concentrations of Pel within
the macrocolony interior. Red arrow shows a punctate fluorescence intensity for Pel
uncorrelated to Hoechst or GFP fluorescence. Green arrows show homogenous expression
of GFP and fluorescence of Pel at the peripheries. Orange and cyan arrows show
heterogenous GFP fluorescence at opposite as-viewed peripheral edges with increasing
height. Cerise arrows show increased expression of GFP in apical cell populations, both at
the macrocolony periphery and interior.
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After 72 hours of growth under high shear at 350 RPM, PA14 cdrA::gfp biofilms were
not observed to form mushroom-shaped macrocolonies, and instead appeared denser
than those grown under low shear at 75 RPM, with an average height of just 30 — 40
um. In general, high shear forces are believed to lead to the formation of biofilms that
are thinner, with higher volumetric density and increased strength (Kwok et al., 1998;
Liu and Tay, 2002; Laspidou and Rittmann, 2004; Celmer et al., 2008). In agreement
with this is the fact that the PA14 biofilms formed under high shear at 350 RPM
exhibited increased Hoechst, GFP and Pel fluorescence intensities in comparison to
those formed under low shear at 75 RPM, in spite of their shorter overall heights in the
z dimension. As with biofilm at 48 hours under high shear, a basal biofilm coherently
covering the coupon surface was not observed at 72 hours, with biofilm structures and

features remaining spatially-separated from one another (Figure 3.19).

Figure 3.19
Biofilm formation after 72 hours under 350 RPM did not lead to macrocolony formation

Biomass/eDNA

Representative confocal images are from PA14 cdrA:.gfp biofiims (GFP signal is green)
cultivated for 72 hours in the CBR under high shear (at 350 RPM) and stained with Hoechst
for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Shown are top-down
three-dimensional and side views of the biofilm Scale bar = 50 um. The basal biofilm is
composed of spatially-separated cell populations.

As previously seen after 48 hours of growth, PA14 biofilms formed under high shear
also exhibited increased heterogeneity with respect to Hoechst, GFP and Pel

fluorescence intensities (Figures 3.20 and 3.21). Figure 3.20 shows a representative

155



biofilm that is characterised by noticeably increased Pel production, with the
exopolysaccharide appearing to completely encapsulate the PA14 cdrA::gfp cell
populations (yellow arrows). The fluorescence intensities of Hoechst and GFP appear
well-correlated to one another, although the intensity profiles appeared punctate, as a
result of localised variation in the fluorescence intensities of adjacent subpopulations
within the biofilm (Figure 3.20, grey arrows). Staining by WGA revealed several distinct
morphologies for Pel, including the formation of fibre-like ‘tendrils’ that seemed to have
a structural role; connecting parts of the basal biofilm to one another, even across
areas of the coupon surface that appeared otherwise uncolonised by a basal layer
(Figure 3.20, red arrows). The fibre-like ‘tendrils’ were maintained throughout the
height of the biofilm, as either cell-associated or free Pel (Figure 3.20, orange arrows).
Co-localisation of Hoechst staining in the ‘tendrils’ could also suggest that eDNA is
complexed with Pel within these fibre-like structures, to increase their relative strength
and ability to remain spatially fixed under high shear conditions (Figure 3.20, cyan
arrows). Yang et al.,, (2011), has previously demonstrated that Psl and Pel are
important for facilitating interactions between subpopulations of cells during PAO1
biofilm maturation, whilst others have observed eDNA forming fibre-like protrusions
connecting adjacent microcolonies, believed to be involved in trail formation to guide
cell movement during biofilm differentiation (Allesen-Holm et al., 2006; Barken et al.,

2008; Gloag et al., 2013).
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Figure 3.20
PA14:cdrA::gfp biofilm formation after 72 hours under 350 RPM is characterised by

increased Pel production within spatially-separate cell populations
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Representative confocal images are from PA14 cdrA:.gfp biofilms (GFP signal is green)
cultivated for 72 hours in the CBR under high shear (at 350 RPM) and stained with Hoechst
for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are
shown for the same biofilm, with Z defined as the bottom layer closest to the coupon surface.
Scale bar = 20 um. Fiji was used to quantify fluorescent values in individual z-stack images:
fluorescence signal intensity was normalised to the brightest pixel per coupon, and a five point
moving average calculated. Yellow arrows show increased fluorescence intensities for Pel
throughout the height of the biofilm, indicating encapsulation of cells by the exopolysaccharide
(as further shown by the overall purple hue of the merged images). Grey arrows show punctate
but well-correlated Hoechst and GFP fluorescence intensities. Red arrows show fibre-like
‘tendril’ formation of Pel projecting in-between adjacent cell populations. Orange arrows show
both cell-associated and free structures of Pel maintained throughout the biofilm, including
‘tendril’ formation and aggregates of Pel in areas where cells are absent. Cyan arrows show
co-localisation of fibres stained by Hoechst and WGA, suggestive of eDNA-Pel complexes.
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In Figure 3.21, similarly punctate regions of increased Pel concentration were
observed, with fluorescence intensities for such Pel aggerates uncorrelated to
increased Hoechst and GFP fluorescence intensities (yellow arrows). At this particular
sampling site however, the florescence intensities of Hoechst were greatest
throughout the height of the biofilm: whilst well-correlated to GFP and Pel fluorescence
intensities in certain structures (Figure 3.21, pink arrows), other areas of the biofilm
exhibited increasing staining by Hoechst that did not correlate to either increased

cdrA::gfp fluorescence, or WGA-staining of Pel (Figure 3.21, grey arrows).

Such areas could either have increased concentration of eDNA, or accumulation of
biomass, with the latter suggestion supported by the merged CLSM images, which
show individual PA14 cells at the leading edges of the biofilm (giving it a fringed
appearance), and GFP-expressing cells atop the rest of the biofilm (Figure 3.21, cyan
arrows). Gloag et al., (2013), demonstrated that eDNA maintains coherent cell
alignments at the leading edge of Ps. a. PAK strain biofilms, and promotes the
formation of trails which facilitate the movement of individual cells or small cell clusters
to the leading edge of the biofilm. Although defined trails were not observed, individual
PA14:cdrA:.gfp cells were found orientated in chain-like processions between biofilm

structures, or attaching to the leading edge via the cell pole.
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Figure 3.21
Basal biofilm composition is heterogenous after 72 hours under high shear at 350 RPM
(figure legend overleaf)
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(figure legend for Figure 3.21)

Representative confocal images are from PA14:cdrA::gfp biofiims (GFP signal is green)
cultivated for 72 hours in the CBR under high shear (at 350 RPM) and stained with Hoechst
for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are
shown for the same biofilm, with Z defined as the bottom layer closest to the coupon surface.
Scale bar = 20 um. Fiji was used to quantify fluorescent values in individual z-stack images:
fluorescence signal intensity was normalised to the brightest pixel per coupon, and a five point
moving average calculated. Yellow arrows show areas with increased Pel fluorescence
intensities for Pel aggregates, uncorrelated to Hoechst or GFP fluorescence. Pink arrows
show areas of increased fluorescence intensities across all three channels, in a dense
aggregate of cells and ECM material. Grey arrows show areas of the biofilm that exhibited
increased and uncorrelated Hoechst fluorescence intensities. Cyan arrows shows small
subpopulations of GFP-expressing cells atop different parts of the biofilm
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Growth under high shear at 350 RPM did not result in the formation of typical
mushroom-shaped macrocolonies, but there was a degree of uniformity with respect
to the mature biofilm structures formed after 72 hours. Three-dimensional top-down
CLSM images show that PA14 biofilms formed under high shear conditions comprise
of distinct populations of bacterial cells (Figures 3.19 — 3.21); forming individual
mounds that grow upwards in the vertical dimension (z), and do not appear to spread
laterally to form a continuous basal biofilm as observed under low shear (in the x and
y dimensions). The peripheral edges of these mounds are irregular, and maintained,
fluid-filled channels that do not contain cellular or ECM material can be seen between

individual mound structures.

3.3.4. Heterogeneity of mature PA14:cdrA::gfp biofilm structures is increased under

high shear

Mushroom-shaped macrocolonies were once again frequently observed after growth
under low shear at 75 RPM for 96 hours (Figures 3.22 and 3.23A), as well as
subpopulations of PA14 cells with increased cdrA:gfp fluorescence forming
aggregative structures atop the ‘cap’ region of the macrocolonies (Figures 3.22 and
3.23A, white arrows). Cells with greater cdrA::gfp fluorescence were also seen on top
of the basal biofilm in a variety of structures, ranging from small aggregative clusters
to those with a more complex three-dimensional architecture (Figures 3.22 and 3.23,

yellow arrows).

Most notably, Pel was well distributed in both the basal biofilm and three-dimensional
features, whereby staining by WGA revealed three distinct structural forms for the

exopolysaccharide: throughout the height of mushroom-shaped macrocolony interior,
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forming concentrated regions of punctate Pel (Figures 3.22 and 3.23A, cyan arrows);
as a dense aggregative ‘mat’ of Pel forming across the basal biofilm (Figure 3.23,
orange arrows), and observed forming a wide-reaching network of fibre-like Pel across

the basal biofilm (Figures 3.22 and 3.23, grey arrows).

Figure 3.22
Macrocolony formation after 96 hours under low shear at 75 RPM

Biomass/eDNA

Representative confocal images are from PAl4:cdrA::gfp biofiims (GFP signal is green)
cultivated for 96 hours in the CBR under high shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Shown are top-down three-
dimensional and side views of the macrocolony and biofilm. Scale bar = 50 um. White arrows
show a ‘cap’ structure composed of cells exhibiting increased GFP fluorescence atop the
macrocolony. Yellow arrows show small, aggregative clustered cell populations with increased
GFP fluorescence. Cyan arrows show punctate Pel production within the macrocolony interior.
Grey arrows show a wide-reaching Pel fibre-like network across the biofilm.
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Figure 3.23
Different morphologies and functions of Pel in PA14:cdrA::gfp biofilms formed at 96

hours under low shear at 75 RPM
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Representative confocal images are from PAl4:cdrA::gfp biofilms (GFP signal is green)
cultivated for 96 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Shown are top-down three-
dimensional and side views of biofilms. Scale bar = 50 um. A and B are from two independent
sample sites from two different coupons. White arrows show a ‘cap’ structure composed of
cells exhibiting increased GFP fluorescence atop the macrocolony. Yellow arrows show small,
aggregative clustered cell populations with increased GFP fluorescence, forming a more
complex three-dimensional structure in panel B. Cyan arrows Cyan arrows show punctate Pel
production within the macrocolony interior in panel A. Orange arrows show dense, aggregative
‘mats’ of Pel. Grey arrows show a wide-reaching Pel fibre-like network across the biofilm.

In Ps. a. strain PAOL, Zhao et al., (2013), demonstrated that Psl trails can form upon
a surface, which influences the motility of cells and their migration, whilst Wang et al.,
(2013), independently reported that Psl can form a fibrous matrix via TFP-dependent
migration, akin to spider web formation; connecting parts of the basal biofilm to one
another and enabling transit of cells to areas of the growing biofilm. Given that PA14
has a deletion of pslA to psID in its genome rendering the strain incapable of
synthesising Psl (Friedman and Kolter, 2004a; 2004b), there is precedence perhaps
for Pel to be able to adopt a variety of free or cell-associated forms with varying
structures (and possibly properties) in order to facilitate maintenance of the both the

basal biofilm and three-dimensional architecture over the course of its development.
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The top-down three-dimensional biofilm in Figure 3.24 shows a dense ‘mat’ of Pel in
an area with reduced Hoechst fluorescence, and subpopulations of cells with
increased cdrA expression enmeshed within, and emerging above, the Pel ‘mat’.
Slices at different heights of the biofilm (in the z dimension) reveal the leading edge of
this part of the basal biofilm, and shows association of GFP-expressing cell
populations with Pel (Figure 3.24, yellow arrows). As the leading edge retreated, GFP
fluorescence was observed to increase in localised regions (Figure 3.24, white
arrows), and by a height of Z+47 um, aggregates of PAl14:cdrA:.gfp cells were seen
forming at the leading edge and remained unstained by both Hoechst and WGA. This
suggests that the subpopulations and aggregates with increased GFP fluorescence
could be composed of cells that have recently migrated to the leading edge, and thus
have become more recently sessile in comparison to cells within the established

biofilm.

In agreement with this notion, the biofilm presented in Figure 3.23B also shows a
population with increased GFP expression forming directly atop of the fibre-like
network of Pel, further suggesting that Pel can recruit cells to the existing biofilm;
facilitating both lateral bacterial migration within the basal biofilm, and vertical
migration during differentiation of the biofilm to result in three-dimensional structures.
Chew et al., (2004), suggested that production of Pel within mature PAOL1 biofilms
leads to formation an ECM with increased viscosity, resulting in a ‘looser’ and more
malleable structure. If deformed in the presence of stress (such as shear), elastic
structures are able to return to their original shape once the stress is removed; in
contrast to viscous structures which are irreversibly deformed by stress and can ‘flow’

(Chew et al., 2004). Therefore, formation of dense ‘mats’ of Pel as observed may
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facilitate the lateral spreading of the basal biofilm and expansion of its boundary
edges. The formation of dense ‘mats’ or fibre-like networks of Pel within the biofilm
may also be important for the retention and transfer of nutrients throughout basal
layers, in a similar way to alginate produced by mucoid Ps. a. strains (Sutherland,

2001).
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Figure 3.24
Pel networks maintain basal biofilm structure after 96 hours under low shear at 75 RPM

(figure legend overleaf)
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(figure legend for 3.24)

Representative confocal images are from PA14:cdrA::gfp biofiims (GFP signal is green)
cultivated for 96 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are
shown for the same biofilm, with Z defined as the bottom layer closest to the coupon surface.
Scale bar = 20 um. Yellow arrows show association of cell populations with increased GFP
fluorescence with the Pel ‘mat’. White arrows show the leading edge retreating and co-
localisation of cells with increased GFP fluorescence behind the leading edge of the biofilm.
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Macrocolonies were frequently observed after 96 hours of growth under low shear at
75 RPM, and displayed comparable trends in fluorescence intensity profiles to those
for mushroom-shaped structures formed after 72 hours of growth. In Figure 3.25A,
from Z to a height of Z+7 um, cavities beneath the three-dimensional structures were
visible, and displayed negligible Hoechst, GFP and Pel fluorescence intensities in
comparison to the surrounding basal biofilm (yellow arrows). Across all three
channels, fluorescence intensities were well correlated in the basal biofilm: GFP and
Pel fluorescence intensities were similar, whilst Hoechst fluorescence was greatest
throughout the basal layers in Figure 3.25A, suggesting that the ECM in this particular
sample site was composed more of eDNA than Pel. As shown by merge channels at
Z and a height of Z+3 um, Hoechst and Pel fluorescence was observed to co-localise

(Figure 3.25A, white arrows), which could be indicative of eDNA-Pel complexes.

Emergence of the macrocolony began at a height of Z+17 um, whereby two distinct
structures (Figure 3.25A, i and ii) were observed. For the first feature (i), as captured
by the top line drawn on the merge channel, Hoechst and Pel fluorescence intensities
were similar and overall well-correlated to one another, whilst the fluorescence
intensity of GFP was increased; indicative of increased cdrA expression within the
feature in comparison to the basal biofilm. GFP fluorescence of this feature was
punctate, with cellular subpopulations in feature i displaying a degree of heterogeneity
in terms of local cdrA expression at both the feature periphery and its interior (Figure
3.25A, red arrows). Figure 3.25B demonstrates the emergence of feature i from the
basal biofilm, to which it is attached (white arrows), which could be suggestive of active
cell migration from the basal biofilm, resulting in the formation of the mushroom-

shaped macrocolony structure (as captured by the bottom line drawn on the merge
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channel, feature ii). In further support of this is the fact that feature i was observed to

have a different morphology to the emerging, mushroom-shaped feature ii.

By contrast, the second feature emerging from the basal biofilm displayed concave
fluorescence intensity profiles, with the peripheral edges of the feature having
increased Hoechst, GFP and Pel fluorescence intensities in comparison to the
feature’s interior (Figure 3.25A, cyan arrows). This is in agreement with the work of
Jennings et al., (2015), who similarly observed increased staining of Pel at the
periphery of biofilm structures such as mushroom-shaped macrocolonies, and
proposed that the structural integrity of three-dimensional features is dependent upon

the presence of exopolysaccharides at the peripheral edges.

At heights of Z+22 um and Z+27 um, the fluorescence intensities across all three
channels continued to increase at the structure periphery, although the resultant
concave fluorescence intensity profiles were heterogenous: whilst the as-viewed right-
hand peripheral edge showed very good correlation between Hoechst, GFP and Pel
fluorescence (Figure 3.25A, pink arrows), the as-viewed left-hand peripheral edge
exhibited increased and well-correlated GFP and Pel fluorescence, but lower Hoechst
fluorescence (Figure 3.25A, green arrows). The irregular fluorescence intensity profile
is likely due to the fact that the as-viewed left-hand periphery is underdoing increased
accumulation of cells and Pel as a result of cell migration from the basal biofilm, which

resulted in an asymmetrical circumference for the feature.
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Figure 3.25A
Heterogenous periphery development during macrocolony formation after 96 hours under low shear at 75 RPM
(figure legend overleaf)
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(figure legend for Figure 3.25A)

Representative confocal images are from PA14:cdrA::gfp biofilms (GFP signal is green) cultivated for 96 hours in the CBR under low shear (at
75 RPM) and stained with Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are shown for the
same biofilm, with Z defined as the bottom layer closest to the coupon surface. Scale bar = 20 um. Yellow arrows show cavities beneath three-
dimensional architectures with negligible fluorescence intensities across all three channels. White arrows show areas in the basal that exhibited
co-staining by Hoechst and WGA. Red arrows show heterogenous GFP expression of cells within feature i. Cyan arrows show concave
fluorescence intensity profiles for feature ii, indicating increased staining and GFP expression at the periphery of the emerging macrocolony. Pink
and arrows show well-correlated and homogenous fluorescence intensities at the as-viewed right-hand peripheral edge, whilst green arrows
show the as-viewed left-hand periphery with increased GFP and Pel fluorescence intensities.
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Figure 3.25B
Development and maturation of macrocolonies may be facilitated by cell migration from

the basal biofilm

Blomass/eDNA

Maximum projection
(top-down 3D view)

Representative confocal images are from PA14:cdrA::gfp biofilms (GFP signal is green)
cultivated for 96 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Shown are the top-down
three-dimensional maximum projection of the biofilm, as well are top-down z slices and side-
views of the emerging macrocolony in, whereby is Z defined as the bottom layer closest to the
coupon surface. Scale bar = 50 um. White arrows show areas of Pel-mediated interactions
between the basal biofilm and feature i (as denoted in the merge channel for maximum
projection).
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Continuous expression of pel was shown by Jennings et al., (2015), to be required for
sustained growth of PA14 biofilms (i.e. biomass accumulation), but not for
maintenance of a basal biofilm’s structure. In particular, Pel was shown to be crucial
for sustaining cell-cell interactions in aggregative features, as PA14 pel mutant strains
were unable to form stable aggregates (Jennings et al., 2015). Figure 3.25C shows
the emergence of the mushroom-shaped macrocolony structure (feature ii) above the
biofilm, and is a continuation of the same biofilm shown in Figures 3.25A and 3.25B

respectively.

At a height of Z+33 um, fluorescence intensity profiles across all three channels are
well-correlated, although the concave profile remained heterogenous, with increased
GFP and Pel fluorescence localised to the as-viewed left-hand periphery of the
structure (Figure 3.25C, yellow arrows). Punctate areas of Pel fluorescence were also
observed across the macrocolony at this height, which were uncorrelated to either
Hoechst or GFP fluorescence (Figure 3.25C, red arrows). At a height of Z+39 um,
fluorescence intensity profiles were more punctate, with the interior of the macrocolony
structure exhibiting increased GFP and Pel fluorescence (Figure 3.25C, orange
arrows). Fibre-like projections of Pel were additionally observed around the exterior of
the feature, with punctate regions of Pel maintained with increasing height in the z

dimension (Figure 3.57C, green arrows).

Indeed, from a height of Z+44 um onwards, Pel fluorescence remained punctate, and
was observed to have increased fluorescence intensities compared to those of
Hoechst and GFP (Figure 3.25C, cyan arrows). Based on the fluorescence intensity

profiles for Pel and the merge channels, Pel appeared to encapsulate the apical layers
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of the macrocolony, forming fibre-like projections across the interior of the
macrocolony apex (Figure 3.25C, cerise arrows). Encasement of the apex in Pel could
maintain the developing macrocolony; protecting the mushroom-cap cell structure
beneath to ensure its three-dimensional integrity is preserved. Crosslinking (or
entanglement) of the Pel fibre-like projections could further enable the macrocolony
apex to withstand any spatial or temporal changes to physical parameters in the bulk
fluid. For example, Kdrstgens et al.,, (2001), demonstrated that entanglement of
alginate polymers, facilitated by the presence of Ca?* ions, increased the stability of

mucoid Ps. a. biofilm structures.
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Figure 3.25C
Apical macrocolony layers formed by PA14:cdrA::gfp after 96 hours of growth under

low shear at 75 RPM
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Representative confocal images are from PAl4:cdrA::gfp biofiims (GFP signal is green)
cultivated for 96 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Different z heights are a
continuation of the emerging macrocolony from the same biofilm as shown in Figure 3.27A.
with Z defined as the bottom layer closest to the coupon surface. Scale bar = 20 um. Yellow
arrows show heterogenous fluorescence intensities at the as-viewed left-hand periphery edge
of the macrocolony. Red arrows show areas of the structure that exhibited increased Pel
fluorescence uncorrelated to those of Hoechst or GFP. Orange arrows show increased GFP
and Pel fluorescence intensities in the macrocolony interior. Green arrows show punctate
regions of Pel maintained at the exterior of the macrocolony. Cyan arrows show increased
production of WGA-stained Pel in the apical layers of the macrocolony. Cerise arrows show
fibre-like projections of Pel across the interior of the macrocolony apex.
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By 96 hours, PA14 biofilm formation under high shear at 350 RPM was characterised
by multiple mounds that were highly variable in the x, y and z dimensions, resulting in
an irregular biofilm topography (Figures 3.26 and 3.27). Biofilms formed after 96 hours
of growth under high shear had an average height ranging between 70 — 150 um, thus
fluorescence intensity profiles for Hoechst, GFP and Pel were difficult to calculate, due

to the reduced laser and stain penetration of the structures.

Similarly to the mounds formed after 72 hours, three-dimensional structures formed
after 96 hours exhibited increased growth upwards in the vertical dimension (z), and
appeared to remain spatially-separated from one another, rather than three-
dimensional structures emerging from a defined basal layer as observed under high
shear at 75 RPM. Mound formation across different areas of the coupon surface was
heterogenous, with respect to the sizes of structures in the x and y dimensions,
maximum height reached in the z dimension, and production of Pel throughout the
biofilm (Figures 3.26 and 3.27). Figure 3.26 shows three different ‘tower-like’ biofilm
architectures, composed of mounds growing irregularly and seemingly atop one

another; varying in width (in the x dimension) from 20 um (Figure 3.26, panels A and

C, yellow arrows) up to > 250 um (Figure 3.26, panels A and B, white arrows).
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Figure 3.26
Biofilm formation by PA14:cdrA::gfp after 96 hours under high shear at 350 RPM results

in large mound formation
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Representative confocal images are from PA14:cdrA::gfp biofiims (GFP signal is green)
cultivated for 96 hours in the CBR under high shear (at 350 RPM) and stained with Hoechst
for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Shown are top-down
three-dimensional and side views of the macrocolony and biofilm. Scale bar = 50 um. A, B
and C represent different biofilms imaged during two independent CBR runs. Yellow arrows
show mounds with maximal widths of approximately 20 um whilst white arrows show
neighbouring mounds exceeding widths of 250 um (in the x dimension). Green arrows shown
Pel fibre-like ‘tendril’ formation at a mound periphery. Pink arrows show similar Pel ‘tendrils’
also stained by Hoechst, indicative of eDNA-Pel ‘tendril’ complexes. Cyan arrows show an
aggregative area of Pel in an area void of GFP-expressing cells. Cerise arrow show staining
of a structure within the interior of the aggregate by Hoechst.
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Staining by WGA revealed several distinct morphologies for Pel, including the
formation of fibre-like ‘tendrils’ that seemed to have a structural role; aggregates
composed of Pel ‘tendrils’ were observed at the periphery of mound structures, as well
as protruding outwardly (Figure 3.26A, green arrows), maintaining critical cell-cell
interactions in the developing mound. Areas with fibre-like ‘tendrils’ exhibited
increased Pel fluorescence that were well correlated to ‘tendrils’ that similarly
displayed increased Hoechst fluorescence (Figures 3.26A and 3.26C, pink arrows),
suggesting that the ‘tendrils’ could be formed of Pel, or eDNA-Pel complexes. Punctate
areas with increased Pel fluorescence was additionally observed, and did not appear
cell-associated (Figure 3.26B, cyan arrows). eDNA appears to be localised to the
interior of the Pel structure (Figure 3.26B, cerise arrows), once more suggesting that
eDNA and Pel can interact within Ps. a. biofilms, which is in agreement with other

works in the literature (Jennings et al., 2015).

