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Abstract

The type VI secretion system (T6SS) is a macromolecular weapon that is used by numerous
Gram-negative bacteria and allows to inject toxins directly into adjacent cells. Pseudomonas
aeruginosa is an opportunistic pathogen and uses T6SS for bacterial competition that allows it to
establish and persist within dense polymicrobial biofilm communities. P. aeruginosa possesses
3 distinct T6SSs and a set of more than 20 toxic effectors with diverse functions including
disruption of cell wall integrity, degradation of nucleic acids, or metabolic impairment. We
generated a collection of mutants with various degrees of T6SS activity and/or sensitivity to
each of the individual T6SS toxins and through disruption of genes encoding Gac-Rsm cascade
components we generate a set of strains with graduated T6SS activity and killing capacity. By
imaging whole mixed bacterial macrocolonies, we observed that the efficacy of individual T6SS
toxins is highly variable and synergistic use maximises impact on prey growth. We show that
competition mediated by as little as a single toxin delivered at low doses enables restriction of
prey bacterial expansion while increase in toxin delivery rate enables a near complete elimination
of prey bacteria. Remarkably, the degree of intermixing between prey and attacker populations
is also key determinant of the competition outcome, as active intermixing promotes the frequency
of contacts between competitors, and prey populations can use type IV pili-dependent twitching
motility to move away from the attacking population. Finally, we implemented a computational
model to better understand how changes in T6SS firing behaviours or cell-cell contacts lead to
population-level competitive advantages. Overall, furthering the understanding of how highly
local contact-based interactions between individuals shape the structure of whole populations,

thus providing conceptual insight applicable to all types of contact-based competition.
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MIC Minimal inhibitory concentration | Tag Type six associated gene
min Minutes TcR Tetracycline resistence
MIX Marker for type six effectors Tle Type six lipase effector
mL Millilitres Tl Type six lipase immunity
mRNA Messenger RNA TSB Tryptic soy broth
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pul Microliters Tse Type six effector
NEB New England Biolabs Tsi Type six immunity
oD Optical density Tss Type six secretion
OMV Outer membrane vesicle VBM Vogel-Bonner agar
PBS Phosphate Buffered Saline VPS Vibrio polysaccharide
PCR Polymerase chain reaction w/v Weight/ volume
PDE Phosphodiesterase WT Wildtype

Table 1: Abbreviations.
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Chapter 1

Introduction

1.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative rod-shaped bacterium that can survive in a
variety of environmental niches. It is of particular interest because it is an opportunistic pathogen
capable of causing both acute and chronic infections in immune-compromised individuals (1).
Simultaneously, free-living strains of P. aeruginosa can be isolated from various soil and aquatic
environments, with increased abundance seen in niches that are exposed to human activity and

contamination (2).

P. aeruginosa ability to thrive in a range of niches is due to its high level of adaptability
and efficient use of various molecular tools that enable it to interact with the environment and
compete with other organisms (1). These capabilities are facilitated by a relatively large genome,
which ranges in size from 5.5 to 7TMbp depending on the isolate (3). The first P. aeruginosa
genome to be sequenced was for the reference strain PAO1 (4), which is also the focus of this
thesis. The PAO1 genome is 6.3Mbp in size and is predicted to encode approximately 5600
open reading frames (4, 5). In silico analysis of P. aeruginosa isolate genomes by (6) identified
5170 core genes present in more than 90% of strains, with an accessory genome of nearly 24,000

genes. This provides P. aeruginosa with capacity to encode a range of complex molecular tools,
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flexibility in nutrient utilisation, production of secondary metabolites, and antibiotic resistance
genes, with the specific skills varying between individual isolates (1, 7).

A large genome provides P. aeruginosa with a range of tools contributing to versatility when
it comes to niche adaptation However, this also necessitates complex regulation that allows
the bacterium to sense its surroundings and respond appropriately. Regulatory genes make
up almost 10% of the P. aeruginosa genome (4), underlining the importance of sensory and
regulatory pathways for the microbial adaptability. Two-component systems are key part of
the bacterial ability to sense information about the surrounding environment and integrate this
information, which is done through use of sensor kinase and response regulator sets. The presence
of numerous two-component systems, and the many different associated sensors, underlies the
bacterial capacity to adapt to various environments (8). The P. aeruginosa PAO1 genome
contains 55 two-component systems, with are encoded in sensor-response regulator gene pairs,
and additional orphan sensors and response regulators (9, 10). P. aeruginosa also has at least
25 sigma factors, many of which are involved in the regulation of virulence factor expression
(11, 12). In addition, there are nearly 400 putative transcription factors and hundreds of non-
coding RNAs (13, 14). The exact functions of many of these regulators are not yet known, and
the possible dynamic interactions between them are likely to add even further complexity in the

regulation of P. aeruginosa gene expression.

1.1.1 Pseudomonas aeruginosa in infection

P. aeruginosa is well-known for its nature as an opportunistic pathogen that is capable of
causing both acute and chronic infections. It is particularly prevalent in healthcare settings and
is responsible for as many as 10% of hospital-acquired infections (15). One of the most common
infections associated with P. aeruginosa is healthcare-associated pneumonia, which has a poor
prognosis (16, 17). P. aeruginosa is also closely associated with lung infections in individuals

with cystic fibrosis (CF) (18). While initial infections may be transient and responsive to
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antibiotic treatment, P. aeruginosa infections are often recurring, and often become chronic
in nature due to failure to fully eradicate the bacterium (19, 20). P. aeruginosa is often the
dominant organism in microbiome samples isolated from CF sputum and is one of the organisms
that is best predictive of poor overall treatment outcome (21, 22). In addition to lung infections,
P. aeruginosa is also linked to urinary tract infections, surgical site infections, and burn wound
infections (17, 23). What makes P. aeruginosa an organism of special concern is that these
infections are not only prevalent in immunocompromised individuals but are also predictive of

poor outcomes and presents a continuous treatment challenge (24, 17, 25).

1.1.2 Virulence factors

P. aeruginosa has a range of virulence factors that it can use to cause toxicity to host cells,
modify host cell behaviour, and evade immune clearance, which helps it establish and persist
within an infection site (Figure 1.1) (26, 27). Its Gram-negative outer membrane contains
lipopolysaccharides (LPS) with various glycoforms that both constitute a physical barrier and
modulate interactions with host cells (28). P. aeruginosa also uses surface appendages such as
type IV pili (T4P) and flagella for direct mechanistic interactions with environment including
movement within niche and interactions with host cells (29, 30). P. aeruginosa has a single
polar flagellum that it uses for swimming and directed movement, aiding not only with inducing
early inflammatory response, but also epidermis invasion and persistence (31, 32). T4P are used
for surface-based motility, adhesion, and help in the formation of structured biofilms (30). The
type III secretion system (T3SS) is a tool specialized for delivering virulence factors directly
into host cells (33). The T3SS delivers Exo effectors with varied biochemical functions, such
as the ADP-ribosyltransferase ExoS and the phospholipase ExoT (34). ExoS has been shown
to inhibit phagocytosis, while ExoT is highly cytotoxic (35, 36). Presence and high activity
of T3SS is one of the key markers seen in early P. aeruginosa infections and trend towards

lower T3SS activity marks transition towards chronic infection (37, 38). An alternative tool for
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Figure 1.1: P. aeruginosa virulence factors

Schematic overview of P. aeruginosa virulence factors adapted from (26) under creative commons
license. (a) Biofilm formation and extracellular matrix component production. (b) Quorum
sensing systems used for co-ordination of collective behaviour. (c) Diagram of flagella and core
flagellins - FliC and FliD. (d) Iron uptake systems and siderophore - pyoverdine. (e) Type IV pili
(T4P). (f) Lipopolysaccharides and outer membrane proteins (OMPs). (g) Type III secretion
system (T3SS). (h) Type VI secretion system (T6SS). (i) Type II secretion system (T2SS) and
associated substrates - proteases (AprA, PIV), elastases (LasA, LasB), exotoxin A (ETA) and
pyocyanin.

direct effector delivery is type VI secretion system (T6SS) that is primarily used as a bacterial
competition tool, but also delivers host effectors, amongst these being a set of phospholipases
(P1dA, P1dB, and Tle4) (39, 40). These phospholipase effectors have been shown to aid with

internalization into non-phagocytic host cells (41, 42).

In addition to the virulence factors that work through direct cell-cell contact, P. aeruginosa
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also produces virulence factors that are released into the extracellular milieu. These include
phospholipase C, which can degrade eukaryotic membranes (43), and exported proteases.
Examples of protease enzymes include elastases LasA and LasB that degrade host elastin or
alkaline protease AprA that also degrade host connective tissue (26). P. aeruginosa also releases
secondary metabolites that are cytotoxic to both host cells and adjacent microbiome, such as
pyocyanin or hydrogen cyanide (44, 45). While siderophores pyoverdine and pyochelin are used
for iron scavenging (46), rhamnolipids are multifunctional biosurfactants that contribute to
microbial community structure and immune evasion through host cell toxicity (47, 48). To
coordinate the collective behaviour of the population, including the expression of many of these
virulence factors, P. aeruginosa uses three quorum sensing (QS) systems: Las, Rhl, and Pgs,
which are also considered virulence factors in their own right (49, 50). The virulence factors
listed here cover only a fraction of the tools at disposal of P. aeruginosa and this diversity of
tools aids in explaining how this bacterium can take advantage of an opportunity to invade a

host niche once one arises.

1.1.3 Antibiotic resistance and niche adaptation

P. aeruginosa is a bacterium that is naturally tolerant to exposure to a wide range of
antibiotics and is one of the ESKAPE pathogens that is a global concern in clinical settings (15).
It has an intrinsic resistome, which refers to the mechanisms that enable bacteria to tolerate
exposure to antimicrobials. This set of characteristics includes presence of drug eflux pumps,
low membrane permeability, the absence of specific sites that are susceptible to antibiotics, and
in the case of biofilms, the presence of an extracellular matrix (ECM) that limits the diffusion
of small molecules (51, 52, 53). In addition to its intrinsic resistome, P. aeruginosa can also
acquire resistance to specific drugs through horizontal gene transfer or through the acquisition
of pathoadaptive mutations that allow it to better tolerate treatments and the stresses present

within infection niche (54, 55). Horizontal gene transfer is the evolutionary fastest mechanism for
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the spread of antimicrobial resistance and can be mediated through both transfer of plasmids and
chromosomally integrated mobile elements (56). Review of epidemiology of multidrug-resistant
(MDR) P. aeruginosa by (57) highlights spread of S-lactamases and carbapenemases specifically
as the most concerning due to high usage of these antibiotic classes.

Alternatively, to horizontal resistance gene transfer between strains or species, P. aeruginosa
existing in infection niche may acquire a set of pathoadaptive mutations that allows bacteria to
better tolerate stresses present and treatments applied (58, 59). This can include mutations in
regulatory pathways that induce a permanent phenotypic shift, examples of this being acquisition
of mucoid phenotype overproducing hygroscopic exopolysaccharide alginate (60) or emergence
of hyper biofilm forming small rugose colony variants (61). Mucoidy has been associated with
both increased antibiotic resistance and immune evasion (62, 63), and this phenotype is often
a result of loss of function mutations in a gene encoding the anti-sigma factor MucA or the
associated sigma-factor AlgU (64, 65). Review of studies looking at pathoadaptive mutations by
(66) found algU and mucA genes to be the two most commonly identified mutational hot-spots.
Rugose colony variants emerge from increased exopolysaccharide (EPS) production elicited by
high levels of intracellular second messenger c-di-GMP. Several distinct loci have been linked
to emergence of this phenotype including wsp, yfi, and some mutations associated with the
Gac-Rsm pathway (61, 67, 68). Other examples of mutations resulting in increased antibiotic
resistance are loss of expression of the repressor MexR that led to an increased expression of
Mex drug efflux pumps (69, 70). Furthermore, mutations rendering the outer membrane Opr
porins non-functional limit small molecule uptake and thus antibiotic uptake (71). Combination
of intrinsic resistome with horizontal acquisition of resistance against specific drugs consistently
places P. aeruginosa amongst the six leading pathogens for deaths associated with resistance,

with more than 300 thousand P. aeruginosa AMR associated deaths in 2019 (72).
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1.1.4 Target for design of novel therapeutic approaches

P. aeruginosa high antibiotic resistance has made it a focus for the development of
new antimicrobial therapies, including the design of combination therapies using existing
antimicrobials and the development of new antibiotic compounds (25). S-lactam antibiotics,
which target peptidoglycan synthesis and are a commonly prescribed class of antibiotics, are
particularly relevant in this regard (73). S-lactam resistance is mediated by specific hydrolases
called p-lactamases, and the spread of S-lactamases is a current concern in the epidemiology
of MDR P. aeruginosa (57). To combat the challenge presented by MDR P. aeruginosa,
approaches such as co-delivering -lactams with -lactamase inhibitors, such as clavulanic acid
and taniborbactam, both of these acting on multiple S-lactamase classes (74, 75). Another
approach to developing new antimicrobials is through the creation of derivatives of existing
compounds with the aim of overcoming emerging resistance or improving their safety profiles.
An example of this is the class of lipopeptide antibiotics called polymyxins, which disrupt the
outer membranes of Gram-negative bacteria but have been associated with human nephrotoxicity
(76). A recent polymyxin derivative called SPR206 is currently in clinical trials and is seen
as promising due to its effectiveness against MDR pathogens and improved toxicity profile
(25). Similarly, existing medications can be repurposed for use as antimicrobials, this approach
being beneficial as any medication in active use has already undergone safety testing and this
can significantly shorten the time frame until use in clinical practice (77). Examples of such
compounds under current investigation include an anti-fungal dimetridazole (78) and antiviral
medication ribavirin (79), that have been shown to promote P. aeruginosa sensitivity to other
antimicrobial compounds (80). Another approach to developing new antimicrobials is through
the identification of novel molecular targets and new modes of action of natural toxins that
can subsequently inspire drug design. Cefiderocol, a siderophore-antibiotic that was approved
for limited use by the FDA in 2019, is an example of this (81, 82). Antibiotics have been

historically isolated and derived from molecules used in competition between bacterial species
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and this continues today, with inspiration for new antimicrobial strategies being taken from

studies on bacterial competition.