As shown by Figure 3.27, maximum heights reached by mounds was variable (Figure
3.27, yellow arrows), resulting in a lack of structural homogeneity. At a height of 35
um, the apical layers of some mound structures were emerging, as demonstrated by
their smaller dimensions in the x and y dimensions (Figure 3.27, white arrows), and
increased GFP fluorescence at both the structure periphery and interior (Figure 3.27,
red arrows). Punctate areas of Pel fluorescence were also observed at peripheral
edges that had increased GFP fluorescence, as free rather than cell-associated Pel
(Figure 3.27, cyan arrows). Also seen was an aggregate of Pel protruding
approximately 30 um above the apex of a ‘tower-like’ structure, which had minimal

GFP fluorescence (suggesting there was not a cell population underneath), and well-
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correlated Hoechst fluorescence at the aggregate’s periphery, which could indicate

co-localisation of eDNA and Pel (Figure 3.27, grey arrows).
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Figure 3.27
Mound features formed after 96 hours under high shear at 350 RPM exhibit variation in their maximal heights
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Representative confocal images are from PA14:cdrA::gfp biofilms (GFP signal is green) cultivated for 96 hours in the CBR under high shear (at
350 RPM) and stained with Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Shown are top-down three-dimensional
views of the mound structures, as side views at a height of Z+35 um, with Z defined as the bottom layer closest to the coupon surface. Scale bar
= 50 um. Yellow arrows show variation in maximal height reached by mound structures. White arrows show the emergence of some mound
apexes, characterised by increased GFP fluorescence across the mound interior and periphery, as shown by red arrows. Cyan arrows show
punctate areas of Pel fluorescence around the exterior of the mound structures. Grey arrows show a large aggregate of Pel, co-stained by
Hoechst, protruding from above the apex of a ‘tower-like’ structure.
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As biofilms increase in size, the presence of gradients with respect to growth rate,
metabolic activity and oxygen concentration will occur: the basal layers of the biofilm
will have reduced metabolic activity, due to nutrient limitation or depravation (Walters
et al., 2003; Madsen et al., 2007), whilst the apical layers of the biofilm continue to
grow upwards into the bulk fluid, in order to gain access to nutrients and oxygen
(Madsen et al., 2007; Serra and Hengge, 2014). In agreement with this is the fact that
the mounds exhibited increased Hoechst, GFP and Pel fluorescence at their growing
apexes (Figure 3.28, white arrows) in comparison to the lower basal layers of the
interior structure, which exhibited very little staining by Hoechst or WGA and negligible
GFP fluorescence (Figure 3.28, red arrows). Water channels were additionally
maintained throughout the height of the biofilm, resulting in spatial separation of the
mound structures, in order to facilitate diffusion of nutrients and solutes to deeper

layers of the biofilm (Figure 3.28, yellow arrows).
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Figure 3.28

Biofilm structures formed by PA14:cdrA::gfp after 96 hours under high shear at 350
RPM are highly heterogenous

(figure legend overleaf)
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(figure legend for Figure 3.28)

Representative confocal images are from PALl4:cdrA:.gfp biofilms (GFP signal is green)
cultivated for 96 hours in the CBR under high shear (at 350 RPM) and stained with Hoechst
for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Shown are top-down top-
down z slices and side-views of the mound structures with increasing biofilm height, with Z
defined as the bottom layer closest to the coupon surface. Scale bar = 50 um. White arrows
show increased Hoechst, GFP and Pel fluorescence at the mound apexes. Red arrows show
very little staining and/or poor laser penetration of the lowermost layers of the biofilm. Yellow
arrows show maintained water channels between mound structures.
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3.4. Discussion

The results presented in this chapter demonstrate that industrially-relevant low and
high shear regimes, as modelled by the CBR at 75 versus 350 RPM respectively, have
an impact upon PA14 biofilm formation, at all stages of development over a time period

of 96 hours.

3.4.1. Biofilm formation under low shear conditions at 75 RPM

Growth under low shear at 75 RPM resulted the development of a confluent biofilm,
composed of basal layers that exhibited homogeneity with respect to their structure
and correlation of Hoechst, GFP and Pel fluorescence (Figures 3.5 — 3.7), which
indicated that cell were all expressing equivalent amounts of cdrA to one another, and
therefore comparable levels of intracellular c-di-GMP. The basal biofilm appeared to
be composed of PA14:cdrA::gfp cells surrounded by an early ECM of eDNA and Pel,
believed to be involved in the initiation of surface attachment and the formation of early
Ps. a. biofilms (Whitchurch et al., 2002; Vasseur et al., (2005); Allensen-Holm et al.,

2006; Flemming and Wingender, 2010).

Several research groups have previously demonstrated that many strains of Ps. a.,
including clinical isolates, produce large quantities of eDNA (Murakawa et al., 1973a;
1973b; Hara and Ueda, 1981; Muto and Goto, 1986; Nemoto et al., 2003), whilst
Whitchurch et al., (2002), were the first to propose that eDNA is requisite for the initial
establishment of Ps. a. biofilms. Treatment of early PAO1 biofilms with DNase | resulted

in dissolution of preliminary structures, whilst mature PAO1 biofilms were only slightly
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affected, suggesting that eDNA facilitates initial cell-cell interactions in ‘young’ biofilms,
by holding the cells together in situ (Whitchurch et al., 2002; Allesen-Holm et al., 2006).
Others have further demonstrated that Pel mediates cell-cell interactions in Ps. a.
biofilms, to serve as the primary structural scaffold upon which biofilm formation can

occur (Colvin et al., 2011; Yang et al., 2011).

Colvin et al., (2011), revealed that Pel is fundamental for the initiation and maintenance
of cell-cell interactions within PA14 aggregates, and that expression of Pel positively
influences daughter cell association with parental cells in a clonal population. A pelB
mutant strain of PA14 was shown to result in loss of aggregate formation, due to
dispersion of daughter cells (termed ‘flyers’) away from their parental cells in the
absence of Pel (Colvin et al., 2011). Continuous production of Pel is important for PA14
biofilm development — loss of pel expression results in biofilms that do not progress
past the monolayer stage of growth, whilst overexpression of pel leads to continued
accumulation of biomass and increased growth (Colvin et al.,, 2011). Therefore,
localised aggregates of Pel (and eDNA) may be indicative of areas of the biofilm that

may develop into mature structures, such as micro- and macrocolonies.

Given that PA14 is incapable of making Psl, the strain must rely on Pel as its principal
exopolysaccharide during matrix formation. Cooley et al., (2013), showed that Pel
promotes organisation of bacteria lying flat and symmetrically on a surface; Apel
mutants formed disorganised piles of bacterial cells adhered to the surface and one
another asymmetrically (i.e. standing on end rather than lying flat). It was therefore

interesting to observe Pel fibre-like projections throughout the lower parts of the basal
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layer, connecting local populations of adjacent cells and microcolonies to one another
(Figures 3.6 and 3.8). In Figure 3.8 at a height of Z+10 um, a definitive meshwork of
Pel can be seen in a formation akin to a spider’'s web, with fibres radiating outwards
from a central region that exhibited punctate Pel concentration. Whilst a similar
morphology for Psl has been previously reported in the literature (Zhao et al., (2013);
Wang et al., (2015)), to the author’s knowledge there is no preceding description of Pel

fibre-like network formation by PA14 as reported in this chapter.

TFP are believed to be involved in the development of microcolonies and
macrocolonies, through the migration of cells to areas where aggregate formation is
occurring (O'Toole and Kolter, 1998). In PAO1, Psl forms a fibrous matrix via TFP-
dependent migration; connecting parts of the basal biofilm to one another and enabling
the translocation of cells to growing areas of the biofilm (Wang et al., 2015). Zhao et
al., (2013), demonstrated that trails of Psl| have a positive effect on the motility of cells
that are in contact with the trails, resulting in increased cell-cell interactions as well as
the formation of local, increased concentrations of Psl. Described by Zhao et al.,
(2013), as ‘elite’ cells, PAO1 cells associated with areas of accumulated Psl become
the founding populations for initial microcolony formation. Chew et al., (2014),
suggested that ‘younger’ biofilms can be easily disrupted by shear forces, but the
production of a matrix that is crosslinked or enmeshed was proposed to reduce
detachment of surface-attached cells, and centralise growth newly-colonised sites.
Thus, the Pel fibre-like networks observed could have an analogous function to those
formed of Psl in PAOL: to facilitate migration of cell subpopulations to developing areas

of either the basal biofilm or emerging microcolonies. Dense aggregates comprised of
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eDNA-Pel complexes were seen either existing as free eDNA-Pel agglomerates or
encapsulating cell populations (Figures 3.8 and 3.9), which could also be indicative of
‘elite’ cell populations that will initial form microcolonies, and eventually develop into

mature mushroom-shaped macrocolonies (Stoodley et al., 2002; Klausen et al., 2003).

Macrocolonies formed by PA14 under low shear conditions were observed at 72 and
96 hours, with defined and prototypical mushroom-shaped morphologies. Barken et
al., (2008), proposed that development of mushroom macrocolonies occurs via a
sequential process, through which the ‘stalk’ is composed of founding microcolony cell
populations that release eDNA, whilst motile subpopulations migrate to form the ‘cap’
structure atop the stalk, in agreement with the work of Klausen et al., (2003). Data
presented after 72 hours growth of PA14 under low shear supports this, as
macrocolony formation appeared to be homogenous; fluorescence intensities across
all three channels were extremely similar in terms of their profiles; across independent
sampling sites, and irrespective of spatial location or the overall height of individual
mushroom-shaped macrocolonies (Figures 3.15 and 3.16). Representative three-
dimensional, top-down CLSM images (Figures 3.13 and 3.14) identified the presence
of cell subpopulations with increased GFP and Pel fluorescence atop the mushroom-
shaped macrocolonies observed, which could represent a recently developed ‘cap’

structure that is undergoing gene expression changes to become sessile.

Increased intracellular levels of c-di-GMP, as indicated through use of the c-di-GMP-

dependent PA14:cdrA::gfp reporter strain, will result FleQ-mediated activation of pel,

leading to increased Pel production (Baraquet et al., 2012; Baraquet and Harwood,
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2013; Su et al., 2015). Post-translationally, c-di-GMP binding to PelD modulates its
activity, resulting in increased synthesis of Pel polymers (Lee et al., 2007). Pel is an
essential component of mature PA14 biofilm structures (Colvin et al., 2011; Ghafoor et
al., 2011), and likely facilitates and enhances cell-cell interactions between the non-
motile populations of the macrocolony adjacent to the newly sessile ‘cap’ populations,

to ensure that the integrity of the growing three-dimensional structure is maintained.

Figures 3.27A, 3.27B and 3.27C (at 96 hours) appear to show a mushroom-shaped
macrocolony and large, migratory cell population emerging from the basal biofilm
(Figure 3.27B), leading to the irregular accumulation of biomass along the macrocolony
periphery, as shown by the heterogenous peaks of the resultant Hoechst, GFP and
Pel fluorescence intensity profiles (Figures 3.27A and 3.27C). Concave fluorescence
intensity profiles indicate the localisation of eDNA, Pel and cells with increased cdrA
expression at the macrocolony exterior, which is in agreement with the work of
Jennings et al., (2015). The migratory cell population (denoted as ‘feature i’ in Figures
3.27A and 3.27C) exhibited increased GFP fluorescence intensities compared to the
emerging macrocolony, and was observed to have a different morphology to the

mushroom-shaped structure.

Cells residing within the basal layers and three-dimensional features of PA14 biofilms
grown under low shear at 75 RPM maintained cell-cell interactions, as facilitated by
the ECM components eDNA and Pel. There is evidence to suggest that QS is involved
in biofilm formation and exopolysaccharide synthesis (Ueda and Wood, 2009),

therefore it is feasible to suggest that intercellular communication, as mediated by
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diffusion of QS autoinducers throughout the biofilm, could also have impacted upon
structural maturation. The autoinducer 3-ox0-Ci12-HSL, synthesised by the LasIR-QS
system, leads to the formation of structured and established biofilms: lasl is expressed
in a high proportion of cells during early biofilm formation (De Kievit et al., 2001), and
lasl mutant strains were shown by Davies et al., (1998), to form flat, undifferentiated
biofilms that did not undergo maturation, in spite of producing similar quantities of EPS
in comparison to wild-types. The RhlIIR-QS system was additionally shown by Sauer
et al., (2002), to undergo activation during Ps. a. biofilm maturation. AHL analogues,
which inhibit QS, were further shown by Hentzer et al., (2002) to results in perturbed
biofilm development by flow-chamber grown Ps. a., whilst Yang et al., (2009), identified
chlorzoxazone, nifuroxazide and salicylic acid as significant inhibitors of QS in PAOL,
leading to the formation of thinner, and less structured biofilms in comparison to the

wild-type.

De Kievit et al., (2001), found that lasl and rhll gene activity was greater within lower
layers of the biofilm (i.e. nearer to the adherent surface), and reduced with increasing
height of the biofilm. In Ps. a, lasl and rhll activation is autoregulated and sequential:
lasl induced in response to 3-0x0-Ci12-HSL, whilst maximal expression of rhll requires
both 3-oxo0-Ci12-HSL and Cs-HSL (De Kievit et al., 2001; Waters and Bassler, 2005;
Williams and Camara, 2009). As PA14 biofilms grown under low shear at 75 RPM were
composed of homogenous basal layers with maintained cell-surface and cell-cell
interactions, diffusion of QS autoinducers and their accumulation in the basal layers
may have been occurring to further control biofilm formation. The spatial organisation

within these PA14 biofilms, in which basal layers were confluent, could further minimise
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diffusion of autoinducers away from the cells, resulting in increased expression of QS
genes, and subsequent transcription of genes under their control (De Kievit et al.,

2001; Waters and Bassler, 2005; Kostylev et al., 2019).

The work of Sakuragi and Kolter, (2007), suggested that transcription of the pel operon
is indirectly controlled by the LasIR QS system. A 20 bp sequence located upstream
of pelA displayed similarity to the predicted LasR/RhIR binding motif, although deletion
of this bp sequence did not alter quorum-dependent transcription (Whiteley and
Greenberg, 2001), which could suggest that QS control of pel expression occurs via
expression of as yet unidentified LasR/RhIR-regulated transcription factor (Sakuragi
and Kolter, 2007). Regulation of these QS systems at the post-translational level also
occurs, as the RNA binding protein RsmA has been shown to negatively regulate
translation of lasl and rhll (Pessi et al., 2001). QS lasIrhll and psgA mutant strains of
Ps. a. were shown by Allensen-Holm et al., (2006), to result in the formation of flat
biofilms with decreased levels of eDNA and increased susceptibility to treatment using
the anionic surfactant sodium dodecyl sulfate, suggesting that QS-mediated release of

eDNA can increase the structural integrity of mature biofilm architecture.

3.4.2. Biofilm formation under high shear conditions at 350 RPM

Growth under high shear by contrast resulted in the formation of PA14 biofilms with
considerably different architectures to those formed under low shear. Across every
sampled timepoint, Hoechst, GFP and Pel fluorescence intensities exhibited increased
heterogeneity, both spatially and temporally on a proximal (i.e. cell-cell or adjacent

subpopulations of cells within the same coupon sampling site) and distal (i.e. cells
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within different sampling sites on the same coupon, or from independent CBR runs)
level. Initial surface colonisation was greater under high shear, with the formation of
cell clusters and small, aggregative features frequently observed after 24 hours of

growth (as shown by comparison of Figures 3.1 — 3.2 with Figures 3.3. — 3.4).

The work of several research groups has suggested that increased shear stress leads
to increased residence time of bacterial cells at the substratum’s interface with bulk
fluid, resulting in more rapid cell association with the surface (Characklis, 1990;
Donlan, 2002; Lecuyer et al., 2011; Kharadi and Sundin, 2019). In contrast, others
propose that high shear conditions lead to reduced attachment and maintenance of
stable bacterial interactions with the surface, resulting in increased incidences of
reversible compared to irreversible attachment (Ramsey and Whitley, 2004; Fonseca

and Sousa, 2007; Park et al., 2011).

Results presented in this chapter suggest that running the CBR at 350 RPM, an
industrially-relevant high shear condition, results in increased initial attachment of
PA14:cdrA:gfp cells. Increased mechanical shear has been previously identified as an
environmental ‘cue’ that Ps. a. can mechanically sense; resulting in increased c-di-
GMP synthesis and progression of the biofilm phenotype (Luo et al., 2015; Rodesney
et al., 2017). In Ps. a., the Wsp regulatory system is involved in surface-sensing and
subsequent transduction of signals within the bacteria to regulate biofilm formation
(Hickman et al., 2005). Membrane-bound WSspA is thought to sense surface-cell or
cell-cell contacts in response to a as yet undetermined external signal, leading to

phosphorylation of the response regulator WspR which then catalyses synthesis of c-
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di-GMP (Hickman et al., 2005; O’Connor et al., 2012). WspR forms localised clusters
in the cytoplasm, with WspR clustering enhanced in response to Ps. a. proliferation on
a surface (Guvener and Harwood, 2007). Intracellular levels of c-di-GMP can be further
modulated through increased activity of the membrane-bound DGC SadC: Luo et al.,
(2015), identified PilY1l as a mechanosensory element that, upon contact with a
surface, can induce SadC activity to result in increased intracellular concentrations of

the second messenger.

Increased cdrA expression of PA14 cdrA::gfp cells within the biofilms formed under
high shear at 350 RPM is indicative of higher intracellular levels of c-di-GMP, which in
turn results in activation of the pel operon to increase Pel production (Baraquet et al.,
2012; Baraquet and Harwood, 2013; Su et al., 2015). The binding of c-di-GMP to the
inhibitory site of the effector protein PelD further enhances Pel biosynthesis,
purportedly through eliciting a conformational change in PelD, which results in
increased polymerisation and subsequent export of the polysaccharide (Lee et al.,
2007; Li et al., 2012; Whitney et al., 2012). Thus, the c-di-GMP-binding effector
proteins FleQ and PelD respectively regulate synthesis of Pel at both the

transcriptional and post-translational levels (Kathrios-Lanwermeyer et al., 2021).

Increased c-di-GMP synthesis could therefore be an adaption of Ps. a. in response to
growth under high shear conditions, to increase the production of ECM components
such a Pel; enhancing the ‘stickiness’ of bacterial cells attaching to both the surface
and to one another. In agreement with this is the observation that early biofilm

formation during growth at 350 RPM resulted in increased Pel fluorescence intensities,
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which could ensure adhered bacteria remain in situ and are not removed by the high
shear regime. Moreover, high shear at 350 RPM appeared to induce the formation of
aggregative structures which were characterised by increase fluorescence intensities
across all three channels, most notably with respect to Pel (Figures 3.10 — 3.14).
Although energetically costly to the bacterial cells, it is feasible to suggest that
increased production of Pel is induced by high shear conditions at 350 RPM, to
increase cohesion within the biofilm by maintaining cell-surface and cell-cell
interactions, and protect the PA14 cells from risk of detachment under increased shear

stress.

The arrangement of a biofilm’s internal structure is believed to be governed by the
velocity of the flow experienced during growth (Beyenal and Lewandowski 2002).
Under high shear conditions, the magnitude of mechanical forces acting upon the
biofilm is greater (Stoodley et al., 1999; Nyguen et al., 2005), resulting in increased
shear stress. At 350 RPM, increased cdrA expression indicates increased intracellular
levels of c-di-GMP, which will promote the sessility of PA14 cells through increased
production of EPS such as Pel, both internally within the architecture of the biofilm and
at the peripheral edges of the structure; enhancing the strength of the biofilm under
adverse, high shear conditions. Increased Hoechst staining of PA14:cdrA::gfp biofilms
formed under high shear at 350 RPM may also be indicative of increased biomass
within the mounds, which would result in denser three-dimensional structures that are
more resistant to the greater mechanical forces imposed upon them (Jackson et al.,

2001).
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Pel has been shown by Colvin et al., (2011), to be requisite for the initiation and
maintenance of cell-cell interactions within PA14 aggregates, and to positively
influence daughter cell association with parental cells in a clonal population. Increased
Pel production in aggregates could therefore facilitate clonal growth of cell
subpopulations, and increased cohesion within the developing structures. Co-
localisation of staining by Hoechst (as shown in Figures 3.13 and 3.14) could be
indicative of the presence of eDNA, which has been shown to further enhance cell-cell
interactions in developing Ps. a. biofilm (Whitchurch et al., 2002; Allensen-Holm et al.,
2006; Flemming and Wingender, 2010). Entwining of eDNA between cells can result
in the development of stable clumps (Allensen-Holm et al., 2006), suggesting that the
aggregative phenotypes observed were as a result of both increased concentration
and spatial organisation of eDNA and Pel within such structures. Merge channels for
representative CSLM images also revealed encapsulation of aggregative features by
Pel as well as increased Pel production throughout the height of basal-like biofilms
(Figures 3.10 and 3.13). Pel encapsulation was not observed under low shear at 75
RPM, which may indicate that this morphology is induced in response to high shear
stress. Several research groups have previously purported that aggregation is a
protective mechanism; making cells encased within aggregative structures more
resistant to chemical treatment and predation and enabling cooperative intercellular
behaviours (Hense et al., 2007; Friman et al., 2013; McNally and Brown, 2015;

Flemming et al., 2016).

Alginate, the primary exopolysaccharide produced by mucoid strains of Ps. a., is a

capsular polysaccharide that forms a protective layer around a bacterium (Mann and
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Wozniak, 2015). Biosynthesis of Pel is the least characterised out of the three Ps. a.
exopolysaccharides, but analysis by Franklin et al., (2011), suggested it is similar to to
alginate synthesis. Modifications to alginate, post-polymerisation, have been shown to
determine its functional properties (such as polymer viscosity and flexibility), occurring
principally through O-acetylation of monomeric units (Skjak-Braek et al., 1989; Baker
et al.,, 2014). Deacetylated alginate is associated with reduced exopolysaccharide
viscosity and increased susceptibility to alginate lyase-mediated degradation (Skjak-

Breek et al., 1989; Boyd et al., 1993; Boyd and Chakrabaty, 1994).

Modelling by Franklin et al., (2011), predicted that PelA contains a TIM o/ barrel at its
N-terminal that shares structural similarities with glycosidic hydrolases, and a
carbohydrate esterase domain at the C-terminal (Urch et al.,, 2009). Colvin et al.,
(2013), demonstrated that PelA has deacetylase activity in vitro, and mutation of
residues predicted to be required for deacetylation resulted in mutant Ps. a. strains
with biofilm-deficient phenotypes. N-deacetylation of PGA is requisite for biofilm
formation by a range of Gram positive and Gram negative bacteria (Agladze et al.,
2003), so it is feasible to suggest that PelA-mediated modification of Pel (which occurs
at the periplasm) is similarly important for biofilm formation in PA14. Furthermore, PelA
may also be involved in processing and/or clearance of Pel from the periplasm,
analogous to the function of AlgL (alginate lyase) (Jain and Ohman, 2005). It is
unknown whether PelA directly interacts with Pel, how many (and indeed which)
moieties are potentially acetylated or deacetylated, and whether rates of
acetylation/deacetylation are ‘fine-tuned’ by internal and external parameters.

However, one can imagine that such modifications to Pel structure in response to
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external stimuli, such as shear, would enable increased and varied functionality of the
exopolysaccharide in response to a wider range of environmental conditions.
Modification of Pel post-polymerisation could further enhance the survival of bacteria
in adverse growth conditions by enabling them to adapt more rapidly to their

environment, by producing multiple Pel morphologies.

In contrast to biofilm development under low shear, which resulted in the formation of
a confluent and generally homogenous basal biofilm, biofilms formed under high shear
at 350 RPM were characterised by spatially-separated and heterogenous cell
populations that grew vertically, rather than spreading laterally. Interstitial voids were
observed throughout biofilm structures across the x, y and z dimensions, and were
hypothesised to be water channels rather than uncolonised or unstained areas of the
coupon surface, due to the complete absence of GFP-expressing cells in the channels
(Figures 3.18 and 3.19). The formation of interspersed water channels throughout a
biofilm can increase transport and diffusion of solutes to areas of the structure that
would otherwise experience nutrient limitation of depravation (Costerton et al., 1994;
Stoodley et al., 1994; Lewandowski and Evans, 2000; Stewart et al., 2003). Under high
shear conditions, Hoechst, GFP and Pel fluorescence intensities were increased,
indicative of greater nutrient consumption due to increased production of ECM
components and accumulation of biomass, hypothesised to be through clonal cell
division as a result of the spatial separation of microcolonies due to water channel
formation. Therefore, maintenance of water channels is likely an important structural

and survival feature of biofilm formation by PA14 under high shear at 350 RPM.
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Production of EPS is energetically expensive, thus nutrient consumption during biofilm
formation under high shear is likely to be increased. This could be why mature
structures formed at 350 RPM remain spatially-separated from one another, as fluid-
filled channels would enable the flow of nutrients to the biofilm to support the increased
synthesis of ECM components. Concomitant to this, the formation of adjacent mounds
that protrude into the bulk fluid may lead to increased surface area of the biofilm,
furthering enabling acquisition of dissolved nutrient substrates. Costerton et al., (2007),
suggested that relatively flat and unstructured biofilms (such as the homogenous basal
biofilms formed under low shear at 75 RPM) develop in more nutrient-rich conditions,
whilst the formation of complex structures (such as those formed under high shear at
350 RPM) occurs if nutrients are scarce to maximise surface area and local fluid flow
regimes. In support of this notion, biofilms grown under low fluid velocities display
greater and more effective diffusion of substrates throughout their structures, whilst
biofilms formed under high fluid velocities experience slower mass transfer rates of
substrates due to increased biomass, resulting in nutrient depravation in lower layers

(Cadieux et al., 2009).

As a result of spatial separation, first observed in the basal biofilm formed after 48
hours of growth at 350 RPM, mound-like structures are likely to be composed of
progeny cells, for which expression of Pel positively influences daughter cell
association with parental cells in a clonal population (Colvin et al., 2011). Increased
accumulation of biomass in a localised area results in vertical rather than lateral growth
occurring, in order to gain access to nutrients and oxygen for continued metabolic

activity (Sgnderholm et al., 2018). Having spatially-separated, aggregative mounds
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and interspersion of eDNA and Pel fibre-like ‘tendrils’ throughout the structure ensures
that three-dimensional architecture is maintained under the high shear stress, in order
to minimise the risk of sloughing of the biofilm (Bryers, 1988; Choi and Morgenroth,
2003). Spatial separation, rather than formation of a confluent basal biofilm, and the
formation of large, complex structures that protrude into the bulk fluid moreover
maximises the biofilm’s surface area when nutrients are scarce, enabling acquisition
of dissolved nutrient substrates (Costerton et al., 2007). However, increased shear
stress is more likely to result in erosion or sloughing of structures that protrude too far
into the surrounding fluid (Salek et al., 2009). During sampling of coupons after 96
hours of growth at 350 RPM, aggregative clumps were visible in the CBR bulk fluid,
and also observed during CLSM image acquisition, floating in the PBS-filled sampling
dish. Outflow tubing was also observed to be colonised by sticky, surface-attached
populations, suggesting that 350 RPM did result in sloughing of some structures which

were then capable of colonising other surfaces with the CBR system.

The most notable difference between PA14:cdrA::gfp biofilm formation at 75 versus
350 RPM was the absence of mushroom-shaped macrocolonies under high shear
conditions. Instead, mature biofilm formation under high shear was typified by
continued growth in the z dimension, resulting in irregularly structured ‘mounds’ of
varying shapes and sizes (Figures 3.26 — 3.28). Continued vertical growth was likely
potentiated by increased nutrient consumption of the mounds, in order enabling
acquisition of dissolved nutrient substrates in the bulk fluid (Madsen et al., 2007; Serra
and Hengge, 2014). Although water channels transport nutrients to areas within a

biofilm, fluid cannot percolate through aggregated cells enmeshed in the ECM, which

198



prevents access of solutes to the interior cell populations within a dense, three-
dimensional structure (de Beer et al., 1997; Stewart, 2003). As a result of this,
fluctuations in substrate availability due to limited diffusion through mature biofilm
structures formed under high shear may have occurred, resulting in competition-based,
rather than cooperative growth. Competition-based biofilm development would result
in a ‘rich get richer mechanism, whereby cells at the apexes of taller mounds or tower-
like structures formed after 96 hours would have better access to nutrients within the
bulk fluid, at the expense of smaller mounds. Results presented in this chapter are in
agreement with this notion, as the mounds exhibited increased Hoechst, GFP and Pel
fluorescence at their growing apexes in comparison to the lower layers of the interior
structure, which exhibited very little staining by Hoechst or WGA and negligible GFP
fluorescence (Figure 3.28). Furthermore, in contrast to the stratified biofilms formed
under low shear at 75 RPM, mounds formed after 96 hours of growth at 350 RPM
appeared to grow atop of one another, suggesting that coordination of behaviour
across the biofilm was not occurring. As a result of the high shear regime, QS
autoinducers and other signalling molecules would likely be washed away, or unable
to effectively diffuse throughout the mound-like structures, suggesting that biofilm

formation under high shear is less community-driven.

3.4.3. Concluding remarks

Overall, the results of this chapter suggest that different shear regimes can affect
population dynamics within PA14 biofilms, as well as ECM composition and function
in adaptation to hydrodynamic conditions (Figures 3.29 and 3.30). Growth in the CBR

under low shear at 75 RPM resulted in the formation of biofiims that followed the
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accepted ‘biofilm lifestyle’ model; characterised by archetypal Ps. a. mushroom-
shaped macrocolonies after maturation. Pel and eDNA production was observed
across all stages of biofilm development, and in a variety of morphologies, including
both cell-associated and free forms. Complex and expansive fibre-like networks of Pel
and eDNA-Pel complexes were observed throughout basal biofilms formed under low
shear, which has not been described before. Pel trails and networks may be deposited
by PA14 cells in order to facilitate TFP-mediated migration of cells to different parts of
the biofilm in a spatial and temporal manner. This could illustratively initiate
microcolony and subsequent architectural development, whilst also facilitating
expansion of the biofilm both vertically (through macrocolony formation), and laterally
by spreading to increase surface colonisation, similar in function to the Psl trails PAO1

is capable of depositing on surfaces (Wang et al., 2013; Zhao et al., 2013).

Growth in the CBR under high shear at 350 RPM contrariwise resulted in earlier and
increased production of Pel, which is hypothesised to protect attached cells from risk
of shear-induced detachment and increase both cell-surface and cell-cell interactions
due to enhanced ‘stickiness’. Increased aggregation of early clusters and
microcolonies was observed, which suggests that shear stress can induce structural
(and likely functional) changes to Pel and eDNA morphologies, as bacteria adapt to
the adverse environmental condition. Fibre-like networks of Pel were not seen under
high shear, nor was the formation of a confluent basal biofilm. Instead, the biofilm was
fragmented, with cell subpopulations isolated from one another due to the presence of
maintained interstitial water channels. As a result, PA14 biofilm development under

high shear was not coordinated between spatially-separated cell populations, leading
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to competitive rather than cooperative structure differentiation and maturation. After 96
hours of growth at 350 RPM, mature mound structures were often in excess of 150 um
in height; however, growth in the z dimension would eventually be limited under high
shear, due to the likelihood of erosion and sloughing of apical layers of the biofilm
(which are not anchored into a well-defined basal biofilm), as well as increased nutrient

depravation in the lowermost layers, which may also trigger biofilm dispersion.
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Figure 3.29

Overview schematic for PA14:cdrA::gfp biofilm formation under low shear at 75 RPM

(figure legend overleaf)
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(figure legend for Figure 3.29)

Representative confocal images are from PA14:cdrA::gfp biofilms (GFP signal is green)
cultivated for a total of 96 hours in the CBR under low shear (at 75 RPM) and stained with
Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Early biofilm
formation (at 24 hours) was characterised by sparse colonisation of the coupon surface by a
mixture of individual cells and small clusters, resulting in punctate and well-correlated
fluorescence intensity profiles across all three channels. Surface colonisation at this stage was
homogenous, with cells expressing comparable quantities of cdrA and likely exhibiting similar
intracellular concentrations of c-di-GMP. By 48 hours, a basal biofilm had developed;
displaying confluency and covering most of the coupon surface. Whilst Hoechst, GFP and Pel
fluorescence intensities were generally well correlated with one another, some areas of the
basal biofilms exhibited localised and increased Pel fluorescence intensities: forming either
dense aggregates that encapsulated PA14:cdrA::gfp cell populations (thought to be indicative
of areas of the biofilm that may be developing into more mature structures such as
microcolonies), or fibre-like projections throughout the basal layers (which may promote further
cell-surface and cell-cell interactions via the deposition of Pel trails to facilitate TFP-mediated
migration of cells to different parts of the biofilm in a spatial and temporal manner). The
development of mature biofilm structures (at 72 hours) was typical for Ps. a., with mushroom-
shaped macrocolonies observed emerging from the basal biofilm layers. Fluorescence
intensity profiles for Hoechst, GFP and Pel remained well correlated throughout the basal
biofilm and mushroom-shaped microcolony structures, indicating that eDNA and Pel were cell-
associated, and contributing to the structural integrity of the three-dimensional macrocolonies.
By the final timepoint of 96 hours, active cell migration from the basal biofilm to the ‘cap’ regions
of the microcolonies was observed, with such areas characterised by increased GFP and Pel
fluorescence. Pel remained well distributed in the basal biofilm layers, forming both dense
aggregative ‘mats’ and wide-reaching networks of fibre-like Pel projecting throughout the basal
biofilm; ensuring the maintenance of the basal biofilm and three dimensional architecture over
the course of its development. Scale bar at 24, 48 and 72h = 20 um; scale bar at 96 h = 50
pm.
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Figure 3.30

Overview schematic for PA14:cdrA::qgfp biofilm formation under high shear at 350 RPM

(figure legend overleaf)
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(figure legend for Figure 3.30)

Representative confocal images are from PALl4:cdrA:.gfp biofilms (GFP signal is green)
cultivated for a total of 96 hours in the CBR under high shear (at 350 RPM) and stained with
Hoechst for biomass/eDNA (blue) and the Pel-specific lectin WGA (magenta). Early biofilm
formation (at 24 hours) was characterised by sparse colonisation of the surface overall, but
occurred at an increased rate in comparison to growth under low shear at 75 RPM.
Fluorescence intensity profiles across all three channels were punctate, and displayed
increased heterogeneity, with individual cells and clusters exhibiting varying levels of cdrA
expression (and therefore intracellular concentrations of c-di-GMP). By 48 hours, spatially-
separate basal biofilms were observed across coupon surfaces; displaying increased
heterogeneity with respect to Hoechst, GFP and Pel fluorescence. Most notably, Hoechst and
Pel fluorescence intensities were generally greater than GFP fluorescence intensities,
indicating that basal biofilms were composed of mostly eDNA and Pel, often encapsulating the
PA14:cdrA::gfp surface-adhered cell populations in order to protect the bacteria from the high
shear regime. GFP fluorescence was more heterogenous, indicating that individual cell
populations were expressing differing quantities of cdrA. Clusters of cells aggregated together
were observed, with increased GFP fluorescence (and thus greater intracellular levels of c-di-
GMP in comparison to other areas of the basal biofilms). For such features, Hoechst, GFP and
Pel fluorescence were well correlated with one another, indicating cells within these features
were exhibiting increased production of eDNA and Pel, in order to remain attached to the basal
biofilm underneath as well as each other. After 72 hours of growth, mushroom-shaped
macrocolonies did not form under high shear conditions: instead, biofilm structures and
features remained spatially-separated from one another, and fibre-like projections of Pel
throughout basal biofilms was not observed. Instead, biofilm development at this stage was
characterised by increased Pel production (as quantified by WGA), producing punctate
fluorescence intensity profiles that were uncorrelated to Hoechst and GFP fluorescence.
Fluorescence intensity profiles across all three channels remained heterogenous, with some
features once again exhibiting increased and localised levels of cdrA expression in comparison
to adjacent areas of the biofilm. By the final timepoint of 96 hours, three-dimensional mound-
like structures were observed, and were irregular with respect to their sizes in the x and y
dimensions; exhibiting increased growth vertically in the z dimension. These mounds adopted
‘tower’-like structures that appeared to grow atop of one another; lacking structural
homogeneity. The structures remained spatially-separated, and exhibited increased Hoechst,
GFP and Pel fluorescence intensities within the apical layers of the biofilm, likely as a result of
competitive rather than cooperative growth due to increased nutrient consumption. Areas of
the biofilm undergoing active growth had increased cdrA expression and eDNA and Pel
production; ensuring the biofilm structures remained attached in response to the high shear
regime by producing an ECM with increased ‘stickiness’. Scale bar at 24, 48 and 72h = 20 um;
scale bar at 96 h = 50 um.
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Chapter 4: Biofilm formation by PAO1 under low shear conditions at

75 RPM versus high shear conditions at 350 RPM

4.1. Introduction

An aim of the project was to compare initial attachment and development of Ps. a.
PAO1 and PA14 biofilms using the CDC biofilm reactor at low and high shear
conditions. PA14 was studied first because, unlike strain PAO1, it only generates one
exopolysaccharide, Pel. Results presented in this chapter focus on PAO1 biofilm
formation under low and high shear conditions, and the effect different shear regimes

had on Psl and Pel (which can both be synthesised by PAOL).

4.2. Methodology

The CBR was used to investigate the effect of shear on biofilm formation by Ps. a.
strains PAO1 and PA14. Both strains were transformed with the pcdrA::gfp plasmid
constructed by Rybtke et al., (2012), which expresses GFP under control of the c-di-
GMP-responsive cdrA promoter (Rybtke et al., 2012; Nair et al., 2016). Use of the
cdrA:.gfp reporter thusly enabled the visualisation of c-di-GMP throughout the biofilm
structures as they developed over time, with the fluorescence intensity of GFP
correlating directly to intracellular c-di-GMP levels. The CBR was operated as in

chapter 3, except that PAOL1 pcdrA::gfp was used instead of PA14 pcdrA::gfp.
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Biofilms were grown on the surfaces of PE coupons, which were removed at 24, 48,
72 and 96 hours for analysis by CLSM and flow cytometry. For CSLM, a 40X water
immersion lens was used, due to the necessity of keeping biofilms hydrated during
image acquisition. Hoechst 33342 was used to stain cellular and extracellular DNA,
ConA (which binds to a-mannopyranosyl and a-glucopyranosyl residues) conjugated
to tetramethylrhodamine (TRITC) was used to visualise the exopolysaccharide Psl,
and WGA (which binds to N-acetylglucosaminyl residues) conjugated to Alexa Fluor
633 was used to visualise the exopolysaccharide Pel. The excitation and emission
wavelengths used were as follows: Hoechst, 410 / 483 nm; GFP, 493 / 566 nm; ConA-
TRITC, 493 /566 nm; and WGA-Alexa633, 638/ 775 nm. When imaging PAO1 biofilms,
two sequential scans were completed to reduce the effect of fluorophore overlap: the

first for Hoechst and ConA; the second for GFP and WGA.

Per coupon, 5 — 7 separate sample sites across the surface were imaged, with a Z-
stack scan taken for each sample site, at a scanning distance of 1 — 2 um between
each Z-slice to capture the visible thickness of the biofilms. Two coupons were imaged
per timepoint. Sectional and 3D rendered images of the biofilms were obtained using
LasX software, whilst Fiji was used post-image acquisition to quantify fluorescent
values in individual Z-stack images and generate fluorescence intensity profiles,

enumerated from horizontal lines drawn across Z-stack slices of each sample site.
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4.3. Results

4.3.1. Attachment of PAO1 cdrA::gfp is dependent upon shear conditions

Initial colonisation of the coupon surfaces was sparse under both low and high shear
conditions (at 75 and 350 RPM respectively) after 24 hours of growth, with a mixture
of adhered single cells, cell clusters and three-dimensional features being observed.
In contrast to the initial attachment of PA14 cdrA:.gfp under low shear at 75 RPM,
which was characterised by scarce surface colonisation by either individual cells and
small clusters, initial attachment of PAO1 cdrA::gfp under low shear conditions resulted
in the formation of three-dimensional features that had an average height of 20 — 25

um (Figures 4.1 and 4.2).

Hoechst, GFP, Psl and Pel fluorescence were more heterogenous with respect to
individual PAO1 features, which were the predominant form of surface colonisation at
low shear under 75 RPM, rather than randomly attached single cells or clusters
spatially isolated from one another as observed for PA14 under the same shear
condition. Additionally, greater amounts of non-specific staining by ConA and WGA of
the coupon surfaces occurred (Figures 4.1 and 4.2, white arrows), and as experienced
with PA14, after 24 hours of growth it was challenging to expose the image such that
small, faint features and large, bright features were both visible and not saturated. As
a result of this, fluorescence intensity profiles were not calculated, as the analytical
techniqgue did not enable differentiation between specific staining of Psl or Pel, and
non-specific staining of the uncolonised coupon surface. Instead, merge channels

were used to infer colocalisation of EPS and PAOL cells with cdrA::gfp fluorescence.
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In Figure 4.1 at Z um, individual GFP-expressing PAO1 cells can be seen adhering at
the right-hand side of the feature, and appear to be organised such that they are
orientated in the same direction to neighbouring cells (Figure 4.1, red arrows). Psl
colocalisation with PAOL:cdrA::gfp cells was observed from Z um (Figure 4.1, pink

arrows), and whilst fluorescence of ConA-stained Psl was punctate, it appeared cell-
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Figure 4.1
Psl promotes cell-surface and cell-cell interactions of PAO1 cdrA::gfp after 24 hours

under low shear at 75 RPM
(figure legend overleaf)
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(figure legend for Figure 4.1)

Representative confocal images are from PAOL1 cdrA::gfp biofilms (GFP signal is green)
cultivated for 24 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the
bottom layer closest to the coupon surface. Scale bar = 20 um. White arrows show areas of
non-specific staining of the coupon surface by ConA and Pel. Red arrows show attachment of
individual PAO1 cells to the periphery of the existing feature, whilst pink arrows show punctate
areas of Psl co-localised with the attaching cells. Yellow arrows show the formation of Psl fibre-
like trails on the coupon surface, to which GFP-expressing populations of cell clusters are
associated. Cyan arrows show interior Psl fibres within the feature itself. Grey arrows show
small non-cell associated, free Psl on the coupon surface, in-between the feature peripheries.
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Figure 4.2
Observation of microcolony-like features formed by PAO1 cdrA::gfp after 24 hours

under low shear at 75 RPM
(figure legend overleaf)

Biomass/eDNA

Z+21um

Z+18um

Z+15um

Z+12um

Z+10pum

1 |

\
S

Z+7pum

Z+3um

Z

\
N N T
| | 1




(figure legend for Figure 4.2)

Representative confocal images are from PAOL1 cdrA:gfp biofilms (GFP signal is green)
cultivated for 24 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the
bottom layer closest to the coupon surface. Scale bar = 20 um. White arrows show areas of
non-specific staining of the coupon surface by ConA and Pel. Red arrows show accumulation
of Psl at the peripheral edges of features, and within their interiors with increased height in the
z dimension. Yellow arrows show attachment of individual PAO1 cells to the periphery of an
existing feature. Cyan arrows show aggregates of Psl and Pel at the boundary edges of feature
cell populations, whilst pink arrows show aggregates of Psl and Pel attached to the coupon
surface.
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associated; interspersed between subpopulations within the feature. At heights of Z+6
um and Z+10 pum, chains composed of individual PAO1:cdrA::gfp cells were seen once
again; orientated in the same direction as one another (and aligned parallel to the
coupon surface rather than via cell poles), with Psl forming fibre-like trails and small
aggregates associated with the cells (Figure 4.1, yellow arrows). Psl therefore appears
to be important for facilitation of initial cell-surface interactions, as well as cell-cell
interactions, which is in agreement with the work of Ma et al., (2009), and their
observation of Psl| association with PAO1 cells during early stages of biofilm
development. Hoechst fluorescence was observed to be well correlated with cdrA::gfp
fluorescence throughout the feature, which could suggest that eDNA is additionally
important for cell-surface interactions and maintenance of coherent cell alignments, as

previously reported by Allensen-Holm et al., (2006), and Gloag et al., (2013).

From a height of Z+12 um upwards, fibre-like trails and punctate concentrations of Psl
are clearly visible within the feature, providing a structural scaffold upon which cell-cell
interactions could be facilitated (Figure 4.1, cyan arrows). This further suggests that
Psl production is requisite for cell-cell interactions and cell-cell aggregation in
developing PAO1 biofilms. Degradation of Psl in the presence of cellulase was shown
by Ma et al., (2009), to result in loss of the Psl matrix in ‘young’ PAO1 biofilms and
consequently abolishment of the biofilm phenotype, which indicates that Psl is crucial
for promoting initial cell-surface and cell-cell interactions that enable subsequent

development and maturation of the ECM and biofilm structure.
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Free aggregates of Psl that did not appear to be cell-associated were observed from
a height of Z+15 um upwards (Figure 4.1, grey arrows), which may facilitate
recruitment of motile cells to the existing feature, and promote their subsequent surface
attachment (Ma et al., 2009). Irie et al., (2012), reported that self-produced Psl can act
as a signal that stimulates the activity of the DGCs SadC and SiaD, increasing
intracellular c-di-GMP levels, thus free, non-cell associated Psl may also induce c-di-
GMP synthesis of recruited planktonic cells, stimulating sessility and
exopolysaccharide production. EPS are known to influence the local environment with
respect to osmolarity, viscosity and ionic properties (Sutherland, 2001; Flemming and
Wingender, 2010), and so free Psl may condition areas of the coupon surface to

enhance cell attachment at existing, rather than uncolonised, sites.

In Figure 4.2, cell-association of Ps|l was observed and maintained throughout the
height of the feature (Figure 4.2). Increased Psl fluorescence was initially observed at
the peripheral edges of the microcolony features; with increasing height of the feature,
Psl fluorescence in the interior and at the feature’s poles became more homogenous,
yet remained punctate (Figure 4.2, red arrows). Similarly to Figure 4.1, individual PA01
cells were observed to associate with the periphery of a feature at heights of Z and
Z+3 um (Figure 4.2, yellow arrows), although it is difficult to discern whether their
recruitment involves Psl-mediated cell-cell interactions, due to non-specific staining of

the coupon surface in this area.

Hoechst fluorescence was the most pronounced across all four channels in Figure 4.2,

with staining of features largely diffuse. Whilst Hoechst and GFP fluorescence were
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well correlated to one another throughout the height of the features, it was difficult to
discern whether the increased intensities of Hoechst fluorescence observed were
indicative of biomass accumulation in the microcolonies, the presence of eDNA within
the feature matrix, or as a result of overexposure during image acquisition. In contrast,
Pel fluorescence was the lowest across all four channels, which is in agreement with
the consensus of the literature that PAO1 utilises Psl, rather than Pel, as its primary
exopolysaccharide (Ghafoor et al., 2011; Yang et al., 2001; Colvin et al., 2012).
Aggregates of exopolysaccharide were observed at boundary edges of features
(Figure 4.2, cyan arrows) as well as across the coupon surface, in areas that displayed
punctate but low GFP fluorescence of individually attached cells (Figure 4.2, pink
arrows). Interestingly, such aggregates were stained by both ConA and WGA, and thus
appeared to be composed of both Psl and Pel, which suggests that production of both
exopolysaccharides can occur during early PAOL1 biofilm development, to maintain
crucial cell-cell interactions within developing features. Yang et al.,, (2011), have
previously demonstrated that PAO1 utilises production of Pel alongside Psl to facilitate
compactness of biofilms as well as cell-cell association under certain conditions:
therefore, responses to spatial and/or temporal conditions within the observed feature

may have stimulated local production of both Psl and Pel.

Modelling by Lee et al., (2020), determined that PAO1 and PA14 use different
strategies to initially colonise surfaces. EPS production was identified as the dominant
mechanism of maintained surface adherence in PAO1, whilst PA14 relied upon
progressive upregulation and subsequent suppression of appendages such as flagella

and TFP during initial cell-surface attachment. Early production of exopolysaccharides
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by PAO1 was suggested to enable cell lineages to commit to a surface at a faster rate
and facilitate cell-cell interactions between neighbouring cell populations, leading to
increased early biofilm formation by PAO1 in comparison to PA14 (Lee et al., 2020),
as observed after 24 hours of growth in the CBR at 75 RPM (Figures 4.1 and 4.2

compared to Figures 3.1 and 3.2, Chapter 3).

In contrast to the observations of PAOL cells grown under low shear, high shear
conditions at 350 RPM resulted in the formation of smaller features, which were more
variable with respect to their size (in X, y and z dimensions), shape and relative
proportions of Hoechst, GFP, Psl and Pel fluorescence. Whilst some of the features
were of a comparable size to those formed under low shear, fluorescence intensities

within the features differed based upon spatial location (Figures 4.3 — 4.5).

Greater adhesion of individual cells and cell clusters to the coupon surface was
observed under high shear conditions (Figure 4.3, yellow arrows), which suggests that
higher rates of shear resulted in increased accumulation of surface-associated
bacteria, in agreement with the works of several research groups (Thomas et al., 2002;
Horn et al., 2003) and results presented in Chapter 3. Aggregates of Psl and Pel were
observed at sites of cell clustering (Figure 4.3, cyan arrows), with dense areas of
associated PAO1 cells localised in particular to Psl aggregates (light blue arrows). Co-
localisation of Hoechst staining could suggest that the aggregate is composed of
eDNA-Ps| complexes, which have previously been shown result in the formation of a
thick, ‘rope-like’ and radial web of eDNA-PsI fibres at the centre of pellicle biofilms to

provide structural support to cell aggregates (Wang et al., 2015).
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Figure 4.3.
Heterogenous development of PAO1 cdrA::gfp features formed after 24 hours under high shear at 350 RPM
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Representative confocal images are from PAO1 cdrA::gfp biofilms (GFP signal is green) cultivated for 24 hours in the CBR under high shear
(at 350 RPM) and stained with Hoechst for biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the bottom layer closest to the coupon surface. Scale
bar = 20 um. Yellow arrows show areas of clustering of GFP-expressing cells. Cyan arrows show punctate areas of Psl and Pel associated
with the clustered cell populations. Light blue arrows shows cell localisation around Psl| aggregates. Red arrows show well-correlated
fluorescence intensities for Hoechst, Psl and Pel at the right-hand feature periphery. Pink arrows show spatially-increased Hoechst
fluorescence at the left-hand side peripheral edge of the feature, whilst grey arrows show comparatively lower fluorescence intensities for
GFP and Psl. Green arrows show an area of increased and punctate Pel. White arrows show a fibre-like projection of Psl extending from
the feature, not-cell associated or co-localised with Hoechst and Pel. Cerise arrows show increased GFP fluorescence intensities at the
left-hand peripheral edge, in comparison to the distal right-hand periphery.
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The feature shown in Figure 4.3 is elongated in the x dimension, measuring 80 um in
width and only 20 um in length, and exhibited heterogeneity with respect to
fluorescence intensities across all four channels. Hoechst, Psl and Pel fluorescence
intensities were well-correlated at the right-hand peripheral edge with increasing height
in the z dimension (Figure 4.3, red arrows), which could be suggestive of a developing
ECM composed of eDNA, Psl and Pel. GFP fluorescence intensities remained
consistent throughout the feature height at this periphery, but lower than the
fluorescence intensities of Hoechst, Psl and Pel; indicative that this area of the feature
was predominantly ECM that was likely encapsulating the GFP-expressing cell
population to protect the cells from the risk of sloughing or detachment induced by the

high shear regime.

The left-hand side peripheral edge exhibited heterogeneity with increasing height in
the z dimension. At a height of Z+2 um, Hoechst fluorescence was greatest and
staining across the structure by Hoechst diffuse (Figure 4.3, pink arrows). By contrast,
Pel fluorescence intensities were negligible, whilst GFP and Psl fluorescence was
correlated to Hoechst fluorescence, albeit at much lower fluorescence intensities
respectively (Figure 4.3, grey arrows). Hoechst fluorescence was generally
homogenous and staining diffuse; exhibiting increased fluorescence intensities across
the entirety of the feature in comparison to the other three channels, which could
suggest the presence of eDNA. Ps. a. is known to produce large quantities of eDNA
(Murakawa et al., 1973a; 1973b; Hara and Ueda, 1981; Muto and Goto, 1986; Nemoto
et al., 2003), to facilitate and maintain cell-cell interactions in ‘young’ biofilms, by

holding the cells together in situ (Whitchurch et al., 2002; Allesen-Holm et al., 2006).