Bacterial ability to exist as biofilms has been linked to increased antibiotic tolerance. In
addition to this, antibiotic susceptibility testing performed in single species and polymicrobial
biofilms reveals different impact. For example, research has shown that P. aeruginosa is less
susceptible to colistins in the presence of Staphylococcus aureus and Candida albicans (83),
and the presence of Stenotrophomonas maltophilia can protect P. aeruginosa from imipenem
(84). These observations of biofilm communities behaving differently from planktonic cultures
are leading researchers to increasingly test new antimicrobials within the context of biofilms
aiming to better represent infection conditions (85, 86). This has led to increased testing of
both minimal inhibitory concentrations (MIC) and minimal biofilm inhibitory concentrations
(MBIC) when assessing efficacy of new antimicrobial compounds (87, 88, 85, 89). In addition
to this, approaches aimed at disrupting the structure of biofilm communities and improving the
delivery of existing antimicrobials are being developed to address the treatment challenges posed
by biofilms. These approaches may involve directly degrading ECM components or indirectly
disrupting biofilms, such as through the deprivation of essential nutrients like iron in the case of
P. aeruginosa (25, 90). Some examples of biofilm eradication trough ECM degradation include
application of alginate lyases, that have a potential to be highly effective against mucoid P.
aeruginosa isolates (91). An interesting microbial delivery approach under current investigation
is the use of outer membrane vesicles (OMVs). OMVs are membrane derived particles that carry
a variety of molecules and can fuse with bacterial cell membranes resulting in internalisation of
the vesicle contents (92). As OMVs could be loaded with exogenous antimicrobial agents, these

are being investigated for use in targeted antimicrobial delivery (93).

Aside from furthering development of antibiotics, a variety of less traditional antimicrobial
treatment approaches are under investigation. One of these is phage therapy, in which bacterial

viruses that are known to kill specific types of bacteria are modified to treat infections caused
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by MDR pathogens (94). Bacteriophages can be used both to kill bacteria and to break down
the extracellular matrix, which increases the permeability aiding in delivery of small molecule
antimicrobials (95). In vitro and animal studies have shown that phages can effectively disrupt
biofilm structure and kill bacterial cells, but clinical trials testing their effectiveness in humans
have not yet resulted in recommendations for wider use (25, 95).

Since infections with P. aeruginosa are only a concern for a small portion of the population,
one of the strategic approaches being explored in management of these is the possibility of
preventing infections through vaccination (25, 96). While there are currently no vaccines that
have been approved for use, various targets have been explored, amongst these are P. aeruginosa
lipopolysaccharides and flagellar proteins (25, 97). One of the most recent promising trials has
focused on IC43 vaccine based on recombinant outer membrane porin proteins. While this
vaccine was well tolerated and immunogenic it did not provide a significant advantage in regard
to reduced mortality (98). Another immunology-based approach that is being studied is the use
of antibodies to prevent or treat existing infections. Clinical trials are currently underway that

are targeting exopolysaccharides and virulence factors with these antibodies (25).
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1.2 Bacterial communities

1.2.1 Two bacterial lifestyles - planktonic and biofilm

With the exception of separate highly transmissible isolates, P. aeruginosa infections
are typically acquired from environmental sources rather than through patient-to-patient
transmission (99). This suggests that P. aeruginosa success within infection niche is not
necessarily caused by the spread of highly transmissible strains, but rather by the bacteria’s
ability to adapt to the infection site. Longitudinal studies that compare the phenotypic features
of P. aeruginosa isolates from early and chronic infections have identified characteristic shifts in
gene expression patterns. Isolates from acute infections tend to express high levels of virulence
factors and exist in a planktonic state (26). This is associated with high expression of motility
devices such as flagella and pili, virulence factors such as pyocyanin or elastase, and increased
activity of the T3SS (26). The production of these virulence factors also provokes a strong
immune response. In contrast, during chronic infections, bacteria form aggregates or surface-
attached biofilms and reduce the production of virulence factors, resulting in a more persistent
and less immunogenic phenotype (1). This state is characterised by increased ECM production,
reduced motility, and increased activation of the T6SS (100). This switch has been shown to
be largely dependent on changes in intracellular c-di-GMP levels and activity of the Gac-Rsm

regulatory cascade (Figure 1.2) (100, 101).

1.2.2 c¢-di-GMP and biofilm formation

¢-di-GMP is an ubiquitous second messenger involved in determining whether bacteria
exhibit planktonic or biofilm-like behaviour. High intracellular concentrations of c-di-GMP
are associated with biofilm-like characteristics, while a decrease in c-di-GMP levels is linked to
increased motility and virulence (102, 103, 104) (Figure 1.3). c¢-di-GMP is produced by enzymes

called diguanylate cyclases (DGCs) and degraded by phosphodiesterases (PDEs) (105). There is
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Figure 1.2: P. aeruginosa planktonic-to-biofilm lifestyle switch

Schematic showing features of P. aeruginosa planktonic and biofilm phenotypes. Virulence
factors associated with acute infection shown in blue. Biofilm-associated features shown in
red. The shift in phenotypic features is associated with differences in levels of RsmYZ snRNSs.
Adapted from (100) with permission from Elsevier.

a total of 40 such enzymes encoded in the genome of P. aeruginosa reference strain PAO1 (106),
with some diversity seen in genomes of other strain isolates. Although the overall role of c-di-
GMP is in the transition between planktonic and biofilm phenotypes, the specific contributions
of individual enzymes are much more complex. For example, WspR is a major DGC that
contributes to biofilm formation and is activated through surface sensing and as a result of cell
envelope stress (107, 108). Another DGC, SadC, is regulated by the Gac-Rsm cascade and
influences biofilm formation, swarming motility, and virulence factor production (109, 110, 111).
Among the major PDEs is BifA, which contributes to biofilm dispersal (112, 113). These are
just a few examples of specific DGC/PDE enzymes, and further characterisation of how these
enzymes contribute to both spatially localised changes and function of few c-di-GMP binding
proteins and global pools of c-di-GMP, which introduce a broad phenotypic response across the

whole cell, is an active area of research.

The presence of c-di-GMP is detected by a range of regulators that subsequently control

specific phenotypic features. These regulators often contain a degenerated GGDEF or EAL
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Figure 1.3: Physiological functions of c-di-GMP

Schematic showing structure of c-di-GMP. C-di-GMP is produced by GGDEF domain containing
diguanylate cyclase enzymes, while degradation is performed by phosphodiesterases containing
EAL or HD-GYP domains. Highlighting key physiological features associated with both high
and low c-di-GMP levels in bacterial cells. Adapted from (104) with permission from Springer
Nature.

domain with a c¢-di-GMP binding site that is no-longer capable of enzymatic function, but
acts as a sensory domain (114, 115). One major regulator that directly binds c-di-GMP is
the transcription factor FleQ (116, 114). FleQ is an enhancer-binding protein that controls
the production of exopolysaccharide Pel, flagella, and surface adhesins, among other targets
(116, 117, 118). In particular, FleQ can function as both a transcriptional activator and a
repressor depending on its c-di-GMP binding state (119). The c-di-GMP-dependent control of
T4P production is mediated through FimX, which is required for pili assembly (120). Algd4
is a membrane protein that is required for alginate export and mucoid phenotype transition,
and c-di-GMP binding is essential for this activity (121). In addition, shifts in c-di-GMP levels
have also been shown to control the preferential expression of the type III or type VI secretion
systems of P. aeruginosa (101). Overall, c-di-GMP levels influence the expression of a range of

P. aeruginosa biofilm-associated genes and virulence factors, which play a critical role in the
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transition between planktonic and biofilm lifestyles (100).

1.2.3 Gac-Rsm regulatory cascade

In P. aeruginosa a pathway that is central in coordinating transition between planktonic and
biofilm lifestyles is the Gac-Rsm regulatory cascade (Figure 1.4). RNA-binding proteins RsmA
and RsmN directly or indirectly control the expression of hundreds of genes (122). Biological
processes under direct control of RsmA /RsmN include exopolysaccharide biosynthesis, cell wall
synthesis and remodelling, T3SS, T6SS and motility (123, 122). RsmA and RsmN activity is
modulated by sRNAs RsmY and RsmZ, whose expression is consequently under GacS-GacA
two component system (124). External signals that inform the transition between platonic and
biofilm lifestyles are integrated through the sensory kinases RetS and LadS, which subsequently
impact the activation of GacS-GacA (125, 126). Details of specific T6SS promoters under Gac-
Rsm control will be discussed in further detail in chapter 4.1 of the thesis, while this section

focuses on broader context surrounding regulation by this cascade.

1.2.3.1 RNA binding proteins RsmA and RsmN

RsmA and RsmN (also called RsmF) are two orthologous P. aeruginosa post-transcriptional
regulators that belong to the CsrA protein family (128). CsrA orthologs are small proteins
of approximately 60 amino acids that form functional homodimers to enable RNA binding
(129). These proteins are widely conserved across many genera of both Gram-positive and
Gram-negative bacteria (128). The first member of this family, CsrA, was identified in E. coli
and is named for its role as a carbon storage regulator A (130). It modulates the rate of
translation and mRNA stability of many gene targets (131). CsrA proteins can act both as
positive or negative regulators, through direct interactions or indirectly through regulation of
other regulators (Figure 1.5). The CsrA protein binding motif is a core GGA sequence that is

exposed as part of a single-stranded RNA stem-loop (132, 133, 134). Since the CsrA protein
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Figure 1.4: Schematic showing core components of Gac-Rsm cascade.

Sensory kinase RetS represses action of GacS-GacA two component system, while sensory kinase
LadS acts antagonistically, and sensory kinase PA1611 inhibits RetS-GacS interaction. Upon
phosphorylation by GacS, GacA induces expression of SRNAs RsmY and RsmZ. RsmY and
RsmY titrate the availability of free translational repressors RsmA and RsmN. RsmA and RsmN
negatively control expression of biofilm associated genes mediating transition between planktonic
and biofilm lifestyles.

dimer contains two RNA binding sites located on opposite sides of the protein complex (135, 136,
137), it can bind to a secondary site located on the same RNA target (137). The most common
mechanism of action is through direct inhibition of translation due to competition for binding
to the ribosome binding sequence (RBS) or through the initiation of structural rearrangement
that prevents ribosome binding (133, 137) (Figure 1.5A). CsrA proteins can also modulate the
mRNA pool through actively promoting Rho-dependent transcription termination (138) (Figure
1.5C). CsrAs can also modulate the degradation of specific mRNAs, interestingly examples of
both CsrA-mediated protection from degradation by RNase E and active targeting for recycling

have been described (139, 140) (Figure 1.5D). Examples of positive translational regulation
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by CsrAs are less common, but they include the protection of the E. coli flagella biosynthesis
master regulator, flhiDC mRNA, from degradation (140), and the increased rate of translational
initiation seen in F. coli ymdA (141). Positive effects on gene transcription and translation can
also be achieved indirectly, for example, through the repression of transcriptional/translational

repressors, highlighting the importance of these proteins as broadly acting central regulators.

CsrA orthologs found in Pseudomonas species are called Rsm after Regulator of Secondary
Metabolites (142). Phylogenetic analysis suggests that there are nine subfamilies of Rsm
paralogues in the genus Pseudomonas (128). The best conserved RsmA, which was first described

by (143), is widely distributed across most Pseudomonas species, including P. aeruginosa (128).
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Figure 1.5: Modes of action of CsrA regulatory proteins.

(A) Translational repression through binding of Shine-Dalgarno sequence preventing ribosome
binding and translation initiation.

(B) Translational repression through secondary structure modulation preventing ribosome
binding and translation initiation.

(C) Transcription termination through enabling Rho-dependent transcription termination.

(D) mRNA stabilisation through protection from RNase E dependent degradation.

(E) Translational activation through disrupting repressor riboswitch enabling ribosome binding
and translation initiation.

(F) Translational activation through secondary structure modulation enabling ribosome binding
and translation initiation.

Adapted from (127) under a creative commons attribution license.
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Another widely conserved paralogue, RsmE, is absent from the genome of P. aeruginosa and
closely related species (128). Instead, P. aeruginosa species encode RsmN (RsmF) (136, 135).
Whole transcriptome analysis studies have shown that the expression of approximately 500 genes,
or 9% of the genome, is directly or indirectly affected in ArsmA strains. The regulatory targets
of RsmA include virulence factors, including type III secretion system, HCN, flagella, type IV
pili, proteases, elastases, and biofilm-associated features such as EPS or pyocyanin production
and quorum sensing (144, 123, 145). Notably RsmA /N targets include other global regulators,
one of these being the transcription factor AmrZ (145). AmrZ (alginate and motility regulator
Z) is a broadly acting virulence phenotype modulator that acts on hundreds of genes, including
those associated with the production of EPS, flagella, c-di-GMP, T3SS, and T6SS, among others
(146, 147). The example of AmrZ highlights the complexity of interpreting the direct regulatory
impact of RsmA /N due to broad overlap in direct and indirect regulome. A notable target of
RsmA is the DGC SadC, which has been implicated as a central contributor for the Gac-Rsm
cascade mediated increase in c¢-di-GMP production (110). The production of SadC is under the
control of RsmA; therefore, the loss of repression by RsmA results in a higher abundance of
SadC and a corresponding increase in the production of c-di-GMP that subsequently promotes
biofilm formation. Furthermore, it should be noted that RsmA regulates both the expression of
genes rsmN and retS, as well as other mRNAs encoding upstream components of the Gac-Rsm
cascade, indicating that these repressors are involved in a feedback loop within the cascade
(122, 148). A study comparing the regulatory targets of RsmA and RsmN by (122) showed that
the binding sites of both proteins are highly conserved and there is a significant overlap in target
genes between the two regulators. However, the phenotypes associated with RsmN specifically

have been less well characterised in the existing literature.
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1.2.3.2 Small RNAs controlling Rsm protein availability

Impact of RsmA /N on gene expression is dependent on the amount of RsmA /N available
to interact with mRNAs of specific gene targets. The available pool of RsmA/N is titrated
by sRNAs, in P. aeruginosa these are mainly RsmY and RsmZ, but RsmA and RsmN have
been shown to interact with 33 and 22 sRNAs, respectively (122). Each RsmY and RsmZ
contain 7 GGA motifs that are essential for binding to RsmA or RsmN, and 3 of them are
potentially exposed as part of stem-loop structures that match the extended binding sequence
(CAnGGAyG) (149). Two of these RsmY GGA motifs are able to sequester both RsmA and
RsmN, but the affinity for RsmN is about 10 times lower (149). In the case of RsmZ, four of
the GGA motifs contribute to RsmA and RsmN repression, with 100-1000 times higher affinity
for RsmA (149).