219



At a height of Z+4 um, fluorescence intensities of GFP and Psl greatly increased, and
were well-correlated with Hoechst fluorescence intensities across the left-hand
periphery. Increased Pel fluorescence intensities at this peripheral edge were
observed at a height of Z+6 um, although staining of Pel was punctate throughout the
feature interior (Figure 4.3, green arrows). This could suggest that the cell
subpopulations that comprise the left-hand side of the feature are less established than
those at the right-hand side of the feature. A thin, fibre-like projection of Psl can be
seen protruding from the left-hand periphery at a height of Z+4 um (white arrows),
which may be facilitating the movement of spatially-close individual cells to the
developing edge of the feature, as previously described by Zhao et al., (2013).
Increased GFP fluorescence in this part of the feature in comparison to the right-hand
peripheral edge (Figure 4.3, cerise arrows) could therefore be indicative of cells that
have become more recently sessile and are more metabolically active, increasing Psl

production to remain both cell-surface and cell-cell associated.

Aggregative features were frequently observed across coupon surfaces during the
same and independent CBR runs, suggesting that growth under high shear stress
induces the formation of tightly-packed and cohesive structures, characterised by
increased cdrA expression and GFP fluorescence, indicative of increased intracellular
levels of c-di-GMP (Figure 4.4, yellow arrows). At a height of Z+3 um, GFP
fluorescence intensities were maximal, resulting in the plateauing of the line profile.
Hoechst, Psl and Pel fluorescence were well-correlated, although the feature exhibited
minimal staining of Pel by WGA, which appeared co-localised to chains of Psl or the
interior of Psl aggregates (Figure 4.4, red arrows). As seen in Figure 4.3, individual

GFP-expressing cells were observed to associate with the established feature,
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Figure 4.4
Recruitment of individual PAO1 cdrA::gfp cells and small cell chains by Psl aggregates
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Representative confocal images are from PAQ1 cdrA::gfp biofilms (GFP signal is green) cultivated for 24 hours in the CBR under high shear
(at 350 RPM) and stained with Hoechst for biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the bottom layer closest to the coupon surface. Scale
bar = 20 um. Yellow arrows show a dense cellular aggregate exhibiting increased GFP fluorescence intensities in comparison to the other
three channels. Red arrows show minimal staining of Pel, which was found co-localised with areas of Psl accumulation. White circles show
individual GFP-expressing cells associated with boundary edges of the feature and in a cell cluster, in similar orientations to one another.
Cyan arrows show areas of free Psl surrounded by clustering cell populations. Grey arrows show interspersed and punctate regions of Psl
in-between subpopulations of cells and within the interior of the feature.
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seemingly organised in similar orientations to one another at the feature’s edge (Z+3
um, white circles). Concentrated areas of free Psl were seen at sites of individual cell
association (Figure 4.4, cyan arrows), forming a fibre-like matrix structure enmeshing
bacteria to the coupon surface, and promoting cell-cell interactions with the feature

(Ma et al., 2009).

Fibre-like projections of Psl were seen at heights of Z+7 and Z+9 um, cell-associated
and interspersed throughout the feature interior (Figure 4.4, grey arrows). Production
of Psl is known to result in stiffer and more elastic matrices, which can ‘spring’ back to
shape if deformed by mechanical shear (Chew et al., 2014; Gloag et al., 2018). Thus,
increased, but localised concentrations of Psl within aggregative features may
strengthen the ECM; maintaining its structural integrity through enhanced cell-cell
interactions, and decreasing susceptibility of loss of biomass due to shear-induced

erosion (Ma et al., 2006; Ma et al., 2012).

Features of heights > 10 um in the z dimension were also observed after 24 hours of
growth under high shear at 350 RPM (Figure 4.5). GFP fluorescence intensities were
punctate throughout the height of the feature, and did not appear to correlate to
Hoechst, Psl and Pel fluorescence intensities (Figure 4.5, yellow arrows). With
increasing height of the feature, GFP and Psl fluorescence intensities were well-
correlated but remained punctate, suggesting that cell-associated Psl is important for
maintenance of developing structures and cell-cell interactions (Figure 4.5, light blue
arrows). Expression of cdrA was therefore heterogenous, with subpopulations of cells

within the feature exhibiting increased GFP fluorescence compared to spatially-
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Figure 4.5

Early feature development by PAO1 cdrA::gfp after 24 hours under high shear at 350 RPM
(figure legend overleaf)
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(figure legend for Figure 4.5)

Representative confocal images are from PAO1 cdrA::gfp biofilms (GFP signal is green) cultivated for 24 hours in the CBR under high shear
(at 350 RPM) and stained with Hoechst for biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the bottom layer closest to the coupon surface. Scale
bar = 20 um. Yellow arrows show heterogenous and punctate GFP fluorescence intensities throughout the feature, whilst light blue arrows
show increased Psl fluorescence intensities with increasing height in the z dimension, which is well-correlated to GFP fluorescence intensity.
Grey arrows show subpopulations of cells with increased GFP fluorescence in comparison to adjacent populations. Cyan arrows show a
dense aggregate of Psl which is maintained vertically throughout the feature. Pink arrows show radial ‘patterning’ of Psl within the feature
interior. Green arrows show punctate regions of Pel, in small aggregative structures spatially-separated from one another, or as complexed
aggregates forming chains. Red arrows show co-localisation of Hoechst and Psl, forming fibre-like protrusions. White arrows show
connection of the fibre-like protrusions to the rest of the feature. Orange arrows show a central area of Pel within the interior of the feature,
akin to a ‘backbone’ or structural scaffold. Cerise arrows show small aggregates of Psl associating with parts of the Pel ‘backbone’.
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adjacent cell populations (Figure 4.5, grey arrows). At a height of Z+10 um, a dense
aggregate of Psl can be seen within the feature interior, maintained to a height of Z+15
um (Figure 4.5, cyan arrows). This dense aggregate of Psl| could be a nucleation
centre, from which Psl chains and fibres can be synthesised and disseminated
throughout the feature, as suggested by the radial ‘pattern’ of punctate Psl in the

feature interior (Figure 4.5, pink arrows).

Although Pel fluorescence intensities were lowest, production of Pel exhibited spatial
organisation throughout the feature. At a height of Z+10 um, punctate regions of Pel
can be seen localised to different areas of the feature periphery, either as individual
aggregates or fibres composed of aggregates (Figure 4.5, green arrows). Co-
localisation of punctate Psl aggregates and Hoechst fibres were also observed at
heights of Z+10 and Z+13 um (red arrows), suggesting that Psl, Pel and eDNA are
capable of intertwining or complexing with one another; possibly to increase the
‘stickiness’ of the protruding structure, facilitating adherence to the coupon surface, as
well as potentially enhancing recruitment or migration of individual cells to the feature
periphery. By a height of Z+18 um, GFP-expressing cells can be seen enmeshed in
an eDNA-Ps| dominated matrix, now connected to the rest of the feature (Figure 4.5,

white arrows).

Of interest was the fact that the interior of the feature appeared to have a ‘backbone’
of Pel running down its length in the y dimension (Figure 4.5, orange arrows), with
small aggregates of Psl observed to associate with the Pel ‘backbone’ structure (cerise

arrows). Yang et al., (2011), has previously demonstrated that both Psl and Pel are
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important for facilitating interactions between subpopulations of cells during PAO1
biofilm formation, thus under high shear conditions at 350 RPM, production of a Pel
‘backbone’ may maintain the structural integrity of the elongated feature. Colvin et al.,
(2011), demonstrated that Pel is fundamental for the initiation and maintenance of cell-
cell interactions within PA14 aggregates, and that expression of Pel positively

influences daughter cell association with parental cells in a clonal population.

It is therefore feasible to suggest that PA0O1 may similarly employ Pel for retention of
daughter cells under high shear conditions, with the arrangement of a biofilm’s internal
structure thought to be governed by the velocity of the flow experienced during growth
(Beyenal and Lewandowski, 2002). Utilisation of the Pel ‘backbone’ by Psl to deposit
aggregative trails (akin to breadcrumbs), may enable internal transit of cells to leading
edges of larger features, rather than external migration of cells, which would be at risk
of detachment and wash out under the higher shear regime. In agreement with this is
the observation that the feature did not expand laterally in the x and y dimensions, but
instead grew vertically in the z dimension, which could suggest it is comprised of clonal
cell populations, maintained in situ by the ECM. Alternatively, as self-produced Psl can
act as a signal to stimulate DGC activity and increase intracellular c-di-GMP levels (Irie
et al., 2012), interior aggregates of Psl may stimulate development of the biofilm above
the Pel ‘backbone’, leading to spatially-specific accumulation of biomass and ECM
components, facilitated by enhanced cell-cell interactions atop a robustly surface-

adhered part of the structure.
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4.3.2. Microcolony formation by PAO1 does not occur under high shear conditions

After 48 hours of growth, biofilm formation under low shear at 75 RPM was typified by
the development of a basal biofilm that covered most of the coupon surface (similarly
to those formed by PA14 under low shear), with an average height for this layer of 15
— 20 um. The formation of microcolonies was also frequently observed across different
sampling sites, exhibiting variation in their shape and overall heights in the z dimension
(Figures 4.6 and 4.7). Due to the height of the microcolonies, Figures 4.6 and 4.7 are
split: 4.6A and 4.7A show the basal layers of the biofilm, whilst 4.6B and 4.7B show

the upper layers of the microcolony structures.

Figure 4.6A shows a well-developed basal biofilm, within which lies a cavity directly
underneath the emerging microcolony structure. From the bottom of the basal layer Z
to a height of Z+7 um, a dense aggregate of co-localised Psl and Pel was observed in
the interior of the cavity, exhibiting increased fluorescence intensities in comparison to
Psl and Pel fluorescence intensities in the basal biofilm (Figure 4.6A, red arrows). In
particular, Pel was seen forming fibre-like structures around the cavity periphery
(Figure 4.6A, yellow arrows), as well as in a stalk-like protrusion between the basal
biofilm and the cavity (Figure 4.6A, grey arrows). Pel fluorescence was uncorrelated
to Hoechst, GFP and Psl fluorescence, suggesting that it was free rather than cell-
associated Pel, spatially-localised to part of the boundary between the basal biofilm

and the cavity periphery.

Jennings et al., (2015), have previously demonstrated that Pel can colocalise with

eDNA in the stalks of microcolony structures, although the structural cavity in Figure
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4.6A exhibited negligible Hoechst and GFP fluorescence intensities, in contrast to the
work of Jennings et al., (2015). The cavity of microcolony structures is likely to exhibit
physiological differences to the basal biofilm, thus lack of Hoechst staining in the cavity
may either indicate the absence of eDNA within the cavity interior, or occlusion of
structural staining by Hoechst, due to the enhanced staining of the cavity aggregate
by ConA and WGA. Jennings et al., (2015), suggested that eDNA and Pel are capable
of crosslinking via iconic bond formation in microcolony stalks, in a pH-dependent
manner. Therefore, it is possible that the pH in the cavity interior shown in Figure 4.6A
was such that Pel was not catatonically charged, and thus may have interacted with
Psl via covalent interactions to form a heterogenous exopolysaccharide-based

aggregate.
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Figure 4.6A (figure legend overleaf)

Emergence of a mushroom-shaped microcolony from

a PAO1 basal biofilm after 48 hours under low shear 75 RPM
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(figure legend for Figure 4.6A)

Representative confocal images are from PAO1 cdrA::gfp biofilms (GFP signal is green) cultivated for 48 hours in the CBR under low shear
(at 75 RPM) and stained with Hoechst for biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the bottom layer closest to the coupon surface. Scale
bar = 20 um. Red arrows show a cavity structure directly beneath the emerging microcolony, exhibiting increased Psl and Pel fluorescence
intensities. Yellow arrows show fibre-like Pel production localised to the periphery of the cavity boundary, whilst grey arrows show a ‘stalk’-
like protrusion of Pel connecting the cavity interior to the basal biofilm. Cyan arrows show dense Psl and Pel aggregates. Pink arrows show
the leading edge of the basal biofilm, characterised by increased GFP fluorescence as the leading edge retreated out of the field of view.
Green arrows show well-correlated Hoechst and Psl fluorescence intensities across the basal biofilm. The light blue arrows shows a concave
fluorescence intensity profile, typical of emerging microcolony structures.
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Figure 4.6B (figure legend overleaf)

Emergence of a protruding microcolony apex after 72 hours under low shear at 75 RPM

Z+38um

Z+ 34 uym

Z+29 um

Z+24 ym

Z +20 pm

Biomass/eDNA

S -
2

Merge

g
=

£ w
i“ /
™
§
<
04 T ¥ -
0 100 w0 00
Distance across siice (um)
100
Zul® | =
E wd <\;
% “
§ 20 <=
<
0 T e al
° 100 e we
Distance across siice jpm)
Wl
€ w
§ol S
s -
4
§
<
° T Y 1
° 100 00 3o
Distance across shice jpm)
—
zul |
" s
i
. 04 1
¥
§ 24
<
P - x
L "we 20 »e
Distance across shoe (um)
100
i°1p .4
'
ivl
e
»
<
o+ T SAaaebanass 1
° 100 00 w0

Distance across siice (pm)

BomasseDNA
ore

Py

Pel

BomaseONA
ore

Pel

Bormasa'oDNA
cFP

BomasseDNA
aFP
Py

Pel

DomasseDNA
GFP

Pl

Pel



(figure legend for Figure 4.6B)

Representative confocal images are from PAO1 cdrA::gfp biofilms (GFP signal is green) cultivated for 48 hours in the CBR under low shear
(at 75 RPM) and stained with Hoechst for biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the bottom layer closest to the coupon surface. Scale
bar = 20 um. Light blue arrows show concave fluorescence intensity profiles for the emerging microcolony structure, indicative of enhanced
peripheral rather than interior staining and GFP expression. Red arrows show heterogenous fluorescence intensities at the microcolony
periphery, whilst yellow arrows show a more heterogenous fluorescence intensity profile across all four channels. Orange arrows show
increased and punctate GFP fluorescence in localised areas of the microcolony interior. Green arrows show punctate and increased and
localised fluorescence intensities for Psl and Pel within apical layers. White arrows show homogenous Hoechst and Psl fluorescence across
the microcolony interior, whilst Pel fluorescence remained heterogenous. Pink arrows show increased Hoechst and GFP fluorescence
intensities within the apex interior, whilst grey arrows show increased Psl and Pel fluorescence intensities in the interior, well-correlated to
those of Hoechst and GFP.
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4.6A exhibited negligible Hoechst and GFP fluorescence intensities, in contrast to the
work of Jennings et al., (2015). The cavity of microcolony structures is likely to exhibit
physiological differences to the basal biofilm, thus lack of Hoechst staining in the cavity
may either indicate the absence of eDNA within the cavity interior, or occlusion of
structural staining by Hoechst, due to the enhanced staining of the cavity aggregate
by ConA and WGA. Jennings et al., (2015), suggested that eDNA and Pel are capable
of crosslinking via iconic bond formation in microcolony stalks, in a pH-dependent
manner. Therefore, it is possible that the pH in the cavity interior shown in Figure 4.6A
was such that Pel was not catatonically charged, and thus may have interacted with
Psl via noncovalent interactions to form a heterogenous exopolysaccharide-based

aggregate.

At the outermost, or leading, edges of the basal layers, dense aggregates of co-
localised Psl and Pel were similarly observed (Figure 4.6A, cyan arrows). GFP
fluorescence was observed to increase as the leading edge retreated (Figure 4.6A,
pink arrows), implying that Psl and Pel were functioning to maintain structural integrity
at the leading edge of the basal biofilm. Whilst staining of Psl by ConA was diffuse
across the basal layers, staining by WGA revealed Pel was more punctate throughout
the basal biofilm; associated with the subpopulations of GFP-expressing cells at the
leading edge (Figure 4.6A, orange arrows). Pel is thought to promote organisation of
bacteria lying flat and symmetrically on a surface (Cooley et al., 2013), thus its
association with PAQO1 cell populations at the leading edge may also ensure

maintenance of cohesive cell alignments during biomass accumulation.
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Hoechst fluorescence across the basal biofilm was also diffuse, with Hoechst
fluorescence intensities generally well-correlated to Psl fluorescence intensities
(Figure 4.6A, green arrows), which suggests that eDNA and Psl were involved in cell-
surface and cell-cell interactions within the basal layers. Allesen-Holm et al., (2006),
have previously shown that eDNA is able to promote distinct interactions between
bacterial subpopulations, whilst Ma et al., (2009), reported that Psl promotes cell-cell
interactions and is well-distributed in flat biofilms. Production of an early ECM
composed of eDNA and Psl, has been shown by several research groups to be
involved in the initiation of surface attachment and the formation of early Ps. a. biofilms
(Whitchurch et al., 2002; Allensen-Holm et al., 2006; Flemming and Wingender, 2010),
leading to development of a stable basal layer from which three-dimensional structures

can emerge.

Figure 4.6B show the emergence of the microcolony above the biofilm, and is a
continuation of Figure 4.6A. From a height of Z+16 um (Figure 4.7A) to a height of
Z+29 um, fluorescence intensity profiles across all four channels were concave,
indicative of increased biomass/eDNA, cdrA expression and production of Psl and Pel
at the feature periphery (Figures 4.6A and 4.6B, light blue arrows). The microcolony
periphery exhibited heterogenous fluorescence intensities with respect to GFP, Psl
and Pel with increasing height in the z dimension: at a height of Z+24 um, the left-
hand periphery was characterised by increased Psl and Pel accumulation, whilst the
right-hand periphery exhibited increased GFP fluorescence (Figure 4.6B, red arrows).

In comparison, at a height of Z+20 um, fluorescence intensities at the peripheral edges
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were more similar, and homogenous across all four channels (Figure 4.6B, yellow

arrows).

GFP fluorescence intensities in the microcolony interior became more punctate and
heterogenous with increasing feature height (Figure 4.6B, orange arrows), suggesting
that subpopulations of cells were expressing different quantities of cdrA to
neighbouring cell populations. The apical layers of the microcolony were characterised
by similarly punctate fluorescence intensities for Psl and Pel (Figure 4.6B, green
arrows). At a height of Z+34 um, Pel fluorescence remained greatest at the periphery,
whilst fluorescence of Hoechst and Psl were similar at the periphery and within the
microcolony interior (Figure 4.6B, white arrows). At the feature apex (Z+38 um), Psl
and Pel fluorescence intensities were greatest at the peripheral edges, whilst Hoechst
and GFP fluorescence intensities were highest in the microcolony interior (Figure 4.6B,
pink arrows). Within the microcolony interior, Psl and Pel were observed to have more
aggregative phenotypes, and displayed fluorescence intensities that were well-
correlated with Hoechst and GFP fluorescence intensities (Figure 4.6B, grey arrows).
Yang et al., (2011), has previously demonstrated that Psl and Pel are important for
facilitating interactions between subpopulations of cells during PAO1 biofilm
differentiation, thus increased Psl and Pel fluorescence in the microcolony interior of
apical layers suggests that both exopolysaccharides are mediating cell-cell
interactions and maintenance of structure’s three-dimensional architecture, with

specific rather than redundant functions.

235



Figure 4.7A shows another well-developed basal biofilm, within which is a structural
cavity, that was equally observed to have an interior characterised by increased and
well-correlated Psl and Pel fluorescence intensities, and negligible Hoechst and GFP
fluorescence intensities (red arrows). From Z to a height of Z+3 um, a fibre-like Psl
network can be seen connecting the integral Psl-Pel cavity aggregate to the basal
biofilm (Figure 4.7A, cyan arrows), to which individual PAOl1 cells can be seen
associating with the fibre-like projections (Figure 4.7A, orange arrows). At a height of
Z+6 um, fibre-like structures of Psl and Pel can be seen surrounding the cavity’s
boundary edge and connecting to the neighbouring basal layer (Figure 4.7A, green
arrows). As previously described, Irie et al., (2012), demonstrated that Psl can act as
a signal to increase c-di-GMP synthesis, thus a dense aggregate of Psl on the surface
may denote a nucleation centre, that may recruit cells to the local area to stimulate
biomass accumulation and microcolony development. Psl trails have been previously
observed by Zhao et al., (2013), and Wang et al., (2013), and are believed to facilitate
transit of cells to areas of the developing biofilm, by influencing their motility and

migration.

Similar facilitation of cell migration during expansion of the biofilm can be seen from Z
to a height of Z+6 um, by globular-like aggregates of Psl and Pel forming a ‘bridge’
utilised by GFP-expressing PAO1 cells to connect two spatially-separated parts of the
basal biofilm (Figure 4.7A, pink arrows). The aggregates of Psl and Pel were observed
to form a chain-like structure across the void between the basal layers, which was
heterogenous in composition. Some aggregates appeared to have an interior of Pel

surrounded by a peripheral Psl layer, whilst others comprised of Psl-Pel complexes
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Figure 4.7A

Formation of a Psl-Pel aggregate within microcolony cavities after 48 hours under low shear at 75 RPM

(figure legend overleaf)
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(figure legend for Figure 4.7A)

Representative confocal images are from PAO1 cdrA::gfp biofilms (GFP signal is green) cultivated for 48 hours in the CBR under low shear
(at 75 RPM) and stained with Hoechst for biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the bottom layer closest to the coupon surface. Scale
bar = 20 um. Red arrows show an area of increased Psl and Pel fluorescence in the interior of a cavity structure. Cyan arrows show a fibre-
like Psl structure, connecting the cavity interior to the basal biofilm. Orange arrows show association of individual PAO1 cells to the Psl-
fibres. Green arrows show punctate Psl and Pel around the cavity periphery. Pink arrows show aggregates of Psl and Pel forming a ‘bridge’
connecting parts of the basal biofilm to one another. Lilac arrows show heterogenous composition of Psl and Pel aggregates. Grey arrows
show local areas of increased Psl and Pel aggregate formation, whilst peach arrows show a eDNA-Psl|-Pel fibre-like structure, localised to
the boundary and peripheral edge between part of the basal biofilm and a subpopulation of cells. The black arrow shows cellular and ECM
material within a void. White arrows show part of the basal biofilm now spatially-separated by two surrounding voids.
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Figure 4.7B (figure legend overleaf)

Emergence of mushroom-shaped macrocolonies is generally homogenous across independent sampling sites after 72 hours

under low shear at 75 RPM
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(figure legend for Figure 4.7B)

Representative confocal images are from PAO1 cdrA::gfp biofilms (GFP signal is green) cultivated for 48 hours in the CBR under low shear
(at 75 RPM) and stained with Hoechst for biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the bottom layer closest to the coupon surface. Scale
bar =20 um. Yellow arrows show the emergence of the microcolony structure, and concave fluorescence intensity profile. Red arrows show
fibre-like structures of Psl and Pel extending between the basal biofilm and microcolony periphery. Pink arrows show a concave fluorescence
intensity profile, indicative of increased GFP expression and staining at the periphery, whilst grey arrows show punctate fluorescence
intensities at the microcolony apex. Green arrows show heterogenous arrangement of Psl and Pel around the microcolony periphery.
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and others just Pel (Figure 4.7A, lilac arrows). The ‘bridge’ structure was also stained
by Hoechst, which could indicate the presence of eDNA, which was shown by Gloag
et al., (2012), to maintain coherent cell alignments during twitching motility-mediated

growth of the biofilm.

Spatial localisation of small Psl and Pel aggregates within an area of the basal biofilm
at Z was additionally seen; with increasing height in the z dimension aggregates
became large, with a particularly punctate area of increased Psl and Pel fluorescence
observed at the boundary and peripheral edge between part of the basal biofilm and a
subpopulation of cells (Figure 4.7A, grey arrows), as well as the formation of fibre-like
structures at the opposite boundary edge of the basal biofilm, which were composed
of eDNA, Psl and Pel (Figure 4.7A, peach arrows). At a height of Z+3 um, GFP-
expressing cells and exopolysaccharide material can be seen in adjacent and
emerging void, whilst by a height of Z+6 um, the once-connected ECM is spatially-
separated from the leading edge of the basal biofilm by two adjacent voids and

contains very few enmeshed GFP-expressing cells (Figure 4.7A, white arrows).

Figure 4.7B show the emergence of the microcolony above the biofilm, and is a
continuation of Figure 4.7A. At a height of Z+10 um, the periphery of the emerging
microcolony structure can be seen, and was observed to exhibit increased staining of
the ECM by Hoechst, ConA and WGA in comparison to the microcolony interior (Figure
4.7B, yellow arrows). Fibre-like projections of Psl and Pel between the microcolony
periphery and an area of the basal biofilm were seen, co-localised with fibres of eDNA

(Figure 4.7B, red arrows), which were once again was likely facilitating the transit of
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individual PAO1 cells toward the microcolony periphery as previously described.
Fluorescence intensities for the emerging microcolony displayed concave profiles to
an extent (Figure 4.7B, pink arrows), and became noticeably more punctate with
increasing height in the z dimension (Figure 4.7B, grey arrows). From a height of Z+13
um, the fluorescence intensity of Hoechst was greatest and staining diffuse, consistent
with consensus in the literature that eDNA is important during biofilm development and
maintenance of cell-cell interactions (Whitchurch et al., 2002; Wingender and

Flemming, 2010).

The arrangement of Psl and Pel at the microcolony was noteworthy, as some
peripheral areas exhibited increased accumulation of Psl, whilst other peripheral areas
were observed to have increased accumulation of Pel, or co-localisation of both
exopolysaccharides (Figure 4.7B, green arrows). Colvin et al., (2011), classified PAO1
as a ‘Class II' matrix producer, producing Psl primarily and Pel at lower levels. This
suggests that both Psl and Pel contribute to maintenance of the microcolony’s three-
dimensional architecture, perhaps through exopolysaccharide-mediated modulation of
the periphery’s rheological properties. Chew et al., (2014), reported that production of
a Psl-dominant matrix is more elastic and stronger when crosslinked; able to centralise
growth to newly-colonised sites, whilst a Pel-dominant matrix is more viscous and
exhibits less cross-linking. Therefore, having a heterogeneously-composed periphery
may enable more dynamic remodelling of the ECM during maturation and spreading

of the biofilm.
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In contrast, PAO1 biofilm development under high shear (at 350 RPM) was
characterised by the development of spatially-separated basal biofilms (of an average
< 25 um in height) across the coupon surface; with cell populations divided by large
voids, which could be suggestive of water channels (Figures 4.8 and 4.9). In contrast
to biofilms formed after 48 hours under low shear at 75 RPM, basal biofilms formed
under high shear conditions exhibited increased Hoechst and GFP fluorescence
intensities, which were generally well-correlated to one another, irrespective of spatial
location across the coupon surface as shown by resultant fluorescence intensity
profiles. Pel fluorescence intensities were the lowest of the four channels, whilst Psl
fluorescence intensities displayed heterogeneity, dependent on location within the

biofilm.

In Figure 4.8 at a height of Z+4 um, individual PAO1 cdrA::gfp cells can be seen
associating with part of the basal biofilm and forming small cell clusters in situ around
the basal layer (Figure 4.8, yellow arrows). By a height of Z+8 um, individual cells and
clusters were assimilated with the local basal structures, which appeared denser and
resulted in change of basal structure shape (Figure 4.8, white circles). Of interest was
the fact that several basal structures were stained by Hoechst and ConA for Psl in
areas lacking GFP-expressing cells, either as part of a basal aggregate (Figure 4.8,
red arrows) or independently of established cell populations (Figure 4.8, pink arrows),
with such regions easily noticeable on the merged z slice images. The former
observation suggests a role for eDNA and Psl in maintaining cell-cell interactions
between adjacent cell populations; facilitating biomass accumulation atop the eDNA-

Psl ‘bridge’ and maintenance of the local basal structure during vertical expansion
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Figure 4.8
Basal biofilm composition is heterogenous after 48 hours under high shear at 350 RPM

(figure legend overleaf)
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(figure legend for Figure 4.8)

Representative confocal images are from PAO1 cdrA::gfp biofilms (GFP signal is green) cultivated for 48 hours in the CBR under high shear
(at 350 RPM) and stained with Hoechst for biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the bottom layer closest to the coupon surface. Scale
bar = 20 um. Yellow arrows show individual PAOL cdrA::gfp cells can be seen associating with part of the basal biofilm. White circles show
cell assimilation into existing basal structures with well-defined structures. Red and pink arrows show the formation of eDNA-PsI structures
in areas lacking established GFP cell populations. Cyan and orange arrows show colonisation of these eDNA-PsI structures by cells that
subsequently form clusters and their own subpopulations, associated with the ECM complex. Grey arrows show a fibre-like structure co-
stained by Hoechst, ConA and WGA.
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(Figure 4.8, cyan arrows). Non-cell associated eDNA and Psl complexes appear to be
involved in recruitment and retention of PAOL cells to eDNA-Psl aggregate areas. This
can be seen with increasing height in the z dimension: at a height of Z+8 um, a few
individual GFP-expressing cells were observed co-localised at the periphery of several
eDNA-Psl complexes, whilst a heights of Z+11 um and Z+15 um, clusters of PAO1 cells
began to develop, leading to clonal colonisation of the eDNA-Ps| complexes (Figure

4.8, orange arrows).

Wang et al., (2015), reported that PAO1 utilises a web of eDNA-PslI fibres to form a
biofilm ‘skeleton’, which can structurally support the developing biofilm structure and
facilitate its expansion, in agreement with the works of Wang et al., (2013), and Zhao
et al., (2013), that demonstrated Psl trails can influence the migration of PAOL cells
and surface exploration, leading to microcolony formation. Whilst a fibre-like structure
composed of eDNA, Psl and Pel and surrounded by individual PAOL1 cells was
observed at a height of Z+4 um (Figure 4.8, green arrows), defined networks were not
seen under high shear at 350 RPM. Thus, one could suggest that the formation of free
eDNA-Ps|l complexes are induced in response to increased shear conditions,
functioning as ‘island’ structures to which bacteria may be recruited and enmeshed, to

protect ‘younger’ cell populations from the risk of detachment under high shear.

Figure 4.9 comprises another basal biofilm composed of spatially-separated cell
populations. At a height of Z + 6 um, individual PAOL1 cdrA:.gfp cells can be seen
associating with part of the basal biofilm and forming small cell clusters in situ around

the basal layer (Figure 4.9, orange arrows); assimilated with the local basal populations
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by a height of Z + 10 um, resulting in the formation of well-defined structures (Figure
4.9, white circles). Similarly to Figure 4.8, independent eDNA-PsI structures were
observed promoting attachment of individual PAO1 cells, which subsequently
developed into clustered populations; facilitating expansion of the local basal biofilm
(Figure 4.9, red arrows). Under high shear conditions at 350 RPM, weakly-adhered
cells are at increased risk of wash out and in competition with well-established cell
populations for nutrients and space, thus adherence to an existing and cell-free ECM,
rather than ‘non-ECM-conditioned’ coupon surfaces, likely provides immediate and
enhanced cell-ECM and subsequent cell-cell interactions; promoting local growth and

expansion of the biofilm.
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Figure 4.9
Spatial separation of PAO1 cell subpopulations that comprise a basal biofilm after 48 hours under high shear at 350 RPM

(figure legend overleaf)
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(figure legend for Figure 4.9)

Representative confocal images are from PAO1 cdrA::gfp biofilms (GFP signal is green) cultivated for 48 hours in the CBR under high shear
(at 350 RPM) and stained with Hoechst for biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the bottom layer closest to the coupon surface. Scale
bar = 20 um. Yellow arrows show individual PAO1 cdrA::gfp cells can be seen associating with part of the basal biofilm. White circles show
cell assimilation into existing basal structures with well-defined structures. Red arrows shows an area of non-cell associated eDNA-Ps|
facilitating the formation of a defined subpopulation of cells from individually-attached PAO1 cells and clusters. Cyan arrows show a dense
aggregate of free Psl between two-spatially separated basal structures, whilst pink arrows show the resultant increased fluorescence
intensity profiles of this Psl aggregate. Lilac arrows show punctate co-staining of Psl aggregates by Hoechst and WGA. Green arrows show
a secondary and adjacent area of Psl aggregation. Orange arrows show another non-cell associated Psl-Pel aggregate structure.
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A dense aggregate of Psl polymers was seen forming a ‘tendril’-like ‘bridge’ between
two separated areas of the basal biofilm, maintained over a height of 7 um in the z
dimension (Figure 4.9, cyan arrows). Resultantly, fluorescence intensities of Psl at this
location were increased in comparison to the other three channels (Figure 4.9, pink
arrows). At heights of Z+6 um and Z+10 um, there was evidence of punctate co-
staining by Hoechst and WGA, which could suggest the presence of eDNA and Pel in
the ‘tendril’-like structures (Figure 4.9, lilac arrows), although Psl was the predominant
ECM component. Psl is an essential scaffolding constituent of PAO1 biofilms, which
promotes cellular interactions and maintains the structural integrity of the biofilm
(Friedman and Kolter, 2004a; Jackson et al., 2004; Matsukawa and Greenberg, 2004).
Psl can also act as a signal to increase c-di-GMP synthesis (therefore increasing Psl
production through a positive feedback loop) (Irie et al., 2012), thus the ‘tendril’-like
structure may have stimulated increased Psl production in the local biofilm area, as
demonstrated by the emergence of secondary dense aggregate of Psl at one of the

biofilm peripheries adjacent to the Psl ‘bridge’ (Figure 4.9, green arrows).

Indeed, Psl aggregates throughout the basal biofilm shown in Figure 4.9 were all non-
cell associated. Another dense area of Psl was observed and exhibited punctate co-
staining with WGA, indicative of the presence of Pel within the aggregate (Figure 4.9,
orange arrows). Given that exopolysaccharide production is an energetically costly
process, the production of a dense aggregate, free from cells, may provide the
proximal subpopulation of cells with a competitive advantage during vertical growth
over neighbouring populations. Previous work in the literature suggests that production

of exopolysaccharides can ‘push’ progeny cells above surrounding and competing cell
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populations; giving such cells a competitive advantage during biofilm growth (Xavier
and Foster, 2007; Kim et al., 2014). Thus, the Psl-Pel aggregative structure may serve
as a site for further cell proliferation upon an well-developed and robust ECM,;
facilitating expansion of that particular basal structure and increased vertical growth

atop the Psl-Pel aggregate under high shear conditions.

4.3.3. PAO1 macrocolony formation does not occur under high shear conditions

After 72 hours of growth under low shear at 75 RPM, PAOL:cdrA::gfp biofiims were
characterised by a well-developed basal layer and the formation of mushroom-shaped
macrocolony structures, typical of mature Ps. a. biofilms (O’Toole et al., 2000; Klausen
et al.,, 2003). The basal biofiim was on average 20 — 25 um in height, whilst the
macrocolonies exhibited more variation in the individual heights they reached, as well

as their respective sizes in the x and y dimensions (Figures 4.10 and 4.11).
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Figure 4.10
Macrocolony formation by PAO1 cdrA::gfp after 72 hours under low shear at 75 RPM

Biomass/eDNA GFP | Pel

Representative confocal images are from PAO1 cdrA::gfp biofilms (GFP signal is green)
cultivated for 72 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Shown are top-down three-dimensional and side views of the biofilm Scale bar =

50 pm.
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Figure 4.11
Observation of Psl and Pel fibre-like networks throughout basal biofilms formed after 72 hours under low shear at 350 RPM

Biomass/eDNA

Representative confocal images are from PAO1 cdrA::gfp biofilms (GFP signal is green) cultivated for 72 hours in the CBR under low shear
(at 75 RPM) and stained with Hoechst for biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Shown are top-down three-dimensional and side views of two biofilms observed during independent CBR runs. Scale bar = 50

pm

253



Similarly to growth of PAl4:.cdrA::gfp under low shear conditions at 75 RPM,
mushroom-shaped macrocolonies were a recurrent architectural feature observed
after 72 hours of PAO1:cdrA::gfp biofilm growth (Figures 4.10 and 4.11). Consistently
seen across different sample site locations on the coupons, and during independent
runs of the CBR at 75RPM, the macrocolony structures formed by PAO1 reached
comparable heights on average in the z dimension to those formed by PA14 . Figure
4.12 shows a PAOl:cdrA::.gfp mushroom-shaped macrocolony, spilt into two figures
due to macrocolony height; showing the structure’s emergence from the basal biofilm
(Figure 4.12A) and growth upwards into the surrounding bulk fluid (Figure 4.12B). In
contrast to the generally homogenous basal biofilm formed by PA14:cdrA::gfp under
low shear conditions after 72 hours, PAOl:cdrA:.gfp basal biofilms were more
heterogenous, with respect to fluorescence intensities across all four channels with
increasing height in the z dimension (Figure 4.12A). The intensity of Hoechst
fluorescence in the lower layers of the biofilm (< Z+10 um) was greatest, followed by
Psl fluorescence intensity, whilst the fluorescence intensities of GFP and Pel were
much lower and were not correlated to either Hoechst or Psl fluorescence Although
not correlated to one another, the fluorescence intensity profiles for Hoechst and Psl
were similar in terms of their respective line traces (i.e. peaks in the profile for Hoechst
fluorescence corresponded to peaks in intensity profile for Psl fluorescence),
suggesting that both eDNA and Psl are important for maintaining cell-cell interactions

within the basal biofilm, as well its structural integrity.
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Figure 4.12A (figure legend overleaf)
Basal biofilm formation by PAQ1 exhibits spatial heterogeneity of Psl and Pel after 72 hours under low shear at 75 RPM
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(figure legend for Figure 4.12A)

Representative confocal images are from PAO1 cdrA::gfp biofilms (GFP signal is green) cultivated for 72 hours in the CBR under low shear
(at 75 RPM) and stained with Hoechst for biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the bottom layer closest to the coupon surface. Scale
bar = 20 um. Orange arrows show areas of increased and punctate GFP fluorescence intensities, uncorrelated to increased Hoechst, Psl
or Pel fluorescence intensities. Cyan arrows show an ‘arc’ composed of subpopulations of PAO1 with increased GFP fluorescence in
comparison to neighbouring basal cell populations. Red arrows show finger-like Psl and Pel protrusions from the basal biofilm towards to
macrocolony cavity. Lilac arrows show GFP cells associating with finger-like fibres across the void between the basal biofilm and emerging
macrocolony. Light blue arrows show heterogenous development of two opposite peripheral edges of the emerging macrocolony. Yellow
arrows show a small peak in the fluorescence intensity profile across all four channels, which eventually forms the peripheral area identified
by the light blue arrows. Cerise arrows show free Psl aggregate formation in areas lacking a GFP-expressing cell population, whilst white
arrows show an example Psl association with other cell populations within the basal biofilm.
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Upper layers of the basal biofilm, in contrast, were characterised by increased cdrA
expression within cell subpopulations, resulting in punctate GFP fluorescence
intensities from a height of Z+10 um that were uncorrelated to Hoechst, Psl or Pel
fluorescence intensities (Figure 4.12A, orange arrows). At a height of Z+6 um, a
localised area of increased cdrA::gfp fluorescence appeared to surround part of the
structural cavity’s circumference; forming an arc around the bottom of the emerging
macrocolony (Figure 4.12A, cyan arrows). More widespread and increased GFP
fluorescence across the basal biofilm was seen by a height of Z+10 um, although it
remained heterogenous; appearing both concentrated and localised to the boundary

edge of the basal layer surrounding the macrocolony cavity.

The boundary edge had an irregular appearance, with subpopulations of
PAO1:cdrA:.gfp cells observed protruding across a distance of approximately 20 um
(in the x and y dimensions) towards the structural cavity. Some protrusions also
exhibited increased and punctate fluorescence of both Psl and Psl, which could
indicate that the extending, ‘finger-like’ projections were composed of both PA01 cells
and exopolysaccharide (Figure 4.12A, red arrows). Yang et al., (2011), have previously
demonstrated that Psl and Pel contribute to the formation of PAO1 mushroom-shaped
macrocolonies, as PAO1ApsIBCD and PAOlApelA mutants were unable to form
differentiated, three-dimensional structures, with biofilm development only progressing

to microcolony formation.

At sites from which protrusions extend, increased and localised production of Psl and

Pel may thus facilitate the migration of bacterial cells from the basal biofilm towards
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the site of macrocolony development; contributing to the formation of the three-
dimensional structure. At a height of Z+14 um, thin, ‘tendril’-like structures can be seen
attached to the right-hand side periphery of the macrocolony, composed of GFP-
expressing cell populations that were also stained by Hoechst, ConA (for Psl) and
WGA (for Pel) (Figure 4.12A, lilac arrows). Within the literature others have suggested
that both eDNA (which is stained by Hoechst) and Psl are capable of forming eDNA-
Psl heterologous fibres, that can function as a ‘skeleton’ to facilitate bacterial
recruitment and migration from one area of the biofilm to another (Wang et al., 2013;

Wang et al., 2015).

By a height of Z+20 um, the peripheral edge of the emerging macrocolony is visible
(Figure 4.12A), and appears irregular in circumference due to the formation of a
‘mound’ on its right-hand side, which could indicate an area composed of recently-
migrated cells. At a height of Z+26 um, fluorescence intensities across all four channels
are greater in the developing ‘mound’ compared to the opposite peripheral edge
(Figure 4.12A, light blue arrows), suggesting that macrocolony development may occur
asymmetrically. There is evidence in the fluorescence intensity line profiles to support
this notion: a small peak in the profile can be seen from a height of Z+6 um, increasing
in fluorescence intensity as the ‘mound’ emerges (Figure 4.12A, yellow arrows),
seemingly emerging from in-between the ‘finger’-like projections potentially involved in

bacterial transit to enable macrocolony formation

Throughout the basal biofilm, Pel was predominantly organised into a fibre-like

meshwork that extended both laterally and vertically throughout the basal layers of the
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biofilm (Figure 4.12A, Pel channel). In contrast, Psl exhibited a variety of morphologies
following staining by ConA, including regions with diffuse Psl associated with GFP-
expressing cell populations (Figure 4.12A, cerise arrows), free aggregates with
approximate diameters of 10 um (Figure 4.12A, white arrows), and as punctate and
localised smaller aggregates interspersed throughout the basal biofilm. Fibre-like
structures were additionally observed spanning across cell-free areas, and exhibited
co-localised staining by Hoechst, ConA (for Psl) and WGA (Pel). This suggests that as
well as homogenous fibre-like networks forming (as seen most noticeably by Pel),
heterogenous fibres can also be produced; comprised of eDNA, Psl and Pel, in a

variety of combinations and different proportions to one another.

Previous studies have demonstrated that both Pel and Psl can co-localise with eDNA
in Ps. a. biofilms, with Psl able to physically interact with eDNA via hydrogen bonding
to generate fibres (Jennings et al., 2015; Wang et al., 2015). Such fibres may be
produced to increase the structural stability of the biofilm (Di Martino, 2018); forming
an extensive macro-network composed of eDNA, Psl and Pel fibre-like structures
enmeshed throughout the basal layers. During the initial stages of biofilm development,
formation of a Psl matrix results in a stiff and protective structure that mediates cell-
surface and cell-cell interactions; keeping populations of cells adhered together in situ

(Matsukawa et al., 2005; Ma et al., 2009; Byrd et al., 2010).
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Figure 4.12B shows the emergence of the mushroom-shaped macrocolony above the
biofilm, and is each a continuation of the same biofilm shown in Figure 4.12A. Under
low shear conditions at 75 RPM, mushroom-shaped macrocolony formation by
PAl14:.cdrA::gfp in Chapter 3 appeared homogenous, as Hoechst, GFP and Pel
fluorescence intensities were well-correlated to one another, irrespective of spatial
location within the macrocolony (i.e. at the interior or periphery) or the overall elevation
of individual mushroom-shaped macrocolonies. Macrocolony formation by
PAO1:cdrA::gfp under low shear was more heterogenous, with fluorescence intensity

profiles across all four channels appearing uncorrelated to one another (Figure 4.12B).

At a height of Z+30 um, fluorescence intensities across three channels initially
displayed a concave profile, indicative of increased Hoechst, GFP and Psl
fluorescence at the periphery of the macrocolony in comparison to the interior (Figure
4.12B). Pel localisation at the periphery was noticeably asymmetrical at some heights,
with increased and punctate fluorescence present at either peripheral edge (Figure
4.12B, red arrows). The fluorescence intensity of peripheral Pel remained
asymmetrical until a height of Z+50 um, whereby increased Pel fluorescence was
observed around the entire periphery of the macrocolony whilst the fluorescence
intensity of Pel remained low throughout the macrocolony interior (Figure 4.12B, green
arrows). With increasing height in the z dimension (up to Z+44 um), the fluorescence
intensity profile for GFP remained concave, thus peripheral cell populations had
increased cdrA expression (indicative of greater intracellular c-di-GMP concentrations)

in contrast to the macrocolony interior, which exhibited negligible GFP fluorescence.
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Figure 4.12B (figure legend overleaf)
Emergence of a PAO1 macrocolony apex after 72 hours under low shear at 75 RPM
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(figure legend for Figure 4.12B)

Representative confocal images are from PAO1 cdrA::gfp biofilms (GFP signal is green) cultivated for 72 hours in the CBR under low shear
(at 75 RPM) and stained with Hoechst for biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the bottom layer closest to the coupon surface. Scale
bar = 20 um. Red arrows show heterogenous, localised accumulation of Pel across different parts of the macrocolony periphery, whilst
green arrows show negligible Pel fluorescence intensities in the macrocolony interior. Yellow arrows show increased staining of the
macrocolony interior by Hoechst and Psl within increasing height in the z dimension. Cerise arrows show the macrocolony apex, completely
surrounded by Psl.
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Hoechst and Psl fluorescence intensities were not well-correlated, although their
respective line profiles were similar; exhibiting parallel peaks and troughs within the
fluorescence intensity profiles to one another. In contrast to localised Pel fluorescence
at the macrocolony periphery, from a height of Z+44 um onwards increased staining
of the interior of the macrocolony by both Hoechst and ConA was observed, resulting
in more uniform fluorescence intensities for both Hoechst and Psl across the whole
macrocolony structure (Figure 4.12B, yellow arrows). Psl fluorescence was greater
than that of Hoechst, GFP and Pel from a height of Z+50 um onwards, suggesting that
Psl was completely covering the apical cell populations of the macrocolony (Figure
4.12B, cerise arrows). This is similar to the work of Ma et al., (2009), in which PA01
mushroom-shaped structures initially displayed minimal lectin staining of Psl within the
interior and maximal staining at the periphery (as seen in Figure 4.12A), with Psl

observed to surround the three-dimensional structure at its apex.

By 72 hours, PAO1 biofilm formation under high shear at 350 RPM was characterised
by multiple mounds that were highly variable in the X, y and z dimensions, resulting in
an irregular ‘mound’-like biofilm topography (Figure 4.13), as previously seen after 96
hours of PA14 biofilm formation at 350 RPM (Chapter 3). PAO1 biofilms formed after
72 hours of growth under high shear were characterised by increased GFP
fluorescence, with an average height of 100 — 150 um. Resultantly, fluorescence
intensity profiles for Hoechst, GFP, Psl and Pel were difficult to calculate, due to the

reduced laser and stain penetration of the structures.
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Figure 4.13
PAO1 biofilms formed at 72 hours under 350 RPM exhibit increased vertical growth

(figure legend overleaf)
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(figure legend for Figure 4.13)

Representative confocal images are from PAOL1 cdrA:gfp biofilms (GFP signal is green)
cultivated for 72 hours in the CBR under high shear (at 350 RPM) and stained with Hoechst
for biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the
bottom layer closest to the coupon surface. Scale bar = 50 um. White arrows and yellow arrows
show mound apexes reaching different maximum heights to one another. Cyan arrows show
a dense Psl and Pel co-aggregate, which is encapsulating a chain-like formation of individual
PAO1 cells. Orange arrows show the subsequent formation of a cell subpopulation associated
with the Psl and Pel co-aggregate. Lilac arrows show another Psl-Pel aggregate associating
with a specific and local subpopulation of cells. Cerise arrows show the the co-aggregate
structure is mainly comprised of exopolysaccharide material and protrudes into the surround
bulk fluid.
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Figure 4.13 shows top-down z slices and side-views of the mound structures with
increasing biofilm height, with Z defined as the bottom layer closest to the coupon
surface. Maximum heights reached by mounds was variable, resulting in a lack of
structural homogeneity. At a height of Z+69 um, the apical layers of some mound
structures were emerging, as demonstrated by their smaller dimensions in the x and y
dimensions, and increased GFP fluorescence across structure periphery and interior
(Figure 4.13, white arrows), whilst other mound apexes did not emerge for a further 30
um in the z dimension (Figure 4.13, yellow arrows). Mounds exhibited increased
Hoechst and GFP fluorescence at their growing apexes in comparison to the lower
basal layers of the interior structure, which exhibited very little staining by Hoechst,

ConA or WGA, and negligible GFP fluorescence.

This suggests that the basal layers of PAO1 mound structures as shown in Figure 4.13
could have reduced metabolic activity, due to nutrient limitation or depravation (Walters
et al., 2003; Madsen et al., 2007), whilst the apical layers of the biofilm continued to
grow vertically into the bulk fluid, in order to gain access to nutrients and oxygen
(Madsen et al., 2007; Serra and Hengge, 2014). At 48 hours, PAO1 biofilms under high
shear at 350 RPM were already spatially-separated, and did not laterally spread to
form a confluent and well-established basal biofilm, as seen under low shear at 75
RPM. Therefore, accumulation of biomass likely occurred through clonal cell division,
resulting in neighbouring cell populations being in competition with one another for
finite concentrations of nutrients in the surrounding environment. The formation of
complex structures that protrude upwards into the bulk fluid would maximise the

surface area of the biofilm when nutrients are scarce, enabling acquisition of dissolved
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nutrient substrates (Costerton et al., 2007), whilst also outcompeting neighbouring cell

populations.

Staining of Psl by ConA and Pel by WGA was poor, therefore it was difficult to ascertain
the functional roles of either exopolysaccharide in maintaining the structure and
integrity of the mounds. Throughout the representative CLSM images shown in Figure
4.13, a dense co-aggregate of Psl and Pel can be seen from a height of Z+51 um,
localised to an area comprising a subpopulation of cells in an aggregate, immediately
adjacent to a small population of GFP-expressing cells organised in a chain-like
procession (Figure 4.13, cyan arrows). At a height of Z+60 um, the Psl-Pel co-
aggregate can be seen encapsulating a rounder cell structure (Figure 4.13, orange
arrows), possibly to protect the PAOL cells from risk of detachment under high shear
conditions. Other Psl-Pel complexes were additionally observed, and exhibited
heterogeneity with respect to location within the mound structures and morphology of

Psl and Pel.

Kragh et al., (2016), used a combination of computer-simulated biofilm-formation and
biofilm formation in flow cells to compare the relative fitness of individual Ps. a. cells
versus cell aggregates during competition for nutrients. Aggregates were shown to
have an advantage over individual cells when competition was high, due to their ability
to rapidly grow upwards; gaining improved access to nutrients. Growth under high
shear at 350 RPM in the CBR appeared to induce high levels of competition between
neighbouring subpopulations of cells, which were frequently observed growing atop of

one another; forming irregular three-dimensional structures in order to gain a fitness
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advantage at the local, subpopulation level. Previous simulations have revealed that
increased production of aggregative exopolysaccharides (such as Psl and Pel) may
contribute to the increased fitness of producer populations (Xavier and Foster 2007),
giving cells within apical layers of the biofilm a growth advantage, purported to be

maintained through kin selection and its associated benefits (Hamilton, 1964).