The expression of both RsmY and RsmZ is dependent on activation by the GacS-GacA
two-component system, but each of the SRNAs has additional interaction partners that play
a role in determining the amount of RsmY/Z in the sRNA pool (Figure 1.6). Both RsmY
and RsmZ are under the control of the anaerobic response regulator Anr, and this has been
shown to result in RsmA-dependent upregulation of T3SS under low oxygen conditions (150).
An environmental signal with opposing impact on the control of Rsm-mediated T3SS is Mg?*
ions; the magnesium transporter MgtE inhibits T3SS gene expression by increasing RsmY and
RsmZ transcription (151). These examples illustrate the co-regulation of RsmY and RsmZ, but
several examples where a regulator interacts with only one of the two components have also been
shown in the literature (152). For example, SRNA179 stimulates RsmY synthesis and inhibits
T3SS (153), while the two-component system PmrA-PmrB acts as a transcriptional inhibitor
(154). RsmZ transcription is under negative control of the histone-like nucleoid structuring
proteins MvaT /MvaU (123, 155). CafA is a RNase G family expressed during the early stages
of biofilm development and has been shown to degrade RsmZ, while the RsmY pool remains

largely unaffected (156). A combination of these and other mechanisms results in condition-
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specific titration of the free Rsm protein pool through the control by Rsm-binding sRNAs that
integrate a range of specific environmental signals. When large amounts of Rsm sRNAs are

present, RsmA and RsmN are sequestered and a more biofilm-like gene expression pattern can

be observed (100).
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Figure 1.6: Regulation of RsmY /Z synthesis and turnover.

Schematic of regulators involved in modulation of cellular RsmY/Z pool adapted from (152)
under Creative Commons Attribution license. Sowing sensors, response regulators, directly
acting regulators and transporters, that have been shown impact RsmY /Z availability. Reviewed
in further detail in (152).

RsmA and RsmN have been experimentally shown to be modulated by at least two
more sSRNAs, RsmW and RsmV. Both of these regulatory RNAs are GacS-GacA independent
(149) and bind both RsmA and RsmN in wvitro (157), while the impact under physiological

concentrations and conditions remains as an open research question. RsmW (PA4570.1) was
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first identified as a novel SRNA by (158), while named and characterised by (157). RsmW
is preferentially expressed during the late growth phases and in biofilms, as well as under
nutrient and iron limiting conditions (157, 149, 159, 160). A range of regulators including the
alginate sigma factor (AlgU) and FleQ trancription factor have been predicted to potentially
regulate RsmW production (157), implicating this SRNA with some of the regulators involved
in the switch from planktonic to biofilm lifestyle, but any of these remain to be experimentally
validated. Assessment of the RsmW function in vivo shows that overexpression can compensate
for the loss of RsmY and RsmZ (157, 149).

RsmV (PA4033.1) was identified as sRNA through transcriptome sequencing studies
(158, 161) and predicted as a SRNA binding RsmA /RsmN through use of in silico tools (149).
Conserved in the P. aeruginosa genomes but absent from related species, RsmV shows a similar
affinity for both RsmA and RsmN, but appears to be a comparably weak repressor compared to
RsmY /RsmZ/RsmW (149). In vivo characterisation of the RsmV regulatory impact has been
limited so far, but it has been shown that overexpression of RsmV in strain lacking RsmY/Z/V
results in elevated T6SS promoter activity (149). The expression of these sSRNAs is influenced by
various environmental factors, such as oxygen levels, nutrient availability, and iron concentration.
While in vitro binding studies have shown that these SRNAs can bind both RsmA and RsmN
and can compensate for each other’s absence when overexpressed (149), their specific in vivo
functions and impact on RsmA and RsmN availability remain largely unknown. It has been
observed that the expression of these sRNAs is temporally distinct, with RsmY and RsmZ
increasing in the late stationary phase, RsmW increasing in early stationary phase, and RsmV
gradually accumulating during successive growth stages (149). This suggests that the balance
and concentration of these sSRNAs may play a role in fine-tuning the activity of RsmA and

RsmN.
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1.2.3.3 GacS/GacA two component system and impact of sensory kinases RetS,

PA1611, and LadS

Bacteria commonly use two-component systems (TCS) to detect and respond to changes
in their environment. These systems are made up of a histidine kinase sensor and a cognate
response regulator (162). GacS/GacA is one such sensor-regulator pair that has been closely
linked to the Rsm system in P. aeruginosa. GacS is a membrane-associated kinase that controls
the phosphorylation of the GacA response regulator (163). Phosphorylated GacA activates
the transcription of non-coding RNAs RsmY and RsmZ (124). In P. aeruginosa GacS/GacA
the two-component system has been shown to act exclusively through RsmY and RsmZ (124),
but as discussed above, these SRNAs are not under the exclusive control of GacS/GacA. The
periplasmic detector domain of GacS has been the focus of multiple studies, its presence has
been shown to be essential for GacSA signalling and structural characterisation has seemingly
pinpointed the specific amino acids involved in ligand binding (164, 165), yet to date, no known
ligands for the sensory domain of P. aeruginosa GacS have been identified. However, the
activation of GacS is controlled through kinase-kinase interactions with hybrid histidine kinases
such as RetS, LadS, and PA1611 (166, 167, 168).

RetS is a sensory kinase that responds to the presence of mucin glycans and interacts
with GacS to prevent the phosphorylation of GacA (169, 170). Multiple studies examining P.
aeruginosa CF isolates strains have found that the retS gene is among pathoadaptive mutational
hotspots (171, 54, 66). The loss of RetS has been shown to induce high biofilm formation and
increase T6SS activity (101, 172, 167). This is a result of RetS forming heterodimers with GacS
and this directly prevents phosphorylation of GacA (125, 169, 173). Another sensory kinase
LadS responds to Ca?" ions, which acts as an antagonist to RetS (174, 126). LadS activates
Gac/Rsm cascade by directly phosphorylating GacS, triggering subsequent activation of GacA
(126). Loss of LadS is associated with increased virulence, truncation of the ladS gene is the

underlying reason for increased virulence seen in P. aeruginosa reference strains PA14 (175).
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PA1611 is another hybrid kinase sensor that affects GacS activation, but unlike RetS or Lads, it
does not interact with GacS directly. PA1611 interacts with RetS inhibiting its action and this
results in a shift towards biofilm formation (176, 168). RetS, LadS, and PA1611 work together
to integrate signals from the immediate environment and jointly modulate the activity of the
GacS/GacA TC system, helping to determine whether current local environmental conditions

favour planktonic or biofilm-like gene expression (177, 163).

1.2.4 Pseudomonas aeruginosa motility

P. aeruginosa can engage in three main types of motility: twitching, swimming, and
swarming. Swimming is facilitated by flagella and is the dominant mode of motility in low
viscosity environments (178). Twitching is a directed surface-based motility dependent on the
use of type IV pili (T4P) (30). While both swimming and swarming can be described as activities
performed by individual bacteria, swarming is a collective behaviour reliant on direct cell-to-cell
coordination within the communities and can be observed on semisolid surfaces (179, 180). P.
aeruginosa collective swarming is dependent on quorum sensing and use of both flagella and
T4P (181). Each of these modes of motility is used under different environmental conditions.
While flagella are preferentially associated with bacterial swimming in liquid, T4P are essential
for surface attachment and formation of mature biofilm structures, where bacteria use T4P
to "climb" over each other forming characteristic mushroom cap-like structures (Figure 1.7B)
(182, 183, 184). Swarming is part of a broader adaptation in response to the viscous environment,
which is distinct from planktonic or biofilm growth, and is associated with the expression of

virulence factors that aid in host colonisation (185, 186).

1.2.4.1 Flagella mediated motility

Flagella are widespread bacterial motility devices that consist of an extended filament, a

hook, and a basal body (178) (Figure 1.7A). The basal body of the flagella acts as a motor
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that powers the rotation of the flagella and propels bacterial movement (189). The number
and location of flagella vary among bacterial species. P. aeruginosa possesses a single flagellum
located at one pole of the cell (190, 178). By changing the direction of rotation of the basal
body motor, flagella can be used to both push and pull the bacterial cell (191) (Figure 1.7C).
Additionally, it has been recently discovered that P. aeruginosa can wrap its flagellum around
the cell body, enabling sudden changes in direction (188). The use of flagella allows for a
fast, directed movement that enables the bacteria to explore its surroundings (187). Flagella-
dependent motility is also involved in P. aeruginosa chemotaxis where bacteria ascends a
gradient of chemoatractant molecule present in immediate environment (192). This process
involves chemo-receptor proteins consisting of an extracytosolic ligand-binding domain and the

cytosolic signal transduction domain (193, 194). P. aeruginosa PAO1 genome is predicted
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Figure 1.7: P. aeruginosa flagella.

(A) P. aeruginosa contains a single polar flagellum. Adapted from (187) under a creative
commons attribution license.

(B) Flagella aids in biofilm initial establishment and dispersal in ¢-di-GMP dependent manner.
Bacteria in planktonic culture exist in low c-di-GMP state, after encountering a surface c-di-
GMP levels are elevated. After undergoing division on surface, cells with high intracellular
¢-di-GMP level continue surface colonisation, while low ¢-di-GMP cells use flagella to continued
dispersal. Adapted from (183) under a creative commons attribution license.

(C) Flagella dynamics can be used to push or pull bacterial body depending on the direction of
rotation in basal body motor, or to rapidly change direction of movement by wrapping flagella
around bacterial body. Adapted from (188) under a creative commons attribution license.
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to encode as many as 26 signal binding chemoreceptors (195). Some examples include CtpH
and CtpL that respond to the presence of inorganic phosphate ions (196), PctA and PctB,
both of which bind multiple amino acids aiding with nutrient uptake (197, 198), interestingly
PctA as well as PctD can also respond to presence of neurotransmitter acetylcholine likely
contributing to virulence in host niche (199). Flagella-mediated swimming is associated with
a planktonic lifestyle and flagella proteins are considered one of the virulence factors of P.
aeruginosa (32, 200). Flagella contribute to the initiation of biofilm formation by aiding in
surface sensing and transition towards existence on solid surfaces and is required for biofilm

dispersal and further dissemination in a c-di-GMP-dependent manner (183, 201) (Figure 1.7B).

1.2.4.2 Type IV pili mediated motility and impact on community organisation

T4P are flexible protein fibres that extend from the surface of bacterial cells. Pili structure
and general mechanisms of action are broadly conserved in not only bacteria but also archaea
(202). T4P are used for attachment to a variety of surfaces, including glass, metal, host cells,
and other bacteria, promoting aggregation and mechanical surface sensing (30, 203). Pili fibres
are made up of pilin subunits, the major pilin essential in the structure assembly is PilA but P.
aeruginosa genome also encodes 5 additional minor pilins (204, 30). T4P fibres are anchored in
the cell wall through alignment proteins, while cytoplasmically located ATPases act as assembly
or retraction motors (205). T4P are dynamically polymerized and depolymerized, generating
mechanical force (206, 207, 208). The combination of adhesive properties with active dynamics
makes T4P a useful tool for bacterial motility and adhesion, both of which are highly beneficial
for surface colonisation (203). Differential expression and incorporation of minor pilins allows
bacteria to modulate binding affinity on different surfaces, such as the minor pilin PilY1 in P.
aeruginosa that promotes host cell integrin binding and colonisation (209). T4P also contribute
to DNA uptake and natural transformation in several Gram-negative species (210). Additionally,

the adhesive properties of T4P enable the initial attachment of bacteria to the surface, while
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Figure 1.8: Schematic of Type IV pili.

The T4P filament is composed of major pilin PilA. The filament is attached to the inner
membrane protein PilC and protrudes trough the outer membrane secretin PilQ. PilB and
PilT are ATPases that are correspondingly responsible for pilus assembly and retraction, while
PilD processes PilA before integration into pilus. Adapted from (212) under a creative commons
attribution license.

their dynamic nature allows for the formation of a structured ECM that provides mechanical
support for mature biofilms (30). To further emphasise the importance of T4P in bacterial
community organisation, a study investigating P. aeruginosa clinical isolate biofilm formation

correlated increased T4P production with strong aggregation and biofilm formation (211).

Type IV pili (T4P) of P. aeruginosa are preferentially expressed on rigid surfaces (213) and
contribute to both twitching and swarming motility. During twitching, T4P are used to adhere
to a substrate and pilus retraction allows the bacteria to exert mechanical force against the
surface, propelling the bacterial body across surfaces (214). P. aeruginosa has been described
to use T4P to engage both in "horizontal crawling" and "vertical walking" depending on the
cell orientation relative to the substrate (215, 216). Surface motility helps bacteria to colonise
surfaces, including movement in a direction opposing fluid flow, and ensure initial attachment
during biofilm formation (216). In addition to aiding in surface colonization, T4P-mediated

surface motility is also part of P. aeruginosa chemotaxis and exploratory motility that occurs
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Figure 1.9: Schematic of Type IV pili functions in bacterial communities.

(a) T4P extension and retraction mediated surface motility. (b) Twitching motility enables
directed movement in response to chemical gradients and other signals. (c) T4P-mediated cell-
cell adhesion aids with aggregation and biofilm formation. This is essential for biofilm formation,
contributes to the community organisation through specific adhesion mediated sorting and aids
with withstanding stress from deformation forces.

Adapted from (205) with permission from Springer Nature.

upon exposure to other bacterial species (217, 218). While T4P are involved in swarming
behaviour, unlike flagella, pili are not required for bacterial lateral expansion under swarming
conditions, but aid in cohesion of bacterial groups during swarming (180). It is thought that,
instead of acting as a motility device, during swarming pili-pili interactions aid with nematic
ordering of adjacent bacteria, which likely helps coordinate the movement of whole P. aeruginosa

clusters (179). Mutants lacking functional T4P will cover a larger swarming area than wild-type
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strains and show high local alignment, while hyper-piliated mutants are swarming defective
and lack local alignment (180). This role in local organisation highlights T4P role in adhesion,
the importance of this function has also been shown in a study investigating P. aeruginosa
clinical isolate biofilm formation correlated increased T4P production with strong aggregation
and biofilm formation (211). Although T4P mediate surface motility at single-cell scale can
be seen as highly individualistic behaviour, twitching motility is used for community expansion
on surfaces and can be seen as a complex collective behaviour. Additionally T4P motility is
responsive to environmental chemical signals aiding with colonisation (219). Chapter 6 of this
thesis also investigates how T4P contribute to P. aeruginosa intermixing at both local and global
scale, as well as demonstrates how T4P contribute to macrocolony expansion. Overall T4P are
a surface appendage that is integral in P. aeruginosa existence on surfaces, aiding with both

motility and community coherence.

1.2.5 Biofilmms

The concept of bacterial biofilms has evolved from describing surface-colonizing microbial
communities relevant to wastewater treatment and aquatic isolates, to bacterial communities
developing in solid-liquid, liquid-gas, or solid-gas interfaces, to a somewhat ubiquitous sessile
model of bacterial lifestyle that is highly prevalent in nature (220). The term "biofilm" is now
more broadly used as a general designation for microbes engaging in sessile growth (221), and
they are of broad interest in environmental, industrial, or medical sciences as both a cause
of concern and a tool to be exploited for novel applications. Corrosion caused by marine
biofilms is of significant economic concern in the shipping industry (222). Examples of beneficial
industrial biofilm applications include the use of "activated sludge" for wastewater treatment
(223). Biofilms and bacterial aggregates are also of clinical interest, with the most commonly
used example being dental plaque formation (224). Aggregates of pathogenic bacteria can also

be observed in isolates from chronic infections, as in the case with P. aeruginosa in CF sputum
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(225). Another distinct example of naturally occurring biofilms is microbial aggregates found
within soil (226). Biofilms are the dominant form of bacterial existence, and the above examples
highlight just how diverse microbial communities referred to as "biofilms" can be (220).

The defining features of biofilm communities are a decrease in individual motility in favour
of bacterial aggregate formation and the production of an extracellular matrix that encases
the bacterial community (227). As bacteria transition from individualistic, free-living cells to
collective systems, a range of defining collective features emerge. The formation of aggregates
results in spatial heterogeneity, in the form of gradients in oxygen, nutrients, and waste products,
which subsequently promotes phenotypic heterogeneity and specialisation (228). As the bacteria
are spatially fixed, long-term synergistic interactions can establish (229, 230). The proximity also
necessitates communication and coordination, which typically occurs through quorum sensing
(231, 1). As part of physiological adaptation, quorum sensing allows for the coordination
of a range of biofilm behaviours, including changes in virulence factor expression (147) and
coordination of environmental adaptation (232).

Biofilm communities have also been shown to improve stress tolerance, including to abiotic
stresses such as changes in pH and temperature fluctuations or exposure to mechanical shear
stress (233, 234, 235). In the context of the host microbiome, the existence of a healthy
microbiome is one of the key mechanisms providing resistance against invading species (236, 237).
However, once infection has been established, existence in biofilm communities protects bacteria

from host clearance (67, 238) and provides resistance against antibiotic treatment (52, 239).

1.2.5.1 Biofilm formation

Biofilm formation involves a process of transition from individualistic bacteria to existence
within organised community consisting of varied micro-environments and phenotypically
specialised bacteria. P. aeruginosa has been a key model organism for studying the process

of biofilm establishment and maturation, and has been used to develop conceptual models for
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biofilm development. These models have been refined over time, with (240) defining multiple
phenotypic life-stages and (241) defining five steps of biofilm development. These five stages are
reversible attachment, irreversible attachment coinciding with a broad switch in gene expression,
and two stages of maturation, first characterised by the appearance of matrix-embedded clusters
and second by the formation of structured microcolonies, finally followed by biofilm dispersal
(241). Recently, this model was expanded by (227) to incorporate aggregates as an independent

part of the biofilm lifestyle, separate from surface attachment.

When planktonic bacteria encounter a surface, they can undergo frequent polar attachment-
detachment events that initiate the formation of surface-based biofilms (242). The "commitment"
to switch towards biofilm formation is marked by an 'irreversible" longitudinal attachment,
which is accompanied by shifts in gene expression, including downregulation of flagellar motility
(243, 244) and upregulation of antibiotic resistance-related gene expression (245), as well as
early exopolysaccharide production (119, 246). In P. aeruginosa, this process is driven by
changes in intracellular c-di-GMP levels upon surface contact. This leads to an asymmetric
division event in which one of the cells with high ¢-di-GMP levels commits to a surface-attached
existence, while the other detaches and continues as a planktonic cell (183). During surface-
attached growth, these bacteria undergo subsequent rounds of division and form microcolonies
that will subsequently evolve into large structures in which bacteria coordinate their behaviour
through QS (247). Gradually, large three-dimensional biofilm structure will form, leading to the
creation of internal gradients in nutrients, oxygen, and waste products (228). The change in
local conditions drives further niche sub-specialization within the community (248). Although
dispersal is often described as the final stage of biofilm formation, individual cells can detach
from resident cells and leave the structure by switching to planktonic life at any time point

during biofilm growth (227).

A striking structural feature of mature P. aeruginosa biofilms observed on flow-cell surfaces is

the formation of large stalked mushroom body structures (184). However, it should be noted that
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Figure 1.10: Model of biofilm formation.
(A) Conceptual model of biofilm formation defining five sequential stages of biofilm development
from (241). 1. Upon encountering a surface planktonic cells undergo reversible attachment. 2.
Irreversible attachment. 3. Maturation and microcolony formation. 4. Further maturation and
structured biofilm formation. 5. Dispersal.
(B) Expanded conceptual model incorporating bacterial aggregate formation as per (227).
Rather than sequential process, this is laid out as distinct micro-environments with associated
characteristic features. Aggregation and attachment - during which bacteria attach to each other,
biotic, or abiotic substrates. Growth and accumulation - during which aggregated bacteria grow
forming structured communities. Disaggregation and detachment - during which bacteria leave

the biofilm as single cells or aggregates.
Adapted from (227) with permission from Springer Nature.

biofilm formation is not dependent on a surface or interface and P. aeruginosa biofilm isolates
from the CF lung environment would be better described as aggregates (249). Aggregates formed

in the liquid phase exhibit many of the same properties as surface-attached structures, including
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chemical gradients and sub-population specialization, and these structures are maintained by
mechanisms like those present in surface-attached communities (250, 251). The distinguishing
feature of these aggregates is their mode of assembly, which is often independent of surface
attachment (252). Multiple mechanisms of bacterial aggregation have been described, including
detachment of cell clusters from surface-attached biofilms, also known as sloughing, which can
be induced by chemical and physical stresses (253). Aggregates can also be formed directly in
the liquid phase when daughter cells remain attached through surface adhesins or extracellular
polysaccharides (254), which may explain why regulatory mutant strains that over-express EPS-
associated genes readily form aggregates grown in laboratory liquid culture under vigorous
agitation (255). Alternatively, cells that produce sufficient amounts of attachment molecules
in the liquid phase can also form co-aggregates (254), or use host polymers, such as fibronectin
(256), to form coherent particles (257), both of which enable the formation of aggregate
communities that are not strictly monoclonal. Although the specifics of aggregate formation
and disintegration are still the subject of current research across a range of fields, it is clear
that the key concepts remain the same independently of whether a biofilm is formed at an
interface or within the liquid phase (227). A more general model can be split into three stages
of biofilm formation: initial attachment to a surface or other population members, followed
by growth and the establishment of more complex structured communities with heterogeneous
microenvironments and sub-populations. The final broad stage of community development is
detachment and disintegration, which allows the bacteria to spread to new environmental niches

(Figure 1.10 B).

1.2.6 Extracellular matrix

The extracellular matrix (ECM) is a defining feature of bacterial biofilms and can make up
more than 90% of the biofilm’s dry mass (258). The ECM is composed of exopolysaccharides

(EPS), extracellular DNA (eDNA), and secreted proteins, and increased production of all of
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these is a hallmark of the transition to a biofilm lifestyle (100). The matrix provides structural
support for the formation of complex 3D structures, facilitates the organisation of the microbial
community, and serves as a physical barrier to protect the biofilm community (259, 260, 261,
262). EPS in particular forms a protective barrier that has been shown to help bacteria with
immune evasion, resist antibiotic treatment, and withstand contact-based attacks (263, 264,
238). The combination of both EPS and eDNA results in viscoelastic matrix support that
aids in protecting against mechanical stress introduced by liquid flow (265, 266). Furthermore,
EPS production has been linked to increased fitness and persistence in polymicrobial contexts,
while leading to reduced virulence (267, 236, 221). In P. aeruginosa the ECM contains 3 main
exopolydasachrides - Pel, Psl, and alginate - with distinct but partially overlapping functions

(268, 260).

1.2.6.1 Alginate

Alginate is a high molecular weight uncharged heteropolymer made up of S-d-mannuronic
and o-l-guluronic acids (269). Alginate overproduction results in a mucoid phenotype,
characterised by an increase in water retention and a distinctive colony morphology, which
confers desiccation resistance and aids with nutrient retention (270, 271). Alginate contributes
to both biofilm establishment and structural support in mature biofilms (272), but it is not
essential for biofilm formation in P. aeruginosa. This is because a range of isolates with
low alginate expression can form biofilms, including the reference strain PAO1 used in this
study (273, 274). A shift toward mucoid phenotype is commonly found to have occurred in
P. aeruginosa clinical isolates (60, 275). In the context of P. aeruginosa infections, alginate
inhibits phagocytosis (276, 277, 278) and is a significant contributor to the formation of the
biofilm’s bulk biomass, which acts as a protective barrier that interferes with the delivery of
antimicrobial drugs (279, 280). This mucoid phenotype is often caused by mutations in the

mucA gene (64, 281), which are highly prevalent in CF patient isolates (281) and are associated
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with a poor treatment prognosis (282, 283). Interestingly, mucoid P. aeruginosa lineages can
be seen acquiring a secondary compensatory mutations, often in MucA interaction partner
AlgU, resulting in a transition back toward the non-mucoid phenotype (284). This is through
to occur due to high fitness costs imposed by overproduction of alginate (285). Mutations in
mucA have also been associated with down-regulation of T3SS (286). The acquisition of these
mutations marks a transition from a highly virulent planktonic lifestyle to a biofilm-associated
chronic infection phenotype. The expression of T'3SS is often inversely correlated with increased
expression of T6SS (101), so it is of interest to determine if mutations within mucA affect the
expression of T6SS. Previous research has shown that mucoidy is related to up-regulation of
T6SS activity in Pseudomonas fluorescens (287) and H1-T6SS structural genes are suggested to
be up-regulated in microarray studies using mucA mutants (288). However, further research is

needed to confirm the impact of these mutations on T6SS expression.

1.2.6.2 Psl

Psl is a polysaccharide composed of D-mannose, D-glucose, and L-rhamnose (289). Genes
responsible for Psl production and transport to the surface are encoded within polysaccharide
synthesis locus (290, 291). Psl can be anchored to the cell surface, where it promotes close cell-
cell and cell-surface adhesion through polymer cross-linking (292), or it can be present in the
extracellular matrix (289). Both forms of Psl contribute to the ECM elasticity and resistance to
mechanical shear forces (293). Psl is preferentially produced during early biofilm formation and
helps with the surface attachment (294, 246). Later in the maturation process, Psl expression
can be found in the central part of the biofilm (295). Depletion of Psl can also cause mature
biofilms to disintegrate, indicating that Psl is essential for the maintenance of biofilms at all
stages (292). Psl also has a non-structural role in signalling, extracellular Psl serves as a "feed-
forward" signal that activates diguanylate cyclases SadC and SiaD, leading to the production of

c-di-GMP and the formation of biofilms (296).
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Biofilm formation in different P. aeruginosa isolate strains can be primarily dependent on
Pel or Psl. Psl is the primary exopolysaccharide in the majority of non-mucoid clinical isolates
(246), including the reference strain PAO1 used in this study (297). Within the context of high
alginate production in mucoid isolates, Psl remains crucial and is reacquired for both attachment
to epithelial cells and the formation of robust mature biofilm structures (62). When attached
to epithelial cells, Psl has been shown to provoke immune responses (298). In these cases, co-
expression with alginate is key for protection against phagocytosis (62). Psl production has
also been associated with an increase in tolerance to aminoglycoside antibiotics, the antiseptic
chlorhexidine, and colistin at the population level, as well as an improved competitive advantage
in polymicrobial biofilm contexts (299, 263, 300, 301). Loss of Psl production has been shown to
compromise P. aeruginosa competitive fitness in mixed species biofilms (274, 236, 302). In the
context of infection, Psl production aids in evasion of the host immune system in model systems
(62, 303). Elevated Psl production has been associated with treatment failure to eradicate P.
aeruginosa infection in childhood CF patients (304), leading to the consideration of Psl as a

potential target for new therapies (305).