Two Psl-Pel aggregates were co-localised with small populations of GFP-expressing
PAO1 cells (Figure 4.13, cyan arrows and lilac arrows). The two co-aggregative
structures can be seen on representative side-views protruding into the surrounding
bulk fluid (Figure 4.13, cerise arrows), forming predominantly ECM-composed mound
apexes, which will protect associated cell populations from high shear conditions and
may provide an aggregative scaffold, upon which vertical growth can continue.
However, protrusion of ‘tower’-like structures too far into the surrounding fluid under
high shear conditions is likely to results in erosion or sloughing of the biofilm (Salek et
al., 2009), as illustrated by single PA0O1 GFP-expressing cells in the field of view,

floating in the PBS-filled sampling dish (Figure 4.13, from a height of Z+60 um).

4.3.4. Re-organisation of the macrocolony interior structure after 96 hours under low

shear at 75 RPM

Mushroom-shaped macrocolonies were once again frequently observed after growth
under low shear at 75 RPM for 96 hours, whilst the basal biofilm remained well-
established and generally homogenous with respect to Hoechst, GFP, Psl and Pel

fluorescence across the basal layers. Basal biofilms displayed increased heterogeneity
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with respect to overall height in the z dimension, ranging on average from 10 — 30 um

in height.

Ma et al., (2009), presented representative CLSM images of flow-cell grown PAO1
biofilms showing the formation and differentiation of the Psl matrix at each stage of
development in the prototypical Ps. a. biofilm lifestyle. Of interest was the fact that the
macrocolony structure in Figure 4.14, grown for 96 hours under low shear at 75 RPM,
exhibited similarities with respect to Psl morphologies observed by Ma et al., (2009),

to be involved in preparation for seeding dispersal and release of planktonic cells.

From a height of Z+15 um, spatially-localised accumulation of Psl at the emerging
macrocolony periphery was observed, in either dense aggregates or as linear chain-
like structures (Figure 4.14, red arrows). Although staining of the macrocolony by
Hoechst and WGA (for Pel) was limited, there is evidence of punctate Pel production
co-localised to Psl at the periphery. Accumulation of Psl around the macrocolony
periphery was initially seen in areas that exhibited slightly reduced GFP fluorescence
in comparison to adjacent cell populations (Figure 4.14, pink arrows), with GFP
fluorescence around the periphery more homogenous by a height of Z+32 um (Figure
4.14, yellow arrows). Therefore, active synthesis of Psl in specific peripheral areas may
maintain structural integrity of the macrocolony exterior, through enhanced cell-cell

interactions, perhaps in response to localised changes in physiological parameters.

Of interest is the macrocolony interior, which was observed to be comprised of a Psl

fibre-like matrix surrounding a secondary cavity (devoid of cells) from a height of Z+15
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Figure 4.14
Preparation of a PAO1 macrocolony structure for seeding dispersal after 96 hours under

low shear at 75 RPM
(figure legend overleaf)
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(figure legend for Figure 4.14)

Representative confocal images are from PAOL1 cdrA:gfp biofilms (GFP signal is green)
cultivated for 96 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the
bottom layer closest to the coupon surface. Scale bar = 50 um. Red arrows show spatial
accumulation of Psl in specific regions of the macrocolony periphery. Pink arrows show areas
of decreased GFP fluorescence co-localised to increased Psl accumulation, whilst yellow
arrows show with increasing height the macrocolony circumference becoming more
homogenous with respect to GFP expression. White arrows show the formation of a central
void within the macrocolony interior, surrounding by an interior matrix of Psl. White dashed
lines show the maximum dimensions of the central void. Green arrows show that macrocolony
apex is covered in Psl, which may suggest the macrocolony is in preparation for seeding
dispersal and disruption of apical ECM layers.
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um to Z+32 um (Figure 4.14, white arrows). This is analogous to a Psl matrix structure
seen by Ma et al., (2009), formed by PAO1 in preparation for active dispersion from the
mature biofilm structure. CSLM by Ma et al., (2009), showed that the preparation of a
Psl matrix within the cavity interior preceded the appearance of swimming cells within
the Psl-surrounded cavity, which itself was indicative of a mature structure undergoing
active dispersion of PAO1 cells. After dispersion, an empty hole remained, surrounded
by the Psl fibre-like matrix which remained intact after cell dispersal (Ma et al., 2009).
Representative CSLM side-views of the Psl matrix within the macrocolony interior as
shown in Figure 4.14 revealed the presence of an central area devoid of cellular or
other ECM material; measuring approximately 100 um in length and 60 um in width
(white dashed lines). In agreement with Ma et al., (2009), this would suggest that
organisation of the Psl matrix in this manner denotes that the macrocolony was

undergoing structural modulation, in preparation for cell dispersal from the structure.

However, in contrast to Ma et al., (2009), a defined hole within the apical ECM layers
of the macrocolony were not observed, and the structure apex was intact; exhibiting
homogenous Hoechst and GFP fluorescence and punctate accumulation of Psl across
its exterior (Figure 4.14 at a height of Z+42 um). At a height of Z+37 um, the interior
Psl matrix can be seen directly above the top of the central void, rather than
surrounding it (Figure 4.14, green arrows), which further suggests that the
macrocolony was preparing for, but not actively participating in, dispersion. Given the
similarities to the observations of Ma et al., (2009), it is feasible to suggest that Psl

matrix may have been undergone further remodelling in the apical layers of the
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macrocolony with increased time, in order to eventually form a continuous and

unobstructed central void, from which dispersed cells could be released.

After 96 hours of growth under high shear at 350 RPM, PAO1 biofilms reached an
average height of 100 — 200 um, making fluorescence intensity profiles for Hoechst,
GFP, Psl and Pel difficult to calculate, due to the reduced laser and stain penetration
of the structures. As such, inference of biofilm development at this stage was
challenging, as demonstrated by Figures 4.15 and 4.16 which show towering, mound
structures, the tallest of which are 150 um and 135 pum in height (in the z dimension)

respectively.

As previously observed after 72 hours of growth under high shear conditions, after 96
hours at 350 RPM a co-aggregate of dense Psl and Pel was observed; maintained
vertically over a height of > 50 um and protruding into the surrounding bulk fluid (Figure
4.16, white arrows). Increased Psl and Pel fluorescence of the aggregate was
uncorrelated to either Hoechst or GFP fluorescence, which suggests that the co-
aggregate structure was free rather than cell-associated, and composed
predominantly from exopolysaccharides (Figure 4.16, cyan arrows). Such aggregates
have not been described in the literature previously to the author's knowledge, and

were not induced under low shear conditions in the CBR of 75 RPM.
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Figure 4.15
Mound formation by PAO1 cell populations after 96 hours under high shear at 350 RPM

is characterised by competitive vertical growth into the bulk fluid

Representative top-down and maximum CSLM image, showing the variability in individual
mound structure heights. The image is coloured coded to indicate areas of mound structures
which are of a comparable height to one another, location of the tallest structures (in shares of
orange and red) as well as the apexes of mound structures that have been outcompeted (in
shades of blue). Scale bar = 100 um.

Based on the maximum projection CLSM images (Figure 4.16), the dense Psl-Pel co-
aggregate appeared elongated in the x dimension, with an approximate length of 50
um and width of 20 um. The co-aggregate was irregular in structure, with one periphery
observed to have a narrower, tapered appearance; connecting the co-aggregate to an
adjacent mound structure (Figure 4.16, orange arrows). The concentration and
morphology of exopolysaccharides defines the immediate local environment that cell
populations will be exposed to (Flemming, 2011), thus the dense Psl-Pel co-aggregate

likely has a specific function, perhaps in relation to the neighbouring cell population it

is connected to.
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Charged or hydrophobic exopolysaccharides have been shown to facilitate sorption of
organic compounds, enabling accumulation of nutrients from the surrounding
environment, whilst additionally serving as reservoirs for carbon storage under
metabolic conditions that result in unbalanced carbon to nitrogen ratios (Flemming,
2011). Exopolysaccharides enable retention and stabilisation of exoenzymes (which
are at risk of being washed away under high shear conditions), such as hydrolases
and lyases that have been shown to degrade Ps. spp. polysaccharide material into
structures with lower molecular mass, for utilisation as an energy source as required
(Laue et al., 2006; Ude et al., 2006; Flemming, 2011). Exopolysaccharides themselves
are also likely to be a source of carbon and nitrogen for utilisation by cell populations,
thus the dense aggregate of Psl-Pel may be involved in nutrient capture, accumulation
and storage, which would be advantageous for the associated cell population under
nutrient-limited and competitive growth conditions, as experienced under high shear at

350 RPM.
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Figure 4.16
Increased vertical height of PAO1 mound structures after 96 hours under high shear at

350 RPM results in reduced laser and/or stain penetration through the biofilm
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Representative confocal images are from PAO1 cdrA:gfp biofilms (GFP signal is green)
cultivated for 96 hours in the CBR under low shear (at 75 RPM) and stained with Hoechst for
biomass/eDNA (blue), the Psl-specific lectin ConA (yellow) and the Pel-specific lectin WGA
(magenta). Different z heights are shown for the same sample area, with Z defined as the
bottom layer closest to the coupon surface. Scale bar = 50 um. White arrows show a dense
Psl and Pel co-aggregate of height in the z dimension of approximately 50 um. Cyan arrows
show the co-aggregate is independent of a GFP-expressing cell population. Orange arrows
show a tapered part of the co-aggregate associating with a neighbouring mound structure at
its apex.
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4.4. Discussion

The results presented in this chapter demonstrate that industrially-relevant low and
high shear regimes, as modelled by the CBR at 75 versus 350 RPM respectively, have
an impact upon PAO1 biofilm formation, across all stages of development over a time

period of 96 hours.

4.4.1. Summary of chapter

Growth in the CBR under low shear at 75 RPM resulted in the formation of biofilms
that followed the accepted ‘biofilm lifestyle’ model; characterised by archetypal Ps. a.
mushroom-shaped macrocolony formation. Biofilm development under low shear
resulted in the formation of a confluent basal biofilm, through which a fibre-like
networks of Psl was observed (Figure 4.12), which may facilitate TFP-mediated
migration of cells to different parts of the biofilm in a spatial and temporal manner, to
initiate microcolony and subsequent architectural development, in agreement with the
works of Wang et al., (2013), and Zhao et al., (2013). Staining of fibre-like networks by
WGA indicated the additional presence of Pel, suggesting that both
exopolysaccharides contribute to network formation in PAO1 basal biofilms. Chew et
al., (2014), reported that a Psl-dominant matrix is more elastic and stronger when
crosslinked; able to centralise growth to newly-colonised sites, whilst a Pel-dominant
exhibits less cross-linking, resulting in a ‘looser and more malleable structure.
Therefore, having a heterogeneously-composed fibre-like network may enable more
dynamic remodelling of the ECM to facilitate lateral spreading of the biofilm and

structural maturation (i.e. macrocolony development). Psl and Pel were often found co-
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localised, forming heterogenous structures, which suggests possible synergy between
the two exopolysaccharides. Yang et al., (2011), has previously demonstrated that Psl
and Pel are important for facilitating interactions between subpopulations of cells
during PAO1 biofilm differentiation, thus both exopolysaccharides are likely mediating
cell-cell interactions and maintenance of structure’s three-dimensional architecture,
through specific rather than redundant functions contributing to biofilm formation.
Colvin et al., (2011), proposed that the ability to produce both Psl and Pel is
advantageous; the exopolysaccharides are chemically and structurally distinct from
one another, which likely influence the individual functions of Psl and Pel in PAOL
biofilms, and enables the bacteria to respond to a wider range of environmental

conditions (Friedman and Kolter, 2004a; Byrd et al., 2009; Coulon et al., 2010).

Growth in the CBR under high shear at 350 RPM by contrast resulted in earlier and
increased production ECM matrix components, in order to protect attached cells from
risk of shear-induced detachment and increase both cell-surface and cell-cell
interactions due to enhanced ‘stickiness’. Increased aggregation of early clusters and
microcolonies was observed, which suggests that shear stress can induce structural
(and likely functional) changes to Psl and Pel morphologies, as bacteria adapt to the
adverse environmental condition. Fibre-like networks of eDNA, Psl and Pel were not
seen under high shear, nor was the formation of a confluent basal biofilm. Instead, the
biofilm was fragmented, leading to competitive rather than cooperative structure
differentiation and maturation, due to increased nutrient consumption as a result of
increased synthesis of ECM components. After 72 hours of growth at 350 RPM, mature

PAO1 mound structures were already in excess of 100 um in height, and exhibited
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degrees of erosion and sloughing of parts of the biofilm, as a result of increased shear
stress and protrusion of towering mound structures too far into the surrounding fluid

(Salek et al., 2009).

4.4.2. Concluding remarks

The strength of shear fluid forces in a local environment can critically influence both
microbial adhesion (Bucssher and van der Mei, 2006) and biofilm development
(Stoodley et al., 1999; Liu and Tay, 2002). Under low shear at 75 RPM, biofilm
development by both PAO1 and PA14 generally followed the accepted ‘biofilm lifestyle’
model, and observed morphologies for Psl and Pel were analogous to those in the
literature (Ma et al., 2009; Jennings et al., 2015), in spite of the differences between
experimental systems. For example, central void formation and modulation by a Psl
matrix within a macrocolony interior was observed after 96 hours under low shear
(Figures 4.7 and 4.13c). Ma et al., (2009), grew PAO1 biofilms in flow cells, and utilised
a different Psl-specific lectin, but the morphology and organisation of the interior Psl
matrix they observed was similar to the one shown in Figure 4.14. Inference of mature
PAOL1 biofilm development (> 72 hours growth) and Psl and Pel morphologies induced
by the high shear condition at 350 RPM was more challenging, due to the increased
vertical growth of mound structures in the z dimension, that subsequently made
analysis by CLSM difficult due to lack of laser and stain penetration of lower basal
layers of biofilm structures. Nevertheless, it was apparent that high shear conditions
induced the formation of more aggregative structures in comparison to low shear.
Ultimately, shear conditions were shown to influence population dynamics within PA01

biofilms, as well as ECM composition and function in adaptation to hydrodynamic
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conditions, in agreement with characterisation of PA14 biofilm formation under the

same shear regimes as presented in Chapter 3.
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Chapter 5: Analysis of curli gene
expression in the Escherichia coli
strain K-12 PHL644



Chapter 5: Analysis of curli gene expression in the Escherichia coli

strain K-12 PHL 644

Experimental work in this chapter was performed in conjunction with Stacey Golub
and is published in: Leech J, Golub S, Allan W, Simmons MJH, Overton TW. (2020)
Non-pathogenic Escherichia coli biofilms: effects of growth conditions and surface
properties on structure and curli gene expression. Arch Microbiol. 202:1517-1527.

doi: 10.1007/s00203-020-01864-5.

5.1. Introduction

Multiple studies have previously demonstrated that E. coli biofilm formation can be
greatly affected by both the type of growth medium used, and the components within
the medium itself (Pratt and Kolter, 1998; Prigent-Combaret et al., 2000; Naves et al.,
2008). Previous work in the Overton Laboratory has demonstrated that E. coli K-12
PHL644 was able to form more surface-associated biofilm in M63+ minimal medium
compared to nutrient-rich LB broth when grown on PTFE-covered microscope slides
in Duran bottles (Leech 2017). Furthermore, CLSM showed that biofilms grown in
M63+ minimal medium were on average over three-fold thicker than those grown in LB

broth (Leech, 2017).

Concentration of glucose is known to affect biofilm formation, through a process known
as or catabolite repression (Jackson et al., 2002; Hufnagel et al., 2016). Catabolite

repression describes the principal inhibitory effect of glucose on gene expression in
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bacteria, whilst transient repression occurs after the addition of glucose to cells
growing in the presence of other carbon sources (Ishizuka et al., 1993; Tagami et al.,
1995). One of the most well-known global regulatory networks in E. coli, catabolite
repression is mediated by the activity of the intracellular second messenger cAMP and
the cAMP-receptor protein (CRP) (Gottesman, 1984; Jackson et al., 2002; Ishizuka et
al., 2003). When cAMP is bound to CRP, the resulting complex has a high affinity and
specificity for promoter regions of cAMP-regulated genes to either activate or repress
their transcription (Jackson et al., 2002). Examples of operons under control of the
cAMP-CRP complex include flhDC, which encodes the activator protein that results in
expression of flagellar components (Pratt and Kolter, 1998; Soutourina et al., 1999)
and glgCAP, which encodes for enzymes involved in the biosynthesis and degradation

of glycogen (Romeo et al., 1989; Romeo et al., 1990; Jackson et al., 2002).

In the presence of glucose, its transport across the bacterial membrane leads to
dephosphorylation of the phosphoenolpyruvate-sugar phosphotransferase system,
which prevents the activation of CyaA and consequently cCAMP production (Jackson et
al., 2002; Ishizuka et al., 2003). Makman and Sutherland, (1965), were the first to show
that CAMP levels in E. coli respond to the presence or absence of glucose in growth
medium, whilst Perlman et al., (1969) demonstrated that the addition of exogenous
CAMP to E. coli cultures grown in minimal medium overcame both catabolite and
transient repression. In addition to eliciting an effect on cAMP, glucose has also been
shown to decrease the expression of crp, leading to a decrease in CRP levels and
subsequently the concentration of cCAMP-CRP complexes available (Ishizuka et al.,

2003).
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Although some studies have suggested that higher glucose concentrations can
promote biofilm formation (Buhler et al., 1998; Teoddsio et al.,2011), others within the
literature agree that the presence of glucose generally inhibits biofilm formation and
the metabolism of alternative sugars (Makman and Sutherland, 1965; Tagami et al.,
1995; Jackson et al., 2002; Ishizuka et al., 2003). Previous research undertaken in the
Overton Laboratory demonstrated that the standard recipe for M63+ minimal medium,
which includes 10 mM glucose, resulted in the most biofilm formation by E. coli K-12

PHL644 (Leech, 2017).

Temperature is also known to affect E. coli biofilm formation (Barnhart and Chapman,
2006; Ruhs et al., 2013; Uhlich et al., 2014). In E. coli, RNA polymerase is composed
of a core enzyme (E) which can associate with a total of seven different sigma factors
subunits (o) to form the holoenzyme Ec (Bougdour et al., 2004). Encoded by the rpoS
gene, the sigma factor ¢ accumulates inside the cell in response to either the
bacterium entering stationary phase, or exposure to stress conditions such as low pH,
high osmolarity and high temperature (Small et al., 1994; Ishihama, 2000; Hengge-
Aronis, 2002; Robbe-Saule et al., 2006). Accumulation of ° and its association with

the core enzyme of RNA polymerase thusly results in the transcription of genes
fundamental for survival in stationary phase, or in response to environmental stress

(Lange and Hengge-Aronis, 1991; Lelong et al., 2007).

The thermosensitive regulatory protein Crl can stimulate the activity of ¢5; interacting
directly with the sigma factor to control the binding of the holoenzyme Ec*® to its target

promoters (Bougdour et al., 2004; Brombacher et al., 2006; Robbe-Saule et al., 2006).
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Pratt and Silhavy, (1998), revealed that Crl stimulates c° activity in vivo in stationary
phase, whilst Bougdour et al., (2004), demonstrated Crl binding to the &% subunit in
vitro and revealed that expression of Crl occurs in parallel to the presence of c® within
the cell. Crucially, Crl stimulates the transcription of the cgsBA promoter in a o®-
dependent manner, resulting in the expression of curli subunits and secretion
apparatus (Olsen et al., 1993; Arnqvist et al., 1994; Brombacher et al., 2006). Work by
Pratt and Silhavy, (1998), revealed that a crl null strain of E. coli resulted in a four-fold
reduction in transcriptional activity of the csgBA promoter in comparison to the wild-
type, and that mutations in crl successively affected all oS-regulated processes they

analysed.

A temperature of 30 °C is known to induce both crl and c° expression (Lelong et al.,
2007), whilst transcription of csgBA is activated by Crl at 30 °C but not at 37 °C
(Bougdour et al., 2004; Barnhart and Chapman, 2006; Brombacher et al., 2006).
Further to this, work by Gauldi et al., 2008, suggested that E. coli K-12 grown at 32 °C
produces more curli than at 37 °C. Growth of E. coli K-12 PHL644 at 30 °C has
previously been shown to be the optimal temperature for biofilm formation in the Duran

bottle method (Leech, 2017).

The aim of this body of work was to evaluate the effect of physiological conditions
have on curli expression in E. coli K-12, through use of an existing and established
biofilm model in the Overton laboratory, in order to identify parameters that result in

optimal curli expression.
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5.2. Methodology

All experiments used the Duran bottle model to generate biofilms of transformed E.
coli K-12 PHL644 cultures (containing the csgB::gfp reporter), which were incubated
at 30 °C and 70 RPM unless otherwise stated. At regular time intervals, 1 mL samples
were taken from the top and bottom of the Duran bottles, comprised of planktonic
culture and sedimented cells respectively. Growth was then analysed via
spectrophotometry at ODesoo and GFP fluorescence of samples analysed via flow

cytometry. All Duran bottles were prepared and inoculated in duplicate.

5.2.1 Investigation of the effect of rich versus minimal M63+ medium

To explore the effects of rich versus minimal medium on curli expression, E. coli K-12
PHL644 reporter cells were grown in either LB broth or M63+ minimal medium, for a

total of 30 hours.

5.2.2. Investigation of the effect of glucose

To examine the effects of glucose concentration on curli expression, modifications to
the M63+ minimal medium ‘recipe’ were made, as outlined in Table 5.1. In each case,
the volume of water added was adjusted to give a total volume in the Duran bottles of
70 mL, with no other changes to the remaining medium components. Duran bottles
were incubated for a total of 30 hours initially, and then for 56 hours in succeeding

experiments.
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Table 5.1. Modifications to M63+ minimal medium to investigate the effect of different

glucose concentrations on curli expression

Component Concentration of Desired final Volume added
stock solution concentration
D-glucose 1M 0 mM None
1 mM 70 uL
10 mM * 700 pL
100 mM 7 mL

* 10 mM is the typical concentration of glucose in M63+ minimal medium.

5.2.3. Investigation of the effect of temperature

Preliminary work by Leech, (2017) demonstrated that biofilm formation by E. col K-12
PHL644 reporter cells was highest at 30 °C, whilst Golub, (2019), showed that
temperatures of 28 °C and 30 °C resulted in very similar curli expression profiles over
a time period of 24 hours. In order to determine the optimal temperature for maximum
curli expression, Duran bottles containing M63+ minimal medium were incubated at

either 25 °C, 28 °C, 30 °C or 37 °C and 70 RPM, for a total of 56 hours.

5.3. Results

5.3.1. Curli expression is greater in M63+ minimal medium compared to LB broth

Building upon previous work in the Overton laboratory by Leech, (2017), in which
analysis of biofilm formation by crystal violet staining indicated that M63+ minimal
medium led to increased biofilm accretion than LB broth, the effect of minimal versus
rich medium on curli expression was investigated. It was hypothesised that richer LB

broth would result in faster growth of E. coli K-12 PHL644 but lower curli expression

286



based on previous work in the literature, whilst M63+ minimal medium would
contrariwise result in higher curli expression and reduced growth of the bacteria.

Curli expression was found to be highest in the planktonic cell samples (taken from the
top of the Duran bottles) grown in M63+ minimal medium (Figure 5.1). During the initial
eight hours, there was little difference in csgB::gfp fluorescence of planktonic and
sedimented cells (from the bottom of the Duran bottles) grown in M63+ minimal
medium: at 8 hours, csgB::gfp fluorescence of sedimented cells was only 7% higher
than the fluorescence of planktonic cells. From 24 hours onwards, curli expression of
planktonic cells grown in M63+ minimum medium greatly increased, and csgB::gfp
fluorescence was 1296% higher at 30 hours than it was at 2 hours. In comparison,
over the same time course from 2 hours to 30 hours, the csgB::gfp fluorescence of
sedimented cells grown in M63+ minimal medium increased by 180%. By 24 hours,
csgB::gfp fluorescence of planktonic cells grown in M63+ minimal medium was
additionally 60% greater than sedimented cells grown in the same Duran bottles, and
by the final timepoint of 30 hours, csgB::gfp fluorescence of the planktonic cells was

80% higher than the sedimented cells.

Both planktonic and sedimented cells grown in LB broth had poor curli expression, with
csgB::gfp fluorescence remaining similarly very low for both planktonic and sedimented
cells across all timepoints. The effect of LB broth on curli expression was noticeable
during even the earliest timepoints: at 2 hours, csgB::gfp fluorescence of planktonic
cells grown in LB broth was 71% lower than the fluorescence of planktonic cells grown
in M63+ minimal medium, whilst csgB::gfp fluorescence of LB broth-grown sedimented

cells was 77% lower than the fluorescence of sedimented cells grown in M63+ minimal

287



medium (Figure 5.1.). There was little difference in csgB::gfp fluorescence between
planktonic and sedimented cells grown in LB broth as time increased. At 24 hours,
csgB::gfp fluorescence of planktonic cells was just 12% higher than that of sedimented
cells, whilst by 30 hours, csgB::gfp fluorescence of the sedimented cells was greater

than the fluorescence of the planktonic cells by 13%.

Figure 5.1
Expression of csgB in planktonic (top) samples and sediment (bottom) samples in rich

versus minimal medium
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E. coli K-12 PHL644 transformed cells (carrying the csgB::gfp reporter) were grown in 70 mL
of LB broth (rich medium) or in 70 mL M63+ minimal medium. GFP fluorescence of the reporter
was measured by flow cytometry, with fluorescence values stated as arbitrary units as
recorded by the BD Accuri C6 flow cytometer. Data shown are the mean + standard deviation
of the average GFP fluorescence of two independent cultures.

Curli expression was markedly higher in both the planktonic and sedimented cells
grown in M63+ minimal medium compared to equivalent expression of curli by
planktonic and sedimented cells grown in LB broth. By 24 hours, csgB::gfp
fluorescence of planktonic cells grown in M63+ minimal medium was 95% higher than

the fluorescence of LB broth-grown planktonic cells (Figure 5.2A), and csgB::gfp
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fluorescence of sedimented cells grown in M63+ minimal medium was 88% higher than
the fluorescence of sedimented cells grown in LB broth (Figure 5.2B). At the final
timepoint of 30 hours, csgB::gfp fluorescence of planktonic cells grown in M63+
minimal medium was 97% greater than the fluorescence of LB broth-grown planktonic
cells, whilst the csgB::gfp fluorescence of sedimented cells grown in M63+ minimal

medium was 82% higher than that of LB broth-grown sedimented cells.