1.2.6.3 Pel

Pel is a positively charged polysaccharide made primarily of N-acetylgalactosamine and N-
acetylglucosamine (306). Genes responsible for Pel production were identified by screening
mutants defective in the formation of characteristic pellicles at the air-liquid interface and named
thereafter (307). The requirement for Pel in biofilm formation depends on the specific strain of
P. aeruginosa (297). Although Psl is the major exopolysaccharide produced in early biofilms,
the loss of Pel will result in impaired attachment (308). Due to its positive charge, Pel interacts
with extracellular DNA (306), and the structural properties of polymer cross-links are thought
to contribute significantly to the viscous properties of the exopolysaccharides, allowing biofilms

to withstand mechanical stress through deformation (293, 309). This is also essential for the
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structural remodelling of mature biofilms, which is necessary for the formation of mushroom-like
P. aeruginosa biofilm structures (293, 306). Here, Pel is localised at the periphery of pellicle
stalks, providing structural support in mature biofilms (306). Pel interacts with eDNA and
protects biofilms from eradication by treatment with DNases, aminoglycosides (297, 249), or
polymyxin antibiotics (310). Pel and Psl have overlapping functions, and their production can
compensate for each other to some extent, and the preference for their use varies among clinical
isolates (246). Unlike Psl, the interruption of Pel production will not result in the disintegration
of mature biofilms, but rather determines whether cells on the outer surface of the structure will

remain attached and contribute to the formation of the existing structure or detach (297).

1.2.6.4 eDNA

Extracellular DNA (eDNA) is an essential ECM component in P. aeruginosa biofilms as
DNase treatment is sufficient to induce biofilm dispersal (311) and closely interacts with EPS
components. Due to their opposing charges, Pel and eDNA can bind to each other (312) and
because of interactions with EPS, eDNA helps to maintain the structural rigidity (313, 314, 249).
This interaction has implications for the design of future treatment therapies targeting both EPS
or eDNA (249). Presence of eDNA aids in T4P-mediated expansion through coordination of
local organisation (315). The eDNA pool also contributes to conjugative gene transfer that
occurs with increased efficacy in biofilm context (316, 317). Additionally, eDNA can be used
as a substrate for natural transformation (318). The negative charge of eDNA allows it to
chelate cations present in the matrix, promoting cell-cell binding and acidification of the local
environment (319, 320). In the context of infection, eDNA contributes to P. aeruginosa biofilm
resistance to aminoglycoside treatment (321, 320, 249). Overall, eDNA is an essential component
of P. aeruginosa biofilms that is intentionally released to act not only as a structural cross-linking

aid but is also important for biofilm resiliency in the context of infection (322, 323, 324).
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1.2.6.5 Summary of exopolymeric substances

Exopolymeric substances, including alginate, Pel, and Psl, are important components of the
ECM of P. aeruginosa biofilms. While they have some overlapping functions, each EPS has a
distinct contribution to the formation of structured biofilms. Psl is essential for early biofilm
formation, including attachment and cell-cell coherence, while Pel contributes to the viscosity
and elasticity of the overall structure. In mature biofilms, Psl interacts with eDNA and is present
in the core of complex structures, where it is essential for maintaining cell-cell contacts that act as
structural support. Levels of Pel expression determine whether cells located in the biofilm /media
interface will detach or remain with the core structure enabling formation of complex biofilm
structure in form of characteristic Pseudomonas pellicles. Another key contributor to biofilm
formation and aggregation is the extracellular adhesin CdrA (325). The expression and release
of CdrA is highly responsive to ¢-di-GMP and, through binding to Psl and Pel, shows strong
self-aggregating properties (326, 327). Alginate, although not essential for structured biofilm
formation, plays a key role in P. aeruginosa infections by forming a protective barrier that
helps establish a stable microenvironment and protects against immune clearance. Mutations
impacting EPS production are common in clinical isolate strains, and two commonly found
pathoadaptive phenotypes are the mucoid and rugose phenotypes (66). Mucoidy is a result of
overproduction of alginate while high Pel and Psl expression contribute to rugose P. aeruginosa
phenotype (328, 68). Overall, the ECM is a defining feature of biofilms, aiding in community

organisation and contributing to biofilm resiliency.
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1.3 Bacterial interactions

Within the environment, microbes rarely exist as single species communities and
polymicrobial biofilms are more common. For example, microbial communities found in the
oral cavity or gut typically consist of hundreds of species (329, 330). Similarly, when present
in lung infections, P. aeruginosa is part of a polymicrobial community consisting of tens of
bacterial and fungal species, which it must compete with to invade the community and persist
(331, 332, 333). In mixed-species biofilms, organisms often display improved stress tolerance
and differ in their treatment response in the context of infection (86, 84). In addition to
abiotic factors, the composition, structure, and response of communities to conditions are
influenced by the presence of different species and their interactions with each other. The
emergence of complex structures is dependent on individual interactions, which can include
direct or indirect competition, positive feedback, and other social or physical interactions (334).
Small differences in local cell dynamics can lead to significant structural changes at the colony
or biofilm level, and profiling of community structural variation can be used as an indicator
of phenotypic variation (335, 336). Structural changes are indicative of phenotype switching
(67) and environmental adaptations (52), which can be used to aid in diagnostics, identify key
pathogenesis features, as multiple pathoadaptive mutations can converge to similar phenotypes,
or guide drug development and biotechnological applications (336, 337). To better understand
the interactions in complex communities as a whole, it is important to further our understanding

of the mechanisms underlying interactions between individuals.

1.3.1 Types of bacterial interactions

Ecological interactions within the niche can be broadly categorised as positive, negative, or
neutral. Considering systems with two interaction partners, this leads to six possible ecological
interactions summarised in Figure 1.11. First of these is direct cooperation or mutualism, where

both species benefit from the presence of the other within the niche. A clear example of this
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amino acid cross-feeding can be seen in the evolved community of Salmonelle Typhimurium
and E. coli in a study by (339). A naturally evolved example of positive cross-feeding seen
between Bacteroides species in the gut of mice, where one of the species releases glycoside
hydrolases in the extracellular milieu that allows the digestion of extracellular polysaccharides,
and all bacteria present benefit from the increase in the availability of uptake-ready sugar,
while other Bacteroides species provide another, currently unknown, benefit in return (340).
An alternative example of positive inter-species interactions is the production of public goods
such as siderophores that improve iron uptake (341, 342) or can result in increased biofilm-
forming behaviour (230). However, cooperative interactions between species are predicted to
be uncommon in naturally occurring mixed-communities and competition appears to be more

prevalent (343, 344). Further interaction is commensalism, where one species benefits from the
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Figure 1.11: Schematic showing types of pairwise bacterial interactions occurring in
microbial communities.

Interactions where both strains benefit are termed mutualism, while commensalism refers to
interactions where only one of the strains gains fitness advantage. In cases of predation one
of the organisms gains nutrients by killing another. Interference competition describes direct
competition through killing, while exploitation competition is indirect and bacteria compete for
better utilisation of a shared resource. Specialisation allows bacteria to avoid competition for
resources. Adapted from (338) with permission from Elsevier.
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presence of the other, but the other species is not affected. Although these interactions are
rare in interactions between microbes within a community, they are important to consider in
the context of interactions between the host and the healthy microbiome as a whole. As the
host provides nutrients and a habitat for bacteria, while the bacteria do not have a negative
impact on the host (338). The host often indirectly benefits from the presence of a healthy
microbiome as a whole, rather than individual bacteria within the community. The presence of
gut commensals has been shown to protect against pathogen colonisation, affect host immune
function, and aid with micronutrient uptake (345, 346, 347, 338).

Competition, where the presence of one species reduces the fitness of the other seems to
be the far more prevalent type of interactions seen in polymicrobial context (343). In mixed-
species biofilms, competition has been shown to drive the emergence of structured communities,
as individual cells or lineages compete for space and resources (344). Competition can take
many forms, including direct competition, where both species are negatively impacted by the
presence of the other, or indirect competition. Indirect competition can occurs when multiple
species make use of the same resource. In cases such as this, the ability to grow faster or even
marginal improvement in metabolism will lead to an overall competitive benefit (348, 349).
Another form of competition is exploitation, where one species benefits at the expense of the
other. Examples of this include predation, such as in case of Bdellovibrio bacteriovorus that
invades a prey bacterium and uses it as a source of nutrients and a protective niche (350). It
should also be considered that two bacteria within a niche may not engage in direct interactions,
and instead by further specialising to make use of different nutrients, microorganisms can avoid
the need to engage in antagonism. In general, competition and negative interactions are more
common in mixed species communities, as both species are trying to maximise their own fitness
at the expense of the other, and this is emphasised by the large number of molecular tools that

bacteria have evolved specifically for use in bacterial competition (351, 352, 353).
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1.3.2 Tools used in bacterial competition

Direct competition for space and resources is a common occurrence in the bacterial world,
and as a result, bacteria have evolved a range of specialised tools to compete with each other
(352, 351). These include small-molecule products such as poisons and protein effectors, as
well as molecular machines that directly cause damage to other organisms within the same
niche. These competition tools can be highly targeted towards specific species or lineages, as in
the case with bacteriocins, or have a broader impact across kingdoms, as in the case of T6SS
(354, 355). The range of impact, the need for cell-cell contact, and the potential for multipurpose
use of effectors are all factors that can distinguish different competition tools and determine
which is most effective in a given context. For example, long-range competition conducted
through toxins released into the extracellular environment must overcome the challenge of
entering target cells in sufficient amounts, while contact-dependent competition tools, such as
T6SS, can directly translocate effector molecules to target cells. However, contact-dependent
competition is limited by the need for spatial proximity and can be compromised if target
bacteria manage to gain spatial separation through any means (356). Many competition systems
and compounds are multipurpose, with common good effectors that aid with ion uptake in
one species being detrimental to competitors (357). Alternatively, proteins with antibacterial
activity can also function in host cell interactions, such as P. aeruginosa the T6SS effector
VgrG2b, which both targets the peptidoglycan synthesis machinery of competing bacteria and
aids with internalisation into host cells (358). The specific context in which an organism exists
within likely determines which type of tool is most beneficial, which may explain the wide range
of competition tools found in bacteria and the common occurrence of multiple competition
weapons in individual bacterium (351). Below, aspects of different tools used for bacterial
competition are reviewed, with the aim of both highlighting commonalities between the systems
and distinguishing features that may lead to situation-specific advantages or disadvantages. As

T6SS is the focus of this thesis, the mechanistic details and ecological role of this system will
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be reviewed in more detail in section 1.4 of this report, while here focus is placed on other tools

used in microbial competition, both ones present in P. aeruginosa and other bacterial species.

1.3.3 Type V secretion system

Type V secretion systems (T5SSs) are the most broadly distributed group of Gram-negative
secretion systems and are present in around 62% of currently sequenced genomes (359). T5SSs
are divided into several sub-classes based on the organisation of component protein domains,
structural features, and differences in specific translocation mechanisms (360). These systems
transport a variety of proteins, including proteases and lipases, adhesins, and factors involved
in pathogen-host interactions (361). Of further note in the context of bacterial competition the
T5SSb is also known as CDI or contact-dependent inhibition system.

CDI is a bacterial competition tool that was first described in E. coli by (363). It is present in
various species of proteobacteria and consists of three components: the toxic passenger protein
CdiA, the translocation protein CdiB, and the cognate immunity protein Cdil (364, 365). Both
CdiA and CdiB are transported to the periplasm in a Sec-dependent manner, where [S-barrel
containing CdiB then forms a translocation pore by inserting itself into the outer membrane
and this pore accommodates the passenger protein CdiA (366, 367). The C-terminal domain of
CdiA encodes an antibacterial toxin, while Cdil is typically co-encoded within the same gene
cluster as the other two proteins and protects the producer and kin cells from self-intoxication
(368) (Figure 1.12A). The delivery of toxin to the prey cell is mediated by the receptor binding
domain (RBD) of the CdiA protein, which binds to a cognate surface feature of a susceptible
prey cell (369). The CdiA toxin domain is present in the periplasm of the inhibitor cell and is
translocated to the target cell upon interaction of RBD with cognate outer membrane proteins
present on the surface of the prey bacteria (370). After delivery to the target cell periplasm,
cytoplasmic acting toxins are further transferred to the cytoplasm as a result of interactions

with specific inner membrane proteins, examples of which include the protease FtsH or PtsG
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that is involved in sugar uptake (371, 372) (Figure 1.12B).

CDI toxins have a variety of biochemical targets, including cell wall disruption and nucleic
acid degradation (373, 365, 374). CDI allows for the delivery of the targeted toxin directly
into the prey bacteria, making this a potentially very efficient bacterial competition tool. Yet
a key aspect of interactions mediated through CDI is the requirement for a specific surface
protein to be present, such as BamA or OmpC (372), on the prey cell, this can be beneficial,
as an attacking bacterium is able to narrowly tailor toxin delivery to specific targets, limiting
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Figure 1.12: Schematic showing CDI effector translocation.

(A) Diagram of CdiA and CdiB localisation within attacker cell before formation of contact with
target cell. Domain organisation of CdiA effector from right to left (N-terminal to C-terminal):
two partner secretion (TPS) domain, FHA-1, receptor-binding domain (RBD), tyrosine-proline
rich domain (YP), FHA-2, pretoxin (PT) domain, VENN motif, cytosol entry domain and toxin
domain.

(B) CdiB forming a translocation pore in the outer membrane of inhibitor cell, with CdiA
effector protruding from the pore. Upon binding CdiA-RBP forms contact with target cell
surface features (OMR), C-terminal effector domain is trans-located and upon entry cleaved
after the VENN motif. Subsequently entry domain recognises specific inner membrane protein
of target cell and CdiA toxin domain is translocated across the target cell inner membrane and
reaches the cytosol.

Adapted from (362) with permission from American Society for Microbiology - Journals.
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the metabolic expenditure associated with toxin production. Simultaneously, this specific toxin
targeting also allows prey bacteria to evolve escape mechanisms as a result of mutations in
specific binding targets (369).

CDI can mediate competition between closely related bacterial strains within the same
species as well as in inter-species competition (364, 365). An interesting example of CDI in
action is the Burkholderia thailandensis CDI effector BecpA exhibits in vitro nuclease activity,
which acts as a toxin and contributes to eDNA modification and structured biofilm formation
(375, 376, 377). CDI systems are nearly ubiquitous in P. aeruginosa genomes, with genomes of
80% of strains containing two systems (373). Although presence of the CDI systems is widespread
toxin domains are polymorphic and far less conserved (378). The CDI systems present in P.
aeruginosa have been experimentally demonstrated to effectively kill strains lacking specific
toxin immunity genes (378, 379). While the exact biochemical functions of the two CdiAs are
unknown, bioinformatics analysis predicts CdiAl to be a putative tRNase while CdiA2 is a
putative nuclease (380). Additionally, P. aeruginosa CDIs have been shown to be used not only

for bacteria-bacteria competition but also as virulence factors in host interactions (380, 379).

1.3.4 Type IV secretion system

It has been known for a long time that Type IV secretion systems (T4SSs) translocate a
wide range of substrates to eukaryotic cells (381). A distinguishing feature of the T4SS is that
is able to transport both proteins and DNA as a substrate, including plasmid transfer during
bacterial conjugation events (382, 383). More recently, T4SS has also been shown to deliver
protein toxins to other bacteria (384, 385). These systems are structurally diverse, and thus the
specific mechanisms by which they transport their cargo can vary (381, 386). Briefly, T4SSs
assemble a pilus structure anchored within the membrane of donor bacteria, cargo transport
occurs when the pilus comes into contact with the target cell (385). Unlike the CDI system,

T4SSs effector protein delivery does not appear to be dependent on binding of specific surface
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proteins and allows for somewhat indiscriminate cargo delivery (387). Instead, the T4SS pilus
is topped by the VirB5 protein pentamer, which bears structural similarities to pore-forming
proteins (388). Different functional and structural classes of T4SS are distributed across a range

of bacterial genera, but T4SS is not found to be encoded in P. aeruginosa genome.
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Figure 1.13: Schematic of type IV secretion system.

Schematic of T4SS showing localisation of core structural components. T4SS extends a pilus
consisting of VirB2 into extracellular environment. The pilus is topped by VirB5 that aids in
target cell recognition. Pilus is anchored into the cell wall through outer and inner membrane
complexes, and system dynamics are powered by cytoplasmic ATPases.

Adapted from (387) with permission from John Wiley and Sons.

The function of the T4SS is thus very diverse, with a subset of T4SSs being involved in
bacterial conjugation which has been suggested as one of the major mechanisms contributing to
the spread of antimicrobial resistance plasmids (389). Some bacteria, such as Agrobacterium
tumefaciens, use T4SSs to deliver oncogenic DNA to plant host cells (390). Furthermore,
specialised T4SSs, such as those in Helicobacter pylori, can be used to take up DNA from the

environment (391). Alternatively, T4SSs can deliver effector proteins directly to host cells and
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other bacteria. Examples of T4SS-mediated delivery of virulence factors include the delivery of
pertussis toxin by Bordetella pertussis (392) and CagA by H. pylori, later being associated with
both peptic ulcers and gastric cancer (393). More recently, T4SS-mediated toxin translocation
for direct bacterial competition has also been described (385). For example, the Xanthomonas
citri T4SS has been shown to associate with a range of proteins containing domains bearing
homology to to peptidoglycan hydrolases, phospholipases, metallopeptidase, and other proteins
with known toxin properties (384). These toxins, called X-Tfe, are co-encoded with immunity
proteins (X-Tfi) and were found to provide a competitive advantage in competition with E. coli
(384). Similar T4SS-mediated contact-dependent killing of E. coli was observed in competition
with Stenotrophomonas maltophilia (394). Further bio-informatics analysis has shown that X-
Tfe homologues can be found in in other bacterial species and the ability to engage in direct

bacterial competition using the T4SS could be a more broadly distributed capability (385).

1.3.5 Type VII Secretion system

Cell wall of Gram-positive bacteria consists of multi-layer peptidoglycan barrier or lipidated
cell wall termed mycomembrane found in Mycobacteria or related species (395, 396). This cell
wall provides protection from potential external stresses, but also pauses challenges for protein
export (397). A molecular machine used for this is the type VII secretion system (T7SS), which
was first identified in Mycobacterium tuberculosis (398) and analogous systems have since been
described in other Gram-positive bacteria such as Staphylococcus, Listeria, and Bacillus sp.
(399). For a substrate to be translocated to the extracellular space, protein effectors have to not
only cross the inner membrane, but also additional mycomembrane or typical Gram-negative
cell wall.

The exact molecular details of the T7SS effector translocation process are still under active
investigation and to date, best structural characterisation is available for the Mycobacterium

T7SS inner membrane components (400, 401, 402) (Figure 1.14). The T7SS core protein complex
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resides in the inner membrane and is able to adopt multiple conformational states, forming
a closed complex, gated membrane pore and potentially an additional open state enabling
substrate passage (400, 401, 402, 403). The parts of complex protruding into the cytoplasm
adapt an open confirmation or transiently form a cytosolic chamber below the membrane pore
forming complex, and a similar closed chamber structure is seen on the periplasmic side (401).
The exact mechanism of action of this complex require further validation, but it is known that
effector translocation is dependent on action of ATPases, effectors interact with cytoplasmically
exposed proteins and this is presumed to lead to subsequent conformational changes leading to
the effector translocation through a central pore, or smaller priming pores (400, 401, 402). The

mechanisms of further transport across periplasmic space and cell wall are still to be described.
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Figure 1.14: Structure and dynamics of T7SS from Mpycobacterium tuberculosis.

(a) Side cross-section of density maps and homology models, showing the extended and
contracted conformation of Mycobacterium T7SS core membrane complex components.

(b) Carton model of T7SS inner-membrane complex, highlighting two distinct conformational
states of EccCs cytoplasmic domains.

Adapted from (401) under creative commons attributions license.

These systems have been shown to deliver a range of effectors involved in both bacterial-host
and bacterial-bacterial interactions (404). For example, the T7SS of M. tuberculosis releases
a NAD+ hydrolase called the tuberculosis necrotizing toxin, which significantly contributes to
host cell death during M. tuberculosis infection (405). The T7SS of S. aureus delivers both
host effectors that modulate apoptosis during infection and nuclease toxins that kill competing

bacteria (406, 407). T7SSs in other bacteria, such as B. subtilis, have also been shown to
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deliver putative RNase effectors that contribute to bacterial competition (408). Like other toxin
delivery systems, T7SSs often encode corresponding immunity proteins to neutralised impact
of self-produced toxins, and they appear to function analogously to T6SSs in Gram-negative
bacteria by contributing to contact-based interactions with adjacent eukaryotic and prokaryotic

cells.

1.3.6 Toxin-antitoxin systems contribute to polymorphic toxin effector pool

Toxin-antitoxin (TA) systems are two-gene modules found to be encoded on conjugative
plasmids and were initially described for their role in the maintenance of plasmids (409, 410).
When TA genes are present on a plasmid, the plasmid-containing cells actively express both the
toxin and the associated antitoxin gene, protecting themselves from the toxin’s effects. Upon loss
of the plasmid during cell division, production of both genes ceases, leading to the degradation
of the antitoxin component of the pair and the release of the toxin. This toxin can subsequently
induce cell death in any bacteria that are unable to continue producing the antitoxin protein
(411, 412). TA systems can be classified based on the mechanism of action of the antitoxin
(413).

The modular makeup of cognate toxin-antitoxin gene sets in TA systems leads to a
comparison with other polymorphic toxin systems (414). While TA systems are typically
encoded on plasmids and are used to maintain plasmid stability (415, 416), homologues of TA
genes have also been found to be encoded on the bacterial chromosome (417). Chromosomally
encoded TA genes have been shown to induce programmed cell death as part of the general
stress response and to induce dormancy, which helps bacteria persist during antibiotic treatment
(418, 412). Although TA systems do not directly contribute to bacterial competition, they are
still considered part of the polymorphic toxin systems, and the gene sets encoded in TA systems
add to the overall toxin pool. Therefore, research on TA toxins can contribute to a better

understanding of toxins involved in direct bacterial conflict.
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1.3.7 Bacteriocins - tailocins and pyocins

Bacteriocins are toxic proteins produced and released by various bacterial species (419).
The first group of bacteriocins to be described were the colicins, which were named after their
discovery in E. coli by (420). Colicins are often pore-forming or poses an endonuclease activity,
these toxins are released in the surrounding media as a result of cell lysis and subsequent action
on prey cells is dependent on binding of specific surface receptors (421). Produced in some FE.
coli strains and released in media, colicins are often narrow spectrum and lethal to strains related
to producer (343, 355). Later, it was discovered that a wide range of bacterial species produce
bacteriocins, including both Gram-positive and Gram-negative bacteria (422). The production
of toxic peptides appears to be a universal strategy employed by microbes to manipulate the
composition of the microbiome (355). Bacteriocin diversity has also been used to inspire the
development of new antimicrobial therapeutic approaches and to guide the design of antibiotics
(419, 423).

Pyocins are bacteriocins produced by P. aeruginosa and similarly to colicins, these often
cause lysis of same and closely related bacterial species (424). The first two classes of pyocins
to be described were R-type and F-type tailocins, which are produced by 90% of P. aeruginosa
strains (425). Tailocins are the largest bacteriocins, with protein assemblies ranging in size
from 2 to 10MDa (426). These structures are made up of approximately eight to fourteen
polypeptide subunits that are evolutionary related to and share morphological features with
phage tails (427, 426) (Figure 1.15A). Due to their size, the release of these molecules requires
the lysis of the producer cell, which is triggered by lytic proteins co-encoded within the same
genomic cassette as the structural components and regulatory genes (428). The expression of
R- and F-type tailocins is co-regulated and increased in response to DNA damage and SOS
responses (429, 425, 430). This association with stress responses suggests that the release of
toxins during cell death may be beneficial for the kin population under conditions where cell

damage is likely to lead to lysis. Additionally, tailocin release is mediated through the same
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Figure 1.15: Diagram of R-type tailocin structure and mechanism of action.

(A) Schematic of R-type tailocin structure in extended confirmation. Highlighting core,
contractile sheath, baseplate, tail-spike and tail fibres with RBPs.

(B) Proposed mechanism of action. Upon RBP binding to cognate surface features, sheath is
contracted propelling core structure towards the cell body. With the aid of pointed tailspike,
target cell wall is punctured and hollow core of the phage acts as a non-selective membrane pore
leading to membrane depolarisation an cell death. Adapted from (426) with permission from
Annual Reviews.

same set of endolysin genes that is associated eDNA release (322, 431). Therefore cells releasing
pyocins not only damage competitors, but also contribute to extracellular matrix formation
and biofilm structure maintenance. Tailocins are among the more narrowly tailored bacterial
competition tools and have some interesting implications for community competition dynamics,
as the production of these toxic molecules requires the lysis of the producing cell, allowing kin
cells to gain a competitive advantage over more distantly related competitors within the same

species.

R-type pyocins consist of a long tube surrounded by a contractile sheath and a baseplate
structure, while F-type pyocins are made up of a non-contractile protein tube (426). Both have
tail fibres with receptor binding proteins (RBPs) that mediate specific interactions with the
target cell, likely recognising specific surface features of the target’s lipopolysaccharides (LPS)
(432, 433, 434). In both R- and F-type tailocins, once the RBPs make contact with the target

cell, rapid lysis is induced as a result of disruption of the cell wall and membrane. R-type pyocins
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have been studied in more detail, and it appears that a single structure is able to induce target
cell lysis, likely through punching a hole in the cell membrane and inducing rapid membrane
depolarisation and loss of proton motive force (435, 436) (Figure 1.15B). As the action of these
molecules is reliant on RBPs making specific contacts with target cells O-antigens, tailocins
are often narrow-spectrum and can Kkill only a subset of strains within the bacterial species
producing the tailocin, while sister cells remain resistant (426, 437, 438). Tailocin sensitivity
is determined by the composition of polysaccharides exposed on the cell surface (438), and
resistance to pyocins can be mediated through multiple mechanisms. For example, incompatible
LPS can prevent RBP binding in R- and F-type tailocins (432). Simultaneously, examples of
killing in interspecies context exists, such as Neisseria sp killing by P. aeruginosa R-type pyocins
and tailocin expression has been shown to be up-regulated in co-culture context (439, 440).
Although initially described in P. aeruginosa (424, 441), tailocins have also been identified in
other Gram-negative bacteria such as V. cholerae and Yersinia enterocolitica (442, 443), and in

Gram-positive bacteria such as Clostridium difficile and Listeria spp. (444, 445).

A different class of smaller soluble class of bacteriocins termed S-type pyocins is found to
be produced by more than 85% of P. aeruginosa strains (446, 447). These, as well as L- and
M-type pyocins, were described later. They are much smaller in molecular weight and do not
bear structural homology to phage tails (446, 448, 449). S-type pyocins have been found to
have various activities including DNase, tRNase, rRNase, lipidase, and pore forming activity,
and these vary between strains (428). Gene clusters encoding S-type pyocins do not contain a
lysis gene, but are released in conjunction with R~ and F-type pyocins (430), while the cell entry
mechanism appears distinct and is dependent on iron uptake receptors (428). M-type pyocins
are similar to the E. coli colicin ColM and have peptidoglycan hydrolase activity (449). The
mechanism of toxicity for L-type pyocins, which resemble lectins (448), is unknown. Like other
polymorphic toxin systems, S-, L-, and M-type pyocins are co-encoded with immunity proteins

that protect the producer and sister cells from intoxication (450, 451).
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1.3.8 Extracellular contractile injection systems

eCIS, which stands for extracellular contractile injection systems sometimes referred to as
phage tail-like protein-protein translocation system, is a general designation of cell-free protein
delivery systems (Figure 1.16). This can be used as an umbrella term that includes both tailocins
and other less well-known examples of molecular devices with homology to phage tail structures.
These are notable for the ability to specifically target delivery of cargo proteins and provide
opportunities for biomedical engineering and novel therapeutic development (453). Multiple
types of eCIS have been identified and bioinformatics analysis interlinks these with various types
of T6SS and phages (452) (Figure 1.16B). Bioinformatics analysis notes that non-bacteriophage
and non-R-type pyocin eCIS encoding loci can be found in 1-2% of bacterial and archaeal
genomes (454). eCISs are distributed across a range of taxonomic phyla suggesting a spread

through horizontal gene transfer and what is notable is that these appear to be preferentially
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Figure 1.16: Schematic of eCIS features and phylogeny.