Flow cytometry histograms for each sample (Figure 5.3) indicated that cultures grown
in LB broth were overall more heterogenous with respect to csgB::gfp fluorescence,
and that both planktonic and sedimented cell populations were composed of a major
population with low fluorescence at early timepoints, followed by the emergence of a
second, “shoulder” cell population with slightly higher fluorescence from 24 hours
onwards. In contrast, cultures grown in M63+ minimal medium were composed of two
cell populations during early timepoints, which then developed into a single cell
population with high csgB::gfp fluorescence from 24 hours onwards. For the final two
timepoints however, sedimented cells grown in M63+ minimal medium displayed a shift

from one cell population to two.
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Figure 5.2
Comparison of csgB expression in rich versus minimal medium
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E. coli K-12 PHL644 transformed cells (carrying the csgB::gfp reporter) were grown in 70 mL
of LB broth (rich medium) or in 70 mL M63+ minimal medium. GFP fluorescence of the reporter
was measured by flow cytometry, with fluorescence values stated as arbitrary units as
recorded by the BD Accuri C6 flow cytometer. Data shown are the mean + standard deviation
of the average GFP fluorescence of two independent cultures.
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Planktonic (top)

Sediment (bottom)

Figure 5.3
Flow cytometry histograms corresponding to GFP fluorescence (recorded as FL1-A) under different growth medium, rich versus

minimal
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GFP fluorescence of the reporter was measured by flow cytometry, with fluorescence values stated as arbitrary units as recorded by the
BD Accuri C6 flow cytometer. Histograms shown are the particle count versus the GFP fluorescence of two independent cultures (shown

as different coloured traces).
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5.3.2. Curli expression is greater in the presence of 10 mM glucose

Previous analysis of biofilm formation via crystal violet staining revealed that 10 mM
glucose resulted in the greatest biofilm formation by E. coli K-12 PHL644 (Leech,
2017). A concentration of 10 mM is the standard concentration of glucose in M63+
minimal medium: it was hypothesised that lower concentrations of glucose at 0 mM
and 1 mM would result in growth inhibition, whilst a higher glucose concentration of
100 mM would induce catabolite repression and resultantly lead to reduced biofilm

formation.

Curli expression in the planktonic samples was overall highest in the presence of 10
mM glucose during later timepoints (Figure 5.4), which is in agreement with previously
obtained crystal violet data (Leech, 2017). For the first 24 hours, curli expression was
higher at glucose concentrations of both 0 mM and 1 mM. At 24 hours, csgB::gfp
fluorescence was 29% higher in the absence of glucose (0 mM) than in the presence
of 10 mM glucose, and csgB::gfp fluorescence 31% higher with 1 mM glucose
compared to 10 mM glucose. From 24 hours onwards however, curli expression was

greatest in M63+ minimal medium containing 10 mM glucose.

At the final timepoint of 56 hours, csgB::gfp fluorescence in the presence of 10 mM
glucose was 33%, 13% and 74% higher than in the presence of 0 mM, 1 mM and 100
mM glucose respectively. Curli expression in planktonic samples was lowest in M63+
minimal medium supplemented with 100 mM glucose, across all timepoints. Over the

time course of the experiment, the csgB::gfp fluorescence of planktonic cells grown in
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10 mM glucose increased by 1418%, in comparison to the 300% increase in curli

expression of planktonic cells grown in 100 mM glucose.

Figure 5.4.
Expression of csgB in planktonic (top) samples under different glucose concentrations
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E. coli K-12 PHL644 transformed cells (carrying the csgB::gfp reporter) were grown in 70 mL
M63+ minimal medium containing either 0, 1, 10 or 100 mM of glucose. GFP fluorescence of
the reporter was measured by flow cytometry, with fluorescence values stated as arbitrary
units as recorded by the BD Accuri C6 flow cytometer. Data shown are the mean + standard
deviation of the average GFP fluorescence of three independent cultures.

In comparison, curli expression in sedimented cells was lower than planktonic cultures
taken from the top of the Duran bottles across all concentrations of glucose tested
(Figure 5.5). In contrast to planktonic samples, in which the presence of 10 mM glucose
resulted in the highest csgB:.gfp fluorescence from 24 hours onwards, csgB::gfp
fluorescence of sedimented cells was consistently highest in the absence of glucose,

across all timepoints apart from at 56 hours. At 56 hours, csgB::gfp fluorescence in the

presence of 1 mM glucose was 5%, 44% and 49% higher than in the presence of 0
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mM, 10 mM and 100 mM glucose respectively. As with planktonic samples, expression

of curli was the lowest in the presence of 100 mM glucose over time.

Figure 5.5
Expression of csgB in sedimented (bottom) samples under different glucose

concentrations
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E. coli K-12 PHL644 transformed cells (carrying the csgB::gfp reporter) were grown in 70 mL
M63+ minimal medium containing either 0, 1, 10 or 100 mM of glucose. GFP fluorescence of
the reporter was measured by flow cytometry, with fluorescence values stated as arbitrary
units as recorded by the BD Accuri C6 flow cytometer. Data shown are the mean =+ standard
deviation of the average GFP fluorescence of three independent cultures.

The greatest difference in csgB::gfp fluorescence between planktonic and sedimented
cells was observed in the presence of 10 mM glucose: at 56 hours for instance,
csgB::gfp fluorescence of the planktonic cells was 72% greater than the fluorescence
of corresponding sedimented cells (Figure 5.6). Curli expression of planktonic and
sedimented cells remained similar in the presence of 100 mM glucose across all
timepoints, and at 56 hours, csgB::gfp fluorescence of the planktonic cells was only
1.6% greater than the fluorescence of the sedimented cells. A equivalent trend was

observed in the absence of glucose, with csgB::gfp fluorescence of planktonic cells
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being just 3% greater than the fluorescence of sedimented cells at 32 hours, and 5%

greater in planktonic compared to sedimented cells at 48 hours.

When comparing curli expression of planktonic and sedimented cell samples for each
concentration of glucose in turn, there was overall little difference in csgB::gfp
fluorescence between the planktonic and sedimented cells in the absence of glucose
(0 mM) (Figure 5.6). In the presence of 1 mM or 100 mM glucose, planktonic cells
generally had increased curli expression, although the csgB::gfp fluorescence of
planktonic and sedimented cells was comparable at later timepoints: at 48 hours,
csgB::gfp fluorescence of planktonic cells was 6% greater than that of sedimented cells
in the presence of 1 mM glucose, and 13% greater in the presence of 100 mM glucose
respectively. Out of the four different glucose concentrations evaluated, the presence
of 10 mM glucose was the only condition that resulted in distinctive curli expression

between planktonic and sedimented cells (Figure 5.6).

As illustrated by Figures 5.4 and 5.5, csgB::gfp fluorescence of planktonic and
sedimented cells was equivalently low for the first 8 hours across all glucose
concentrations. Flow cytometry histograms (Figure 5.7) revealed that from 1 to 8 hours
there were was a shift from a low fluorescence to a high fluorescence cell population,
and that at 8 hours, two cell populations were present with differing levels of csgB::gfp
fluorescence. From 24 hours onwards, flow cytometry histograms showed single cell
populations with increased csgB::gfp fluorescence, as demonstrated by the shift of the

histogram positions from the left-hand side towards the right-hand side of the plots.
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Figure 5.6
Comparison of csgB expression under different glucose concentrations
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E. coli K-12 PHL644 transformed cells (carrying the csgB::gfp reporter) were grown in 70 mL
M63+ minimal medium containing either 0, 1, 10 or 100 mM of glucose. For each graph,
planktonic samples are shown in the darker shade, whilst sediment samples are shown in the
lighter shade of the same colour. GFP fluorescence of the reporter was measured by flow
cytometry, with fluorescence values stated as arbitrary units as recorded by the BD Accuri C6
flow cytometer. Data shown are the same as in Figures 5.3. and 5.4., representing the mean
+ standard deviation of the average GFP fluorescence of three independent cultures.
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Figure 5.7
Flow cytometry histograms corresponding to GFP fluorescence (recorded as FL1-A) under different glucose concentrations
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GFP fluorescence of the reporter was measured by flow cytometry, with fluorescence values stated as arbitrary units as recorded by the
BD Accuri C6 flow cytometer. Histograms shown are the particle count versus the GFP fluorescence of three independent cultures (shown

as different coloured traces).
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5.3.3. Curli expression is temperature-regulated and greatest at 30 °C

Earlier work in the Overton laboratory has demonstrated that a temperature of 30 °C
was the optimal temperature for E. coli K-12 PHL644 biofilm formation, as assessed
by crystal violet assays (Leech, 2017). This is in agreement with previous work in the
literature by Brombacher et al., (2006) and Perrin et al., (2009), although others have
shown that maximal curli expression occurs below 30 °C in different strains (Barnett
and Chapman, 2006; White-Ziegler et al., 2008). From this, it was hypothesised that a
temperature of 37 °C would reduce the transcription of csgBA due to thermoregulation
of its activator, Crl, whilst a temperature of 30 °C would result in the greatest expression

of curli.

Curli expression was consistently highest in planktonic samples at a temperature of 30
°C (Figure 5.8), which is in agreement with previous crystal violet data (Leech, 2017).
Contrariwise, curli expression across all timepoints was lowest in planktonic cells
incubated at 37 °C. For the first 8 hours, csgB::gfp fluorescence was similarly low
across all temperatures, but by 24 hours csgB::gfp fluorescence at 30 °C was 42%,
24% and 76% higher than at 25 °C, 28 °C and 37 °C respectively. By the final timepoint
of 56 hours, the same trend was observed, with csgB::gfp fluorescence at 30 °C being
54% and 79% higher than at 25 °C and 37 °C, and 15% higher than at 28 °C. The
largest increase in csgB::gfp fluorescence occurred at 28 °C, with csgB expression
being 69% higher at 56 hours than it was at the previous timepoint of 48 hours. In
comparison, there was only a 11% increase in csgB::gfp fluorescence at 30 °C from

48 hours to the final timepoint of 56 hours.
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Figure 5.8
Expression of csgB in planktonic (top) samples incubated at different temperatures
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E. coli K-12 PHL644 transformed cells (carrying the csgB::gfp reporter) were grown in 70 mL
M63+ minimal medium and incubated at 25 °C, 28 °C, 30 °C or 37 °C. GFP fluorescence of
the reporter was measured by flow cytometry, with fluorescence values stated as arbitrary
units as recorded by the BD Accuri C6 flow cytometer. Data shown are the mean + standard
deviation of the average GFP fluorescence of three independent cultures.

Across all temperatures, expression of curli in the sedimented cell samples was
markedly reduced (Figure 5.9). Unlike in the planktonic cells, whereby a trend in
highest to lowest csgB::gfp fluorescence at 30 °C > 28 °C > 25 °C > 37 °C was
observed, the csgB::gfp fluorescence in sedimented cells remained similarly low when
comparing csgB expression across the same temperature over time, and between
different temperatures at the same timepoint. Overall however, csgB::gfp fluorescence
of sedimented cells was greatest at 28 °C and lowest at 37 °C. By 24 hours, csgB::gfp
fluorescence at 28 °C was 2.8%, 25% and 55% higher than at 25 °C, 30 °C and 37 °C
respectively. At the final timepoint of 56 hours, csgB::gfp fluorescence of sedimented
cells at 28 °C remained the highest: 37%, 21% and 40% greater than csgB::gfp

fluorescence at 25 °C, 30 °C and 37 °C.
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Figure 5.9
Expression of csgB in sedimented (bottom) samples incubated at different

temperatures
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E. coli K-12 PHL644 transformed cells (carrying the csgB::gfp reporter) were grown in 70 mL
M63+ minimal medium and incubated at 25 °C, 28 °C, 30 °C or 37 °C. GFP fluorescence of
the reporter was measured by flow cytometry, with fluorescence values stated as arbitrary
units as recorded by the BD Accuri C6 flow cytometer. Data shown are the mean + standard
deviation of the average GFP fluorescence of three independent cultures.

When comparing curli expression of planktonic and sedimented cell samples at each
temperature, there was very little difference in csgB::gfp fluorescence between the
planktonic and sedimented cells incubated at 37 °C (Figure 5.10). Planktonic cells had
marginally higher csgB::gfp fluorescence at 37 °C, and by both 24 hours and 48 hours,
the csgB::gfp fluorescence of planktonic samples was only 6% higher than that of the
sedimented samples. At the final timepoint of 56 hours, csgB expression in planktonic

and sedimented cells was even more similar, with the csgB::gfp fluorescence of

sedimented cell samples being just 2.5% greater than that of the planktonic cells.
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In contrast, the greatest difference in csgB::gfp fluorescence between planktonic and
sedimented cells was observed at an incubation temperature of 30 °C (Figure 5.10).
At 24 hours for instance, csgB::gfp fluorescence of the planktonic cells was 61%
greater than the fluorescence of corresponding sedimented cells whilst by 56 hours,
csgB::gfp fluorescence was 72% greater in planktonic cells compared to sedimented
cells. Out of the four different temperatures evaluated, incubation at 30 °C was the only
condition that resulted in distinctive curli expression between planktonic and

sedimented cells.

Flow cytometry histograms (Figure 5.11) for planktonic and sedimented cell samples
grown at 25 °C, 28 °C and 30 °C displayed similar patterns: at 8 hours there were two
cell populations with differing levels of csgB::gfp fluorescence, but from 24 hours
onwards samples exhibited single cell populations with increased csgB::gfp
fluorescence. In contrast, planktonic and sedimented cell samples grown at 37 °C were
composed of two cell populations across most timepoints, developing a distinct

“shoulder” cell population with increased csgB::gfp fluorescence by 32 hours.
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Figure 5.10
Comparison of csgB expression incubated at different temperatures
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E. coli K-12 PHL644 transformed cells (carrying the csgB::gfp reporter) were grown in 70 mL
M63+ minimal medium and incubated at 25 °C, 28 °C, 30 °C or 37 °C. For each graph,
planktonic samples are shown in the darker shade, whilst sediment samples are shown in the
lighter shade of the same colour. GFP fluorescence of the reporter was measured by flow
cytometry, with fluorescence values stated as arbitrary units as recorded by the BD Accuri C6
flow cytometer. Data shown are the same as in Figures 5.9 and 5.10, representing the mean
+ standard deviation of the average GFP fluorescence of three independent cultures.
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Planktonic (top)

Sediment (bottom)

Figure 5.11

Flow cytometry histograms corresponding to GFP fluorescence (recorded as FL1-A) under different incubation temperatures
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GFP fluorescence of the reporter was measured by flow cytometry, with fluorescence values stated as arbitrary units as recorded by the
BD Accuri C6 flow cytometer. Histograms shown are the particle count versus the GFP fluorescence of two or three independent cultures

(shown as different coloured traces).
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5.4. Discussion

The aims of the body of work presented in this chapter was to investigate the effect of
growth medium components and growth conditions on curli production by E. coli K-12
PHL644, and identify parameters that resulted in maximal expression of curli. Previous
work in the Overton laboratory has demonstrated that curli is crucial for initial
attachment to abiotic surfaces by E. coli K-12 PHL644 (Leech, 2017), and was in
agreement with comparable studies in the literature that suggest that minimal medium,
low glucose concentration and a temperature of 30 °C result in increased curli

expression (Barnhart and Chapman, 2006).

The effect of rich versus minimal medium on curli expression was determined first,
over a time period of 30 hours. From the start of growth, csgB::gfp fluorescence was
higher in cultures grown in M63+ minimal medium compared to those grown in LB
broth (Figure 5.1.). A previous study by Brombacher et al., (2006), which utilised an E.
coli strain that overproduced CsgD, similarly found that minimal medium resulted in
greater curli production than rich medium. Krdl et al., (2019), demonstrated that E. coli
K-12 biofilm formation is higher when cultures are grown in M9 minimal medium
supplemented with glycerol rather than in LB broth. In Salmonella, curli is requisite for
biofilm development, and expression of csgB and csgD has similarly been shown to

be greater in minimal compared to rich media (Paytubi et al., 2017).

In M63+ minimal medium, the csgB::gfp fluorescence of planktonic cell samples (taken

from the tops of Duran bottles) was additionally greater than that of sedimented cell
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samples (taken from the bottoms of Duran bottles) after 8 hours, whilst the
fluorescence of both planktonic and sedimented cells grown in LB broth remained
similarly very low across the time course of the experiment. The difference in csgB
expression observed between planktonic and sedimented cell samples in M63+
minimal medium could be due to inhibition of curli via two factors: firstly, sedimented
cells experiencing higher osmolarity as a result of entrained solutes (Tuson and
Weibel, 2013), and secondly, as a result of intercellular communication via quorum
sensing or contact dependence (Leech et al., 2020). The conserved QS-regulator
protein MsgR has been shown to induce curli expression via crl and increase motility

through crsA (Gonzalez Barrios et al., 2006).

Low osmolarity is known to increase csgD expression through activation of the
promoter OmpR, a response regulator that senses osmolarity via EnvZ, leading to
expression of curli and increased biofilm formation (Jubelin et al., 2005; Hou, et al.,
2014). A medium with high osmolarity by contrast leads to repression of E. coli genes,
including csgD (Jubelin et al., 2005). Conversely, under high osmolarity conditions,
activation of the Cpx pathway results in phosphorylation of the transcriptional
regulatory protein CpxR by the kinase CpxA, which binds to the csgD promoter,
ceasing expression of CsgD and reducing curli-driven biofilm formation (Jubelin et al.,

2005; Ma and Wood, 2009; Dudin et al., 2014).

Additionally, rich medium, such as LB broth, may contain components that can repress

biofilm forming pathways (Jackson et al., 2002; Hufnagel et al., 2016). One such

component is salt (NaCl), with Smith et al., (2017), reporting that the formation of curli
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is decreased in LB broth-grown cultures, due to the inhibitory effect the high salt
concentration has on curli expression (i.e. osmolarity). Others in the literature are in
agreement with this, demonstrating that both Salmonella enterica and
enterohaemorrhagic E. coli biofilms were significantly greater in biomass when grown
in LB broth with salt omitted, compared to standard LB medium (Han et al., 2017).
Furthermore, LB broth contains both peptone and yeast extracts, which have been
shown to result in higher cell culture densities planktonically rather than in sessile

communities such as a biofilm (Studier, 2005; Tsoligkas et al., 2011).

Han et al., (2017), reported that LB broth without salt resulted in more biofilm formation
compared to standard LB medium due to its lower osmolarity, whilst Hou et al., (2014),
found that E. coli formed dense biofilms with a large concentration of extracellular
fimbriae such as curli in response to low osmolarity ¥2 M9 minimal medium. As part of
the publication that includes the work presented in this chapter, a colleague (Stacey
Golub) measured the osmolarity of the LB broth and M63+ minimal medium used, and
found that the osmolarity of LB broth approximately two-fold higher than that of M63+
minimal medium (Leech et al., 2020). It is therefore likely that csgB::gfp fluorescence
was highest in cultures grown in M63+ minimal medium as a combined result of its
lower osmolarity and low salt concentration. This would stimulate curli expression,
enhancing both cell-cell adhesion and adhesion to the abiotic test surface, resulting in

greater biofilm formation (Pawar et al., 2005).

The effect of glucose concentration on curli expression was determined through

supplementation of M63+ minimal medium with either 0 mM, 1 mM, 10 mM (the typical
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concentration of glucose in M63+ minimal medium), or 100 mM glucose. Although
csgB expression was initially greater in the presence of 0 mM or 1 mM glucose, from
30 hours onwards csgB::gfp fluorescence was highest in the planktonic cells grown in
the presence of 10 mM glucose, and lowest in planktonic cells grown in medium
supplemented with 100 mM glucose (Figure 5.4). Furthermore, 10 mM glucose elicited
the largest difference in csgB::gfp fluorescence between planktonic and sedimented
cell samples from 8 hours onwards, whereas csgB expression was most similar
between planktonic and sedimented cells in the presence of 0 mM glucose (Figure

5.6).

The role of glucose in catabolite repression is well documented in the literature
(Gottesman, 1984; Jackson et al., 2002; Brickner and Titgemeyer, 2002; Lengeler,
2013; Hufnagel et al., 2016). Low glucose concentrations are known to stimulate cAMP
production by CyaA, whilst catabolite repression is known to occur in response to high
glucose concentrations (Ishizuka et al., 2003). Glucose inhibits the activity of CyaA,
thus leading to a reduction in intracellular cAMP levels. Consequentially, the
concentration of CAMP-CRP complexes in the cell decreases, as does cAMP-CRP
complex binding to promoter regions of CAMP-regulated genes. One such promoter
region is csgD, the product of which (the master biofilm regulator, CsgD) is the main
activator of csgBA, which encodes curli subunits (Zheng et al., 2004; Hufnagel et al.,
2016). A genome-wide analysis of cCAMP-CRP by Zheng et al., (2004), demonstrated
that 7% of the E. coli transcriptome is altered by CRP activation, including csgD and
its transcription. Therefore, in the presence of 100 mM glucose, it is likely that

catabolite repression of csgD expression (and consequently expression of csgB)
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occurred to an extent, which could account for the lower csgB::gfp fluorescence of both
planktonic and sedimented cell samples in comparison to the fluorescence of cell

samples grown in the presence of 0 mM, 1 mM and 10 mM glucose.

The work of Jackson et al., (2002), has previously demonstrated that addition of
glucose to media has an inhibitory effect on biofilm formation by several E. coli K-12
strains including MC4100, which is the parental strain of E. coli K-12 PHL644. A
concentration of 0.2% (v/v) glucose was found to significantly reduce biofilm formation
by 30 — 95%, with the authors suggesting that suppression of biofilm development was
at least partly-mediated by catabolite repression (Jackson et al., 2002). Using E. coli
K-12 BW25113, Domka et al., (2006), found that the addition of 0.4% (v/v) glucose to
LB medium resulted in the inhibition of biofilm formation, whilst in other biofilm-forming
bacterial species such as Bacillus subtilis, glucose concentrations of 0.1% and 1%
(both v/v) in medium has been shown to negatively affect biofilm formation (Stanley et
al., 2003). Thus, results presented in this chapter are in general agreement with other

studies in the literature.

Growth in the presence of low glucose concentrations conversely results in increased
CAMP synthesis, as bacteria adapt to the glucose-limited environment (Notley-McRobb
et al.,, 1997). It has been reported that copiotrophic bacteria (such as E. coli and Ps.
a.) have increased adhesive properties in medium with low concentrations of carbon
sources (Nikolaev and Plakunov, 2007), and in Pseudomonas sp. initial adhesion can
be stimulated by low levels of nutrients, as a result of increased bacterial surface

hydrophobicity (Chen et al., 2005). This could explain why csgB::gfp fluorescence of
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cells grown in the presence of 0 mM and 1 mM was higher during the first 24 hours,
with increased curli production protecting cells from stress under nutrient-limited
conditions. Indeed, such conditions have previously been shown to result in increased
initial adherence and biofilm formation (Yang et al., 2004; Reisner et al., 2006; Naves
et al., 2008). This is in agreement with the work of Moreira et al., (2013), demonstrating
that initial biofilm formation over a period of 24 hours was greater at a low glucose
concentration of 0.25 g/L compared to a glucose concentration of 1 g/L, for the E. coli

JM109(DE3) strain.

Aside from glucose, the only other carbon source available in M63+ minimal medium
is succinate (at a concentration of 10 mM), and in the presence of 0 mM or 1 mM
glucose, conditions were carbon source limited. In spite of increased csgB::gfp
fluorescence for the first 24 hours, planktonic growth of E. coli K-12 PHL644 (as
measured by spectroscopy) remained low (ODsoo >0.2) across the 56 hours. This
suggests that glucose concentrations of 0 mM and 1 mM were too low to support
optimal growth of E. coli K-12 PHL644, resulting in a reduced growth rate, lower cell
densities and consequently poor biofilm formation overall. Conversely, in the presence
of 100 mM glucose, the rate of planktonic growth was initially greater, reaching an
ODeoo of ~ 0.3 within the first 24 hours. However, from 32 hours onwards, planktonic
growth in the presence of 100 mM glucose declined to an ODsoo >0.15, and curli

production was similarly reduced.

Therefore, glucose abundance appears to be as detrimental to biofilm formation by E.

coli K-12 PHL644 as glucose paucity — an observation previously observed in the
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Overton Laboratory, in which crystal violet staining revealed that concentrations of O
mM, 1 mM and 100 mM glucose had a negative effect on biofilm formation (Leech et
al., 2020). At lower glucose concentrations, biofilm formation is reduced due to
inhibition of growth, resulting in reduced biomass whilst high glucose concentrations,
such as 100 mM, are likely to induce catabolite repression and result in decreased
biofilm formation. Out of the four glucose concentrations evaluated, a concentration of
10 mM glucose was thus the optimal for both growth of E. coli K-12 PHL644 and

increased curli production, attachment and thus biofilm formation.

Finally, the effect of temperature was determined over a period of 56 hours. In
planktonic cell samples, csgB expression was greatest at 30 °C (Figure 5.8), which is
in agreement with biofilm biomass data obtained in earlier experiments (Leech, 2017).
Furthermore, in planktonic cell samples, csgB::gfp fluorescence was highest at 30 °C,
then 28 °C, followed by 25 °C and 37 °C, corroborating previous reporter data in the

literature (Brombacher et al., 2006; Perrin et al., 2009).