(A) Phages, T6SS and eCIS are evolutionary related and share common structural and
mechanistic features. T6SS are anchored in the cell wall and assembled within the cell, while
phages and eCIS are released as a result of cell lysis and bind target cells after surface feature
recognition.

(B) Unrooted phylogeny of contractile sheath protein sequence conservation from (452), showing
interrelation of T6SS, phages and minor eCIS systems from other bacteria.

Adapted from (452) under creative commons attributions license.
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enriched in environmental microbes rather than ones commonly implicated in host-pathogen
interactions (454). What is also notable in context of this report is that eCIS and T6SS are
rarely found within the same genomes despite the systems sharing homologous components
(455). Tailocins and T6SS are discussed in more detail in other sections, while here examples of
less studied contractile systems are highlighted.

One well-studied eCIS is PVCs - termed as such for "Photorhabdus virulence cassette"
described in Photorhabdus luminescens (456). Photorhabdus forms a symbiotic relationship with
its nematode host, once these nematodes invade insect larvae Photorhabdus is released to aid
in pathogenesis (457). The PVC tail-like structure is loaded with protein effectors, but unlike
tailocins these are used to deliver effectors into eukaryotic cells (458). PVC effectors have been
shown to have activity that results in degradation of cytoskeleton aiding in degradation of insect
tissue providing nutrient source for both the host nematode and the symbiotic bacteria (458).
Similarly insecticidal proteins have been shown to be delivered through AFP or aniti-feeding
prophages released by Serratia entomophila (459). AFP effectors are key contributors to Serratia
entomophila infection cycle and induce starvation response and death in insects such as grass
grub and manuka beetle larvae (460). Yet, an example of eCIS effectors mediating host beneficial
interactions is MAC arrays released by Pseudoalteromonas luteoviolacea. P. luteoviolacea is a
marine bacterium that releases ordered arrays of contractile tailocins (461). These are termed
MAC arrays and upon contact these induce morphogenesis that is essential for development of

larvae of marine tubeworm Hydroides elegans (462).

1.3.9 P. aeruginosa small molecule products with antimicrobial impact

In the examples of toxin systems described above, toxicity appears to be the primary
evolutionary function of these molecules, but other small molecule products that are primarily
described for different purposes can also contribute to antimicrobial or anti-host toxicity. Both

QS and nutrient uptake molecules were identified and have been characterised as having distinct
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functions that aid in community survival through mechanisms that would not be categorised as
direct competition, nevertheless further investigation has found that these secondary metabolites
can be multi-functional. The physiological effects of small molecule products produced by P.

aeruginosa appear to be largely dependent on context and dose.

Bacteria in dense communities communicate and coordinate their behaviour through the
use of QS molecules. Amongst P. aeruginosa QS coordinated processes are production of
both virulence factors and antimicrobials (27). While QS is typically characterized as a tool
for communication and coordination in bacterial communities, small molecules used for these
purposes have also been shown to have direct effects on the physiology of other bacterial species,
including toxicity (463). In addition, bacteria can interfere with the QS of other species through
a process called quorum quenching, which is thought to be employed by healthy microbiome
communities to resist pathogen invasion (464). Quorum quenching appears to be one of the
mechanisms that healthy microbiome communities employ to resist pathogen invasion and
consequently the strategy of interference with QS is also being considered for its pharmaceutical

potential (465).

Toxicity of individual QS compounds and related substrates is often target specific. The
Las QS autoinducer molecule, 3-oxo-C12-HSL, has been shown to be toxic to fungal cells and
certain Gram-positive bacterial species, but has no measurable impact on Gram-negatives (466).
A degradation product of 3-oxo-C12-HSL, tetramic acid, can dissipate the membrane potential in
Gram-positives and be toxic to Gram-negatives, including P. aeruginosa, at high concentrations
(467, 468). The Las QS pathway also controls the production of the protease LasA, which can
degrade the peptidoglycan of S. aureus and cause cell lysis (469). PQS impacts the growth
of other bacterial species through a mechanism dependent on its iron-chelating ability and
can inhibit respiration in some bacterial species (470). Furthermore, PQS precursors have

antimicrobial activity against S. aureus (357).

Rhamnolipids are biosurfactants whose production is controlled by the Rhl QS system (471).
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Due to their amphipathic nature, rhamnolipids have been proposed to disrupt cell membrane
integrity and increase permeability, leading to broad-spectrum antibacterial toxicity (472).
Externally applied rhamnolipids have been shown to disperse biofilms of various bacterial species
(473, 474) and have been considered for their potential therapeutic applications (475, 476).
Additionally, rhamnolipid micelles can also act as vesicles carrying toxic substances directly to
cells of competing bacteria (477). Another secondary metabolite produced under the control of
Rhl QS is hydrogen cyanide (HCN), which is a cytochrome C oxidase inhibitor and generally
toxic to aerobic organisms. (478, 479). The production of this broad-spectrum toxin helps
P. aeruginosa dominate its niche through use of cyanide insensitive terminal oxidases CiaAB
(480). Interestingly, expression of ciaAB genes is under control of QS and is part of P. aeruginosa

selection against emergence of QS-deficient social cheater lineages (480, 481).

Phenazines are pigmented secondary metabolites produced by Pseudomonas species (482).
Phenazine-1-carboxylic acid is a yellow pigment that can cause lysis of bacterial cells and ROS-
mediated fungal cell death (483, 484). Pyocyanin is a blue-green pigment responsible for the
characteristic blue-green colour of P. aeruginosa laboratory-grown cultures. It has antimicrobial
activity against a variety of Gram-positive and Gram-negative bacterial species and fungi (485,
486, 487). At high enough quantities and depending on the local microenvironment, pyocyanin
can also be toxic to P. aeruginosa and contribute to cell lysis and the release of extracellular
DNA, which aids in biofilm formation (488, 489). Other P. aeruginosa phenazines have also been
found to have antimicrobial activity through mechanisms such as inhibiting protein synthesis
or causing the accumulation of reactive oxygen species (490, 491). The production of both
phenazines and pyocyanins has been shown to be dependent on the P. aeruginosa QS systems

(492).

Iron chelating siderophores, specifically pyoverdine and pyochelin, are small molecule
products that are key contributors to P. aeruginosa physiology (493). These siderophores are

preferentially expressed and released under low iron concentrations and aid in P. aeruginosa iron
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uptake, improving its survival in mixed bacterial communities (494, 46). The sequestration of
iron from the local microenvironment can also increase nutrient stress for other bacteria present.
Pyochelin has also been shown to generate ROS that are directly toxic to Xanthomonas sp. and

S. aureus (495).

1.3.10 Owuter membrane vesicles

Formation of outer membrane vesicles (OMVs) is observed to occur in cells across all phyla
of life, where either through regulated membrane blebbing or rapid lysis, lipid-encapsulating
spheres are released in the environment (496). These lipid vesicles can be loaded with a variety
of proteins from both periplasmic space, inner membrane and cytoplasm providing a somewhat
low constrain mechanism for release of a large variety of molecules in potentially high doses
(497, 498). OMVs can release hydrolytic and proteolytic enzymes that can both aid in nutrient
uptake and direct bacterial antagonism through release of toxic substances into the surrounding
environment or by directly fusing with recipient cells (498, 497). Examples of OMV use in
bacterial antagonism include M. zanthus release of alkaline phosphatase that kill E. coli (499)
or P. aeruginosa release of peptidoglycan hydrolases (500). These have also been implicated
with T6SS associated effector function - both P. aeruginosa H3-T6SS-associated TseF mediated
iron and H2-T6SS ModA mediated molibdate uptake has been proposed to involve re-uptake of
OMVs (501, 502). OMVs can also be utilised for cell-cell communication purposes as in case of
P. aeruginosa PQS (503). Host interactions and pathogenesis involving P. aeruginosa OMVs
have been shown to trigger host cell toxicity by releasing hemolytic phospholipase C (504) or
provocation of immune response through sRNA release amongst others (505, 506). Overall OMVs
are some of the most functionally versatile tools for mediating interactions with environment
and surrounding organisms including release of toxins intro environment or for direct effector

deliver to adjacent cells (507, 498, 496).
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1.4 Type VI secretion system

1.4.1 T6SS - a molecular machine for effector injection

The Type VI secretion system (T6SS) is a macro-molecular machine used to inject effector
proteins directly into adjacent cells. First identified in the bacterium Vibrio cholerae (508), T6SS
is present in the genomes of 20-25% of Gram-negative bacteria, with the highest prevalence in -
and S-proteobacteria (509, 510, 454). T6SS is found in both free-living environmental bacteria
and in the genomes of plant or animal associated commensals and pathogens, with genera such
as Vibrio, Pseudomonas, Yersinia, Klebsiella, Serratia, and Escherichia being some of the most
T6SS-enriched (454). Additionally, entire sets of T6SS-associated genes and effectors can also be
found encoded on plasmids (511), and have been shown to be functional upon transfer between
organisms (512). T6SS allows for effector protein delivery to both prokaryotes and eukaryotes,
including other microorganisms such as yeast (513, 514), as well as host cells (515). The diversity
in targets is due to the fact that, unlike other effector translocation systems such as CDI, T6SS
does not require the binding of specific features on the target surface for injection to occur.
Instead, T6SS is anchored within the attacker cell’s membrane, and the only prerequisite for
effector translocation is close spatial proximity or direct cell-cell contact, substantially adding

to the versatility of this tool.

Ecological roles of T6SS are varied, foremost being use in direct bacterial competition, where
pathogenic bacteria can use T6SS to invade and establish within niches or where commensal
bacteria use T6SS to provide protection against invasion (516, 517, 455). T6SS can also function
in direct interactions with host cells, contributing to virulence and immune evasion during
infection (39, 354). Additionally, T6SS can be used for resource acquisition, such as the use of
T6SS effector proteins that can scavenge metal ions in the extracellular environment and aid in
their subsequent re-uptake (482, 518). This function has likely led to the enrichment of T6SS

proficient strains seen in nutrient-scarce marine environments (519). Returning to T6SS acting
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in direct antagonism, the antimicrobial capacity provides opportunities for use in predation, or
killing that results in DNA release for subsequent use in biofilm structural maintenance or for
horizontal gene transfer (520, 455, 521). As T6SS has the capacity to deliver functionally diverse
proteins, its specific effectors determine the broader ecological function of the system (522, 354).
Overall, the use of T6SS has been associated with improved fitness in mixed bacterial biofilm
communities (523, 524, 455, 525).

The T6SS is defined by 13 broadly conserved core proteins that are essential for constructing
a functional firing machinery (510, 527). The structure and schematic of T6SS system assembly
and firing is shown in Figure 1.17. Nomenclature convention commonly used for describing T6SS
components in P. aeruginosa is Tss for type six secretion and Tag has been designated for type
six secretion-associated gene. T6SS structure can be divided in three complexes - membrane,
baseplate, and tail. The system assembly site is determined by the localisation of the membrane

complex that consists of TssJLM proteins and which through association with the baseplate
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Figure 1.17: Structure of T6SS.

(A) Topograph of an extended T6SS structure from Myzococcus zanthus. With solved structures
superimposed onto the topograph. Adapted from (526) with permission from Elsevier.

(B) Cartoon representation of T6SS assembly within a cell and contraction event that leads to
explosion of Hep, VerG, and PAAR proteins as well as associated effectors into the extracellular
milieu. Created using bioRender.
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complex will anchor the system in the cell envelope (528). TssJ is inserted into the outer
membrane inner leaflet while both TssM and TssL are anchored within the inner membrane
(292). The periplasmic domain of TssM interacts with TssJ, while TssL provides a platform
for assembly of the baseplate (529, 528). The baseplate complex consists of TssEFGK and is
docked onto the membrane complex (530, 531). TssK makes connections with the cytoplasmic
domains of TssL and TssM and it is the appearance of TssK that marks the location for new
sheath assembly (531, 532, 533). TssF and TssG associate in two-to-one heterotrimer forming
a wedge, that further oligomerises into a hexameric ring that interacts with TssK and sheath
proteins TssBC (533, 530). TssE is the last of the baseplate proteins to bind the complex and
this initiates sheath assembly (532). The T6SS tail consists of an internal Hep spear surrounded
by a contractile sheath made up of TssBC proteins (534, 535). The sheath structure is topped
by a VgrG trimer and a single PAAR protein spike that serves as a puncturing device (536, 537).
The lumen of the Hep spear, VerG and PAAR proteins are the system components that both
directly and indirectly bind effector proteins to be delivered (538, 539). The VgrG/PAAR protein
complex is accommodated within the baseplate structure and is the first to be added during the
tail assembly (532, 540). Subsequent polymerisation of the tail proceeds under VgrG/PAAR
gradually extending from baseplate towards the opposite side of the cell (541). Upon contraction
of the TssBC sheath, the Hep rings, as well as the VgrG/PAAR spike, are propelled into the
extracellular space or a target cell (542). Once sheath contraction has occurred, a AAA+
ATPase ClpV is recruited and aids with the disassembly of sheath structure to allow component

recycling (543).

The final core structural component is TssA, that forms a ring structure that initially
interacts with the baseplate and subsequently is located at the distal-end of an extending sheath
acting as an assembly chaperone (544, 545, 546). The type of TssA protein present and the
nature of its interaction partners also appear to determine the firing dynamics of a T6SS (547).