Barnhart and Chapman, (2006), suggested that maximum curli expression occurs at
temperatures below 30 °C, whilst a microarray analysis of E. coli K-12 by White-Ziegler
et al., (2008), revealed that all curli genes had significantly increased expression at 23
°C in comparison to at 37 °C. Furthermore, studies using human-pathogenic serotypes
of E. coli isolated from ovine reservoirs (at 37 °C in vivo) have also demonstrated that
biofilm formation by Shiga toxin-producing E. coli is positively influenced by
temperatures as low as 12 °C and 20 °C (Nesse et al., 2014).This is in agreement with

results presented in this chapter, as flow cytometry histograms (Figure 5.11) for 25 °C,
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28 °C and 30 °C are similar; showing one cell population with respect to csgB::gfp
fluorescence in both planktonic and sedimented cell samples, whereas the flow
cytometry histograms for 37 °C are composed of two cell populations with varying csgB

expression, and thus lower curli production overall.

Transcription of csgBA by Crl is known to occur at low but not high temperatures, as
Crl expression is itself temperature-dependent (Bougdour et al., 2004; Brombacher et
al., 2006; Lelong et al., 2007). The Crl protein is thermosensitive and upregulates
csgBA expression at 30 °C via recruitment of 5 (Bougdour et al., 2004; Brombacher
et al., 2006). At a temperature of 37 °C, the activity of Crl is less efficient (Bougdour et
al., 2004), thus it is likely that csgB expression is reduced, which could account for the
fact that csgB::gfp fluorescence of both planktonic and sedimented cell samples at 37
°C were lower than at 25°C, 28 °C and 30 °C. Work by Bougdour et al., (2004), supports
this observation: at 37 °C, it was observed that Crl levels were low but detectable for
the first 8 hours of growth in several E. coli K-12 strains, but after this Crl levels were

approximately 30-fold higher at 30 °C than at 37 °C.

With the exception of growth at 37 °C, csgB::gfp fluorescence differed between the two
sampling sites, with csgB expression being greater in planktonic cells grown at 25 °C,
28 °C and 30 °C compared to corresponding sedimented cell samples (Figure 5.10.).
Interestingly, whilst incubation temperature resulted in distinct and different levels of
csgB::gfp fluorescence in the planktonic cell samples, the fluorescence of sedimented
cell samples was very similar, irrespective of incubation temperature (Figure 5.10.).

Thus, thermoregulation of curli, as mediated by Crl, may be more important
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planktonically. In sedimented cells, it is possible that signalling cascades were able to
bypass temperature-dependent regulation, and resultantly downregulate expression of
curli (Leech et al.,, 2020). For example, work by Pratt and Silhavy, (1998), has
previously suggested that in the E. coli strain MC4100, Crl is able to downregulate the
level of o protein through a regulatory feedback loop, in which &% is able to control its

own expression.

Furthermore, there is evidence to suggest that the global regulatory protein H-NS
(which regulates approximately 5% of the E. coli genome) is able to regulate o in
response to changes in osmolarity and temperature (Barth et al., 1995; Stella et al.,
2006). Whilst the hns gene is autoregulated in E. coli and intracellular levels of H-NS
generally remain constant (Atlung and Ingmer, 1997), it has been reported that H-NS
undergoes conformational changes in response to temperature (Ono et al., 2005).
Although the complex formed by o subunit binding to Crl is able to activate expression
from the csgBA promoter and relieve H-NS-mediated repression of csgA, factors such
as osmolarity and activity of the master biofilm regulator CsgD can also influence the

complex’s binding (Olsén et al., 1993; Arnqvist et al., 1994).

A model proposed by Gerstel et al., (2004), has suggested that increased
concentrations of H-NS are able to bind to csgD and thus repress expression of curli.
Whilst Bougdour et al., (2004) demonstrated that the crl promoter is itself not regulated
by temperature, regulation of csgBA transcription has been shown to remain
temperature-dependent in an rpoS and hns double mutant strain (Olsén et al., 1993).

This suggests that the activity of o and H-NS do not directly control curli expression
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in response to temperature and osmolarity changes. Indeed, H-NS lacks an identifiable
binding sequence, and is purported to activate or repress csgD expression in a manner
that is dependent upon the bacterial strain and growth medium used (Olsén et al.,

1993; Gerstel et al., 2004).

At low growth temperatures, expression of ¢° is dependent upon the small regulatory
RNA DsrA, which stabilises rpoS mRNA (Majdalani et al., 1998). Interestingly,
expression of dsrA is itself temperature-dependent, with work by Repoila and
Gottesman, (2001), demonstrating that the half-life of dsrA RNA is significantly
prolonged at 25 °C compared to at 37 °C. Thus, both temperature-mediated
mechanisms appear to act together: DsrA stimulates c® expression at low but not high
temperatures, whilst Crl enhances the activity of ¢%, leading to activation of the csgBA
promoter and increased expression of the curli subunits (Repoila and Gottesman,

2001; Bougdour et al., 2004).

Across all experimental subsets (LB broth versus M63+ minimal medium; different
glucose concentrations, and different incubation temperatures), ODsoo values and
csgB::gfp fluorescence appeared to have an inverse relationship: as ODeoo increased,
FL1-A measurements (and thus curli expression) generally decreased. Curli
expression in sedimented cell samples was consistently lower than in planktonic cell
samples, which could suggest that planktonic cells were physically more adept at curli-
mediated surface and cell-cell attachment, or alternatively that planktonic cells
continued to increase curli expression over time in order to try and attach to any

available surfaces within the Duran bottles.
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Otto and Silhavy, (2002), suggested that curli expression in response to surface
attachment occurs as a result of a sequential series of events, forming a three
component pathway. Surface attachment is sensed initially by an outer membrane
lipoprotein (NIpE), which activates the two component regulatory system CpxAR
(Prigent-Combaret et al., 2001). Activation of CpxAR represses both csgB and csgD,
thus expression of curli is supressed (Ma and Wood, 2009; Dudin et al.,, 2014).
Alternatively, Kimkes and Heinemann, (2008), proposed that activation of the Rcs
phosphorelay pathway in response surface attachment negatively regulates curli
expression. Induction of the Rcs pathway occurs in response to damage to
peptidoglycan polymers within the cell wall, illustratively as a result of desiccation or
osmotic shock, and also regulates genes involved in biofilm formation (Laubacher and
Ades, 2008). The Rcs pathway is known to downregulate genes associated with
motility, such as flagella, as well as those that mediate cell adhesion to a surface,
including curli (Prigent-Combaret et al., 2000). Microarray analysis by Ferrieres and
Clarke, (2003), revealed that RcsB, the response regulator in the Rcs pathway,
represses the csgDEFG operon. Further work by Vianney et al., (2005), is in
agreement, demonstrating the RscB and RscA are moderate repressors of the
csgDEFG operon and strong repressors of the csgBA operon. Phosphorylated RscB
is able to form either homodimers, or heterodimers with the accessory protein RScA,
to bind to DNA and modulate gene expression accordingly (Majdalani and Gottesman,

2005).

Furthermore, the Rsc pathway upregulates genes involved in colanic acid production

(Huang et al., 2006). Colanic acid is an integral EPS and constituent of the matrix of
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mature E. coli biofilms: forming a protective capsular layer around cells, it is involved
in maintenance of the three-dimensional structure of the biofilm (Prigent-Combaret et
al., 1999; Danese et al., 2000). Thus, after attachment to a surface as mediated first
by flagella and then by curli, the Rsc pathway likely downregulates their expression
whilst upregulating colonic acid synthesis; modulating the changes in cell envelope
composition required to form and maintain mature biofilm structures (Prigent-

Combaret et al., 2000; Lejeune, 2003; Vianney et al., 2005).

The results presented in this chapter support this notion. Initial surface sensing and
subsequent attachment as mediated by curli is reflected by high levels of csgB::gfp
fluorescence in planktonic cell samples. As rates of surface and cell-cell attachment
increased over time and cells settled to the bottom of the Duran bottles, it is likely that
curli expression was downregulated concurrent to expression of other biofilm
components (such as colonic acid synthesis) being upregulated, leading to decreased

csgB::gfp fluorescence as observed for the sedimented cell samples.

When evaluating the Duran bottle method, there are several limitations to its
experimental design, which could have affected the csgB::gfp fluorescence values
obtained. It was noted when monitoring planktonic growth by sampling ODsoo that
independent cultures of sedimented cells for each condition tested were widely
variable as time progressed. As a result, error bars for each timepoint were very large,
and it was difficult to ascertain the true effect of experimental conditions upon the
sedimented cell samples (as illustrated by Figure 5.12). Spectroscopic measurements

were used to evaluate both planktonic growth and settling of cultures, but removal of

315



samples from the sediment at each timepoint may have inadvertently affected ODesoo

values obtained.

Figure 5.12. shows the comparison of the growth of E. coli K-12 PHL644 cultures in
either LB broth or M63+ minimal medium, with samples taken from planktonic and
sedimented cells. Whilst rate of cell growth in LB broth was observed to be greater
than in M63+ minimal medium in planktonic samples over the full time course of the
experiment (Figure 5.13.A), in sedimented cell samples the rate of cell growth was
higher in LB broth for the first 8 hours only (Figure 5.13.B). From 24 hours onwards,
the ODsoo values obtained for both sedimented cell samples in LB broth and M63+
minimal medium demonstrated a trend of sharply increasing and decreasing during
subsequent sampling times. lllustratively, from 26 hours to 28 hours, the ODeoo value
for sedimented cells grown in LB broth decreased by 61%, only to increase by 150%

from 28 hours to 30 hours.

Removal of sediment (which can be observed with the naked eye) from a particular
sampling site results in that location resultantly experiencing a decrease in cell
concentration. Additionally, at 70 RPM, sedimented cells that have settled at the
bottom of the Duran bottle are expected to remain in situ, as the rotational speed is
relatively low, and thus would not cause sloughing off of cells from the sediment and
their subsequent resettling. Conversely, if a different site was sampled at the next
timepoint (for example, if one sample site was the centre of the bottom of the Duran
bottle whilst the succeeding sample site was located more towards the bottle’s edge),

it could result in an increase in the resultant ODeoo value as the cell concentration in a
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virgin area of the cell sediment would be higher than in an area previously disturbed
by sampling. Furthermore, clumping of cells could result in spatial differences in cell
concentrations; if a clump of cells was sampled, one would expect it to have a higher

ODeoo than settled cells that are loosely associated with one another.

Figure 5.12
Comparison of ODeog Values in planktonic (top) samples and sediment (bottom) samples

in rich versus minimal medium
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E. coli K-12 PHL644 transformed cells (carrying the csgB::gfp reporter) were grown in 70 mL
of LB broth (rich medium) or in 70 mL M63+ minimal medium. Growth of cultures was
measured by spectroscopy at 600 nm, with ODsoo values stated as arbitrary units. Data shown
are the mean + standard deviation of the average ODsgo Of two independent cultures.

The use of Transwell plates in future experiments may help mitigate the limitations of
the Duran bottle method as described above. Composed of a plastic Transwell insert
support that is inlaid into a well plate, this technique offers semi-constant nutrient

conditions, and two chambers separated by the insert (Catto and Cappitelli, 2019). The

Transwell insert has a semi-permeable membrane with a defined pore size, such as a
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polytetrafluoroethylene membrane with a pore size of 0.4 um (Jefferson et al., 2005),
upon which a biofilm can grow. Transwell plates have been used by numerous
research groups to form and evaluate biofilms under a variety of physiological
conditions, including but not limited to analysis of antibiotic penetration through a
biofilm (Jefferson et al., 2005); behaviour of mixed species biofilms (Standar et al.,
2010; Wu et al., 2015); the effects of both natural and artificial anti-biofilm agents on
biofilm development (Anderson et al., 2014; Wang et al., 2016; Bidossi et al., 2018),

and targeted disruption of EPS components within a biofilm (Powell et al., 2018).

Kim et al., (2012), used Transwell inserts of 12 mm diameter, with a membrane
composed of polyester and pore size of 3 um, and successfully demonstrated that E.
coli biofilms could be grown on the membrane and analysed by numerous techniques,
including crystal violet staining and microscopy. Samples from Transwell plates could
similarly be analysed by spectroscopy and flow cytometry: planktonic cell samples
would remain in the medium of the top chamber (above the insert), whilst removal of
the insert itself would enable resuspension of the sedimented cell (or biofilm) samples
formed upon the membrane. Crucially, due to the fact that the biofilm will form on the
semi-permeable membrane, its location is fixed and distinct from the planktonic cells
above as well as any pellicle formation at the air-liquid interface. Furthermore, multiple
wells can easily be set up with independent cultures, and individual wells discretely
sampled at timepoints without affecting conditions in the other wells. As a result,
perturbation of the sedimented cells, as observed when repeatedly sampling from the

same Duran bottles over time, and the resultant variation in ODsoo would not occur.
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Chapter 6: Conclusions and further work

6.1. Conclusions

The results presented in Chapters 3 and 4 demonstrate that the CBR is a suitable
experimental system for modelling industrial-relevant low and high shear conditions,
and was show to generate reproducible and reliable data. Furthermore, different fluid
shear regimes as modelled by the CBR (namely low shear at 75 RPM and high shear
at 350 RPM) were shown to have act distinctive impacts upon biofilm formation by
PAO1 and PA14, across all stages of biofiim development analysed. Both strains
responded similarly to shear, with respect to ECM morphologies observed and

differentiation of three-dimensional architecture.

Under low shear at 75 RPM, biofilm development by both strains was generally
characterised by: adherence to the coupon surface (at 24 hours); formation of a basal
biofilm, composed of multiple and generally homogenous basal layers, from which
microcolonies are emerging (at 48 hours); mushroom-shaped macrocolony
development (at 72 hours); and formation of an expansive Psl and/or Pel fibre-like
network through the basal biofilm during maturation (at 96 hours). PAO1 biofilm
formation occurred more quickly than that of PA14, with some PAO1 macrocolonies
observed preparing for seeding dispersal of motile cells, which is demarcated as the
final stage of the ‘biofilm lifestyle’. Overall, low shear conditions in the CBR did not

appear to detrimentally affect formation of mature and differentiated Ps. a. biofilms.
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By contrast, under high shear at 350 RPM biofilm development was defined by
increased early adherence of both PAO1 and PA14 to the coupon surface, and
increased intracellular c-di-GMP levels (directly inferred from GFP fluorescence of
cdrA::gfp), with attached cells of either strain predominantly forming either cell clusters
or denser cellular aggregates surrounded by exopolysaccharide(s) and eDNA.
Although energetically costly, increased production of the ECM components Psl| and
Pel, appeared to be induced in response to high shear conditions; enhancing the

‘stickiness’ of cell populations and promotion of the biofilm phenotype.

As the biofilms matured, vertical growth of cell populations occurred, whilst lateral
spreading (and thus basal biofilm formation) did not. Psl and Pel were observed
forming dense, ‘tendril’-like structures, commonly protruding into parts of the bulk fluid
to connect subpopulations of cells to one another. PAO1 and PA14 both formed
heterogenous fibres, composed of eDNA, Psl and Pel (for PA01), and eDNA and Pel
(for PA14). Growth in the vertical dimension resulted in the formation of competing
mound structures of heterogenous height, architecture and composition; consequently,
evidence of detachment from parts of the biofilm was frequently observed during
sampling. Furthermore, biofilm formation on the interior lumen of outflow tubing was

also seen, akin to colonisation of secondary sites in industrial processing plants.

The influence of low and high shear conditions on Psl and Pel impacted upon observed
morphologies for the exopolysaccharides, and growth in the CBR revealed a variety of
both established structures for Psl and Pel, in agreement with the results of Ma et al.,

(2009) and Jennings et al., (2015), and novel morphologies, such as production of Pel
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fibre-like structures by PA14, which has previously only been described occurring in
PAO1, mediated by Psl (Zhao et al., 2013; Wang et al., 2013; Wang et al., 2015). The
results presented in Chapter 3 and 4 offer a detailed insight into how PAO1 and PA14
adapt to high shear regimes (as modelled in the CBR), through increased production
of Psl, Pel and eDNA, which results in dominance of aggregative phenotypes and

development of tall, irregularly-shaped ‘tower’-like structures.

The results presented in Chapter 5 demonstrate that the Duran bottle model (which
relied on natural biofilm formation over time) is a suitable experimental system for
analysing the effects of different growth conditions and components of growth medium
on curli gene expression by E. coli K-12 PHL644, and was able to generate
reproducible and reliable data that has been published. Furthermore, through use of
the Duran bottle method, parameters that resulted in maximal csgB::gfp fluorescence
(and thus curli expression) were identified (namely growth in M63+ minimal medium
rather than LB broth, a glucose concentration of 10 mM, and an incubation temperature
of 30 °C), which is in agreement with comparable studies in the literature (Jackson et

al., 2002; Barnhart and Chapman, 2006; Brombacher et al., 2006).

6.2. Industrial Perspective

Bacterial colonisation and biofilm formation is a well-recognised problem in industry:
the risk of microbial contamination and persistence of microorganisms in biofilms is
known to have a widespread and detrimental impact upon production lines through

corrosion and biofouling of working surfaces, as well as the risk of contamination of
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raw materials and finished formulations. Whilst methods of biofilm control (including
the use of biocides to disinfect surfaces, physical cleaning methods such as pigging or
chemical treatments with detergents and disinfectants) can be successful, stagnation
in low shear environments such as crevices, corners, dead zones and valves, or overall
plant design can result in survival and accumulation of untreated biomass; increasing

the risk of re-colonisation and biofilm proliferation of downstream processes and sites.

In manufacturing plants (such as those used by P&G), high shear conditions are
essential during mixing of formulations and reagents; ensuring that a standardised
mixture of ingredients is maintained for each batch of products, through the use of
high-shear mixers operating under turbulent flow. Manufacturing environments that are
likely to have more laminar-based flow regimes and operate under lower shear include

connecting pipelines, crevices and corners, and bottling stations for the final product.

Through modelling of an industrially-relevant high shear condition (through use of the
CBR and a stirring speed of 350 RPM), results presented in Chapters 3 and 4 revealed
that biofilms produced by Ps. a. strains PAO1 and PA14 were composed of increased
ECM components, with bacteria exhibiting aggregative phenotypes and increased
vertical growth of spatially-separated cell populations into the bulk fluid rather than
lateral spreading and confluent colonisation of the entirety of the available coupon
surface. Such structures, if allowed to form and subsequently mature in areas of P&G’s
manufacturing plants that experience similar high shear fluid flow regimes as the one

modelled (i.e. turbulent flow with a Reynolds number of > 104), could result in in situ
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contamination of both working surfaces and ingredients, and over time corrosion of

equipment materials themselves.

Furthermore, biofilm formation on the interior lumen of the CBR’s outflow tubing was
observed under high shear at 350 RPM, illustrating the risk of secondary site
colonisation and subsequent continuation and persistence of the biofilm ‘lifestyle’. It is
feasible to imagine in manufacturing plants involving many different mixing vessels
and transport pipelines operating under variable shear conditions (and in which they
are a multitude of different surfaces bacteria can colonise and persist), that detached
parts of a biofilm may travel downstream to areas with lower shear fluid flow, and either
colonise new surfaces in crevices, dead zones and surrounding valves or utilise
organic deposits on a surface (such as biomass left behind due to previous ineffective
cleaning regimes) to re-colonise an area and persist through continued promotion of

the biofilm ‘lifestyle’

In industrial settings where multispecies biofilms, which are likely all heterogenous with
respect to the proportions of each species residing in each individual biofilm, are
present, different manufacturing sites may be colonised by an array of complex and
differing communities, each with their own distinctive ECM conferring increased
resistance against methods of removal. In addition, horizontal gene transfer within
multispecies biofilms can further increase resistance of the bacterial population to
antimicrobial treatments. A study by Lee et al, (2013), revealed that whilst
monospecies biofilms formed by Ps. a., Pseduomonas protegens and Klebsiella

pneumoniae had varying level of resistance towards the antibiotic tobramycin and the
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anionic surfactant sodium dodecyl sulfate, with multispecies biofilms displayed
resistance against both compounds. Rather than treatment with these compounds
resulting in population shift to the more resistant species, the species composition of
the multispecies biofilm was not affected, with Lee et al., (2013), suggesting that the
resistant species instead provided a protective effect to the whole community.
Moreover, different species may reside in different locations within a multispecies
biofilm, further exacerbating the difficulties in effective removal of the ECM and total
biomass. Fazil et al., (2009), illustratively demonstrated using fluorescent in situ
hybridisation and CLSM that although Ps. a. and Staphylococcus aureus were present
in the same chronic wound model, the two strains were spatially-separated and found

on average 40 um apart in different layers within the wound.

In industry, there has been an increased use of antimicrobial and microbial anti-biofilm
enzymes, which can directly target microorganisms; interfere with and/or destroy the
biofilm itself, or catalyse reactions that result in the production of antimicrobial
compounds (Thallinger et al., 2013). Subtilins, a type of proteolytic enzyme frequently
used for the control of biofilms in industry, have been shown to effectively remove
biofilms formed by Ps. a. and Bascillus spp., and prevent co-aggregation of different
species in multispecies biofilms (Marcato-Romain et al., 2012). Polysaccharide-
degrading enzymes, such as lysozyme can hydrolyse 1,4-B-linkages in the cell walls
of Gram negative bacteria (Procter et al., 1988), and could potentially be used against
EPS featuring 1,4-B-linkages, such as Pel and alginate. In spite of their potential, the
cost to produce such enzymes on an industrial scale is expensive, and successful

application of the enzymes and their control of biofilm development is dependent upon
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the environment in which treatment is required. Zanaroli et al., (2011), demonstrated
that a combination treatment composed of alpha-amylase, B-glucuronidase, glucose
oxidase, dextranase, protease and pectinase was effective at removing biofilms from
stainless steel coupons and dispensing lines, but the necessity of purchasing multiple
enzymes required for use in combination with each other to prove most effective at
removing biofilms, results in increased economic costs if each enzyme is expensively
priced. Furthermore, similarly to the increased risk of microorganisms developing
resistance to other antimicrobials (such as antibiotics) with continued use, there is
evidence of resistance emerging against the proteolytic enzyme lysostaphin (which is
often used to control multidrug resistant methicillin-resistant Staphylococcus aureus)

both in vitro and in vivo (Strandén et al., 1997; Climo et al., 1998).

Consensus in the literature is that control and removal of biofilms in industry is most
effective during earlier stages of biofilm formation, before the establishment of mature
biofilm structures, characterised by their self-produced and protective ECM (Mah and
O'Toole, 2001; Stewart and Costerton, 2001; Haiby et al., 2010). Bacteria sequestered
within mature biofilms are known to exhibit increased resistance and tolerance to
biocidal, antimicrobial and enzymatic treatments, due to the reduced penetration and
diffusion of such treatments through the biofiim. Consequently, microbial
contamination in industry can lead to increased economic costs and manufacturing
overheads, as a result of choice of treatment and its associated costs; the duration of
each treatment (i.e. if chemical-based as this may need to be left on a surface to
penetrate throughout the biofilm) and frequency of treatment required; if treatment

requires additional energy (i.e. through pressure-jet washing, automated scrubbing or
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increased temperatures during cleaning processes) (Gibson et al., 2001), as well as
ingredient instability, loss of product and increased wastage if formulations are
contaminated. In situ application of biocidal treatments, or physical cleaning methods
through use of brushes, may impact upon the surface topography of manufacturing
equipment; if microscopic abrasions are left in equipment for example, bacteria
transported via flow to such sites will be more readily colonised. As observed on older
PE coupons for early, independent CBR runs, scratches left on the coupon surface
after removal of biomass by scrubbing exhibited increased bacterial accumulation in
comparison to smoother areas of the coupons (as visualised by increased lectin

staining and GFP fluorescence) when re-used.

Based on the results presented in Chapters 3 and 4, which have described biofilm
formation in the CBR by Ps. a. under industrially-relevant low and high shear stress
regimes, mature biofilm formation upon working surfaces could occur in both low and
high shear environments within 72 hours. There is therefore perhaps a precedence to
keep manufacturing equipment and the environment in which it is housed as sterile as
possible; reducing the risk of microbial contaminants entering the system at any
vulnerable sites. In manufacturing plants, such as those used by P&G, the onus must
be on ensuring that methods of sanitisation are as effective as possible to control
surface-associated routes of contamination (i.e. through biofilm formation and their

subsequent persistence) across all processes.

In manufacturing systems that are composed of several different processes, each

requiring specific equipment and varying flow regimes, whole-system control regimes,
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such as the circulation of fluid via clean-in-place systems which can be ran more
regularly with minimal disruption due to their in-house design (Gibson et al., 2001), and
without the need for in situ application of biocides or disinfectants, may ensure that
planktonic contaminants are effectively washed out of the system before they have a
chance to adhere to surfaces or that or ‘younger’ biofilms lacking a well-defined ECM
and mature structure, are more easily penetrated and removed. Sampling raw
ingredients (including water) and formulations across the entire manufacturing system,
and their analysis via spectroscopic methods to determine which microorganisms and
ECM components (such as EPS and eDNA) are present, would further enable
monitoring of the system over time and enable preparation for methods of control and

removal.

6.3. Future work

This PhD project has characterised the roles of Psl and Pel in biofilm formation by
PAO1 and PA14, under shear conditions industrially-relevant to P&G. Furthermore, it
has provided an insight into the ability of Ps. a. to utilise eDNA, Psl and Pel in different
morphologies (which are likely to have different chemical properties) in response to
increased shear stress. Through use of the CBR, low and high shear conditions at 75
and 350 RPM respectively, the effect of the following parameters on biofilm formation
could each be investigated in turn, adapted as necessary in order to model industrially-

relevant conditions:

1. Coupon material (for example, PE as used in this study versus stainless steel

or polytetrafluoroethylene)
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. Residence time of bacteria in the CBR (for example, decreasing residence time
would result in an increased rate of medium flow into and out of the reactor)

. Use of industrial isolates of Ps. a. rather than reference strains

. Medium, either concentration or composition (i.e. TSB versus minimal medium
such as M9 or M63+)

. Temperature (as suggested Sakuragi and Kolter, (2007), and Kim et al., (2020),
who reported expression of pel is thermoregulated)

. Visualisation of other ECM components (such as proteins or rhamnolipids)
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