TssA proteins can be divided in two major classes - short (approx. 40kDa) and long (55 to 60
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Figure 1.18: Modes of T6SS effector delivery. Schematic showing modes of T6SS effector
delivery. Effectors proteins can be associated with Hecp, VgrG, and PAAR proteins. Cargo
effectors bind to T6SS structural components through non-covalent interactions. Effectors
loading may be dependent on presence of one or multiple adaptor proteins. Evolved effector
proteins contain both structural and effector domains. Created using bioRender.

kDa), each of which has distinct set of interactions partners (548, 546, 547). Long TssA proteins
interact with TagA, that aids with stabilisation of assembled T6SS sheath structures trough
anchoring at the distal end (549). Sheath structures stabilised through TssA interacting with
TagA have been shown to remain extended for minutes, before a firing event occurs (547, 546).
While the dynamics of T6SSs containing short TssA proteins are much faster with multiple

assembly/firing events occurring every minute (547).

1.4.2 Modes of effector delivery

T6SS effectors are delivered in several distinct ways and can be associated with any of the
spike components expelled from the cell during a firing event, namely Hep, VegrG, and PAAR
proteins (Figure 1.18). The effector proteins can be classified into two categories: cargo effectors
and evolved effectors. If an effector is associated with a T6SS structural component through
non-covalent interactions or with the help of an adaptor protein it is classed as a cargo effector.
While the evolved effectors contain both a functional toxin domain and a structural protein

domain.
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Evolved effectors often have a similar domain organisation, with a N-terminal structural
domain and C-terminal effector domain. Most widespread are evolved effectors that carry PAAR
or VgrG domains. Examples of this class of exported proteins include H1-T6SS associated
PAAR encoding Tseb, Tse6, and Tse7 (550, 551, 552), and the H2-T6SS associated VgrG2b
(553). Hcp associated evolved effectors are found in the genomes of some Enterobacteriaceae
species (554, 454), but none are present in P. aeruginosa. Instead P. aeruginosa Hep associated
effectors - Tsel to 4, PA2066 and PA0256 (555) - non-covalently bind Hcp proteins (556), with
Hcepl itself acting as stabilising chaperone in cases of Tse2 to 4 (556, 551). These cargo effectors
engage in direct interactions with T6SS components and can be loaded within the lumen of Hcp
(556). Alternatively, effectors can directly interact with spike proteins such as in the case of Tse8
that has been associated with VgrGla (557). Other effector loading onto T6SS is dependent
on presence of adaptor proteins. These proteins do not contain universally conserved T6SS
structural domains or effector domains, but presence of the adaptors is essential for effector
delivery. Notably, genes encoding adaptor proteins are genetically linked with the effector genes
(Figure 1.20). In case of P. aeruginosa Tse6 contains a PAAR domain that is flanked by
two trans-membrane domains (Figure 1.19). A pair of EagT6 adaptor proteins bind to these
trans-membrane domains inhibiting protein aggregation and allowing for loading onto VegrG
(558). Tseb is also notable, because its toxicity appears to be dependent on presence of T6SS
independent protein - elongation factor Tu (121). The delivery of P. aeruginosa TseT requires
presence of two adaptor proteins - TecT and co-TecT (559). TseT loading onto PAAR4 appears
to be facilitated by the chaperone TecT, while the stability of TecT before interacting with
PAAR4 and TseT is dependent on co-chaperone co-TecT (559). A point of note for loading and
delivery of T6SS associated antibacterial toxins is that once loaded onto T6SS, these proteins
appear non-toxic due to interaction with structural components obstructing toxin catalytic sites

or through localisation that interferes with effector-target interactions (551, 560).

The association with specific T6SS components determines the possible stoichiometry and
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co-occurrence of toxins delivered in a single firing event. Each T6SS spike is topped by a
single PAAR protein, meaning that delivery of PAAR-containing toxins is mutually exclusive.
VgrGs form a functional trimer, and heterotrimer formation has been demonstrated to occur
in case of P. aeruginosa H1-T6SS VgrGlabc (536), and requirement for VgrG heterotrimer
formation for effective T6SS sheath assembly has also been seen in Aeromonas dhakensis (561).
Presence of multiple of VgrG proteins is not a requirement in all T6SSs and presence of a
single type of associated VgrG maybe be sufficient for system assembly, like in the case of H3-
T6SS (Figure 1.20), but possible VgrG combinations provide an opportunity for co-delivery of
effectors. Finally, a large number of Hcp rings are found within a single T6SS sheath (562)
and no obvious limitation for loading Hcp’s with different toxins has been shown, therefore a

potential for simultaneous delivery of a number of Hep-associated toxins might exist.
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Figure 1.19: Schematic and structure of Tse6 in complex with VgrG1.

(A) Schematic of Tse6 domain organisation, with TMD corresponding to trans-membrane
domains, and NADase toxin domain. (B) Schematic representation of VgrG1-Tse6-EagT6-EF-
Tu-Tsi6 complex. Corresponding fit of available cryo-EM atomic structures (C) and colour-coded
cryo-EM density map (D).

Adapted from (558) with permission from Springer Nature.
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1.4.3 T6SS in P. aeruginosa

The P. aeruginosa genome encodes 3 distinct T6SS systems termed H1-, H2-, and H3-
T6SS. The figure 1.20 shows organisation of the core T6SS genes and the associated orphan
clusters found in P. aeruginosa PAO1 genome. Genes for core structural components for each
of the systems are clustered in adjacent loci, while satellite genomic loci, or so-called orphan
clusters, contain effector-immunity-adaptor gene sets and in some cases additional vgrG and
paar genes. These gene clusters are distributed across the genome without notable preference in
localisation. A notable feature is that H2-T6SS has three associated hep genes - hepA (PA1512),
hepB (PA5267), and hepC' (PA0263), however the gene product of these is referred to as Hep2
protein and is 100% conserved in terms of amino acid sequence. Component multiplicity extends
further to VegrG proteins, with 3 VgrGs being associated with H1-T6SS, 6 VgrGs with H2-T6SS
and only VgrG3 being associated with H3-T6SS. An additional cluster containing one more
H2-T6SS associated Hep and VgrG protein is present in the genome of reference strain PA14
(563). These features and presence of multiple PAAR proteins highlights that T6SS is modular
in makeup and the diversity in these components provides an increased capacity for binding and
delivery of a wide range of distinct effectors.

All 3 of the P. aeruginosa T6SSs differ in their firing kinetics (547) and possibly have
distinct ecological roles. H1-T6SS sheath dynamics are rapid with approx. 20s needed for
system assembly and firing to occur, the system is also used to engage in retaliatory firing called
Tit-for-Tat (547, 564). Additionally, H1-T6SS effector set is made up of several antibacterial
toxins (Table 1.1). These features jointly position the H1-T6SS as primarily functioning in direct
bacterial competition. Simultaneously, Hcpl antibody titter has been shown to be elevated
in sera of patients with long-term CF (172). Dynamics of H2-T6SS are much slower, with
sheath structures remaining stationary for as long as 10min before a firing event occurs (547).
Additionally, H2-T6SS effector repertoire includes both anti-host and antibacterial toxins as

well as common good effectors as further discussed in the blow sections (Table 1.1). Notably
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increased action of H2-T6SS is seen in strains isolated from severe acute infections (565). H3-
T6SS is the least characterised of P. aeruginosa T6SSs, its expression is controlled by quorum
sensing (566, 567, 568). The only H3-T6SS effector with known function is the common good
effector TseF that aids in iron uptake (501). This points towards H3-T6SS being associated with
environmental adaptation, but as the characterisation of the system and further effectors is still

lacking this cannot be concluded with confidence.
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Figure 1.20: T6SS gene core and satellite clusters found in P. aeruginosa PAO1
genome.

Genes coloured accordingly with the corresponding protein function. Showing genes for all three
T6SS systems, with associated gene names colour coded accordingly. Gene names specified above
and gene numbers provided below schematics.
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1.4.4 Control of T6SS firing

The P. aeruginosa T6SS system with best characterised post-translational control is the
H1-T6SS. In this case, the system assembly and re-assembly is under control of TagQRST-
PpkA-FhA1-PppA pathway (569), which is encoded in the same gene cluster as core H1-T6SS
structural components (Figure 1.20). This was first shown to post-translationally regulate P.
aeruginosa H1-T6SS by (569) and termed threonine phosphorylation pathway (TPP). Since,
TPP regulation has been shown to act on T6SS systems in other organisms such as Agrobacterium
tumefaciens and Serratia marcescens, but the specific molecular impact is not necessarily well
conserved between species (570, 571). The TagQRST proteins are located in the periplasmic
space or associated with the inner-membrane and act as signal sensors that activate a kinase
PpkA (569, 572) (Figure 1.21). The presence of the kinase PpkA is essential for H1-T6SS activity
and PpkA acts through phosphorylation of Fha or TssL (569, 573). Instead, the phosphatase
PppA dephosphorylates target proteins disrupting continued system re-assembly and results in
sheath repositioning. Loss of PppA has been shown to result in constitutive H1-T6SS firing
(531, 564). TagQ is a lipoprotein associated with the outer membrane and interacts with the
periplasmic TagR protein (574). The interaction between TagR and PpkA has been proposed to
trigger the kinase activity (572). TagS is an integral membrane protein and interacts with TagT
that has ATPase activity (574). All TagQRST proteins are essential for H1-T6SS function (574).
While TPP provides positive post-translational regulation, another accessory protein TagF has
been shown to down-regulate H1-T6SS assembly (575). TagF interacts with Fhal and this likely
impedes phosphorylation by PpkA (575).

The HI1-T6SS engages in retaliatory sheath assembly/firing termed "Tit-for-Tat" (564).
This describes behaviour where T6SS sheaths are assembled at a location where exogenous
T6SS contact has occurred and results in direct retaliation against a received T6SS injection.
PppA-dependent H1-T6SS sheath re-positioning is essential for P. aeruginosa to engage in

this behaviour and sensory input for localisation of new sheath assembly is gathered through
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Figure 1.21: Schematic of TPP components and T6SS assembly. Cartoon schematic
of proposed model of TagRQST-PpkA-PppA signal sensing-transduction. Where H1-T6SS
assembly is dependent on Fhal and TssL.1 phosphorylation by PpkA.

Adapted from (531) under creative commons attributions license.

TagQRST proteins (564, 531). Both, the ability to precisely target T6SS injection and retaliatory
firing in general has been shown to be an advantageous competitive strategy (576). A known
signal that triggers assembly of H1-T6SS is membrane stress, this can be a result of exogenous
delivery of T6SS effectors, such as in case of V. cholerae lipase effector TseL (577), or a
response to antimicrobials such as polymixin B (578). H1-T6SS assembly can also be promoted
by endogenous membrane stress caused by a knockdown of genes essential for membrane
maintenance. TagT has been pinpointed as the component responsible for sensing membrane
disruption (579). What is also notable, is that exogenous T6SS effector toxicity is not a pre-
requisite for Tit-for-Tat firing behaviour, as retaliatory firing is also triggered by kin-cell T6SS

injections (564).
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1.4.5 T6SS toxin effectors

The T6SS is capable of delivering effectors to any adjacent cell, with the only prerequisite
being close physical proximity, allowing for systems use in a range of different interactions. As

previously mentioned, T6SS has been shown to deliver effector proteins to both prokaryotes and

Effector Cognate toxin Description References

immunity
Tsel Tsil (PA1845) Amidase that hydrolyses peptidoglycan crosslinks causing (Hood et al., 2010, Russell et al.,
(PA1844) target cell lysis 2011)
Tse2 Tsi2 (PA2703) NAD dependent ADP-ribosyltransferase that causes (Hood et al., 2010, Li et al., 2012,
(PA2702) quiescence, toxic when expressed in eukaryotic cells Robb et al., 2016)
Tse3 Tsi3 (PA3485) Muramidase that hydrolyses peptidoglycan backbone causing (Hood et al., 2010, Russell et al.,
(PA3485) target cell lysis 2011)
Tsed Tsid (PA2775) Forms ion selective membrane pores that disrupt proton (Whitney et al., 2014, LaCourse et
(PA2774) motive force al., 2018)

@ | Tse5/RhsP1 Tsi5 /RhsPli Forms ion selective membrane pores resulting in loss of (Hachani et al., 2014, Whitney et

E (PA2684) (PA2683.1) membrane potential, contains RHS and PAAR domains al., 2014, Gonzalez-Magana et al.,

= 2021)

T | Tse6 Tsi6 (PA0094) NAD(P)+ glycohydrolase that depletes NAD(P)+ resulting in (Hachani et al., 2014, Whitney ef
(PA0093) target bacteriostasis, contains PAAR domain al., 2014, Whitney et al., 2015)
Tse6™ !4 /Tasl | Tisl (PA14_01130)* (p)ppApp synthetase that rapidly depletes prey ATP/ADP (Ahmad et al., 2019)
(PA14_01140 pool, contains RHS and PAAR domains
)*

Tse7 Tsi7 (PA0100) Tox-GHH2 nuclease, contains PAAR domain (Hachani er al., 2014, Pissaridou et
(PA0099) al., 2018)
Tse8 Tsi8 (PA4164) Targets transamidosome complex disrupting protein synthesis | (Gonzalez-Magana et al., 2020,
(PA4163) Nolan et al., 2021)
Tlel Tlila (PA3291) Phospholipase A2 activity (Russell er al., 2013, Hu et al.,
(PA3290) Tlilb (PA3292) 2014, Flaugnatti et al., 2016)
Tle2 Tli2a (PAK _03766)* Phospholipase Al activity (Russell er al., 2013)
(PAK_03765) | Tli2b (PAK_03767)*
¥
Tle3 Th3 (PA0259) Phospholipase (Russell er al., 2013, Berni et al.,
(PA0260) 2019)
Tle4 /TplE Tli4 /TplEi (PA1509) Phospholipase, contains PGAP1-like domain to aid (Russell er al., 2013, Jiang et al.,
(PA1510) internalisation into host cells and localisation at ER membrane | 2014, Lu et al., 2014)
inducing autophagy, both antibacterial and anti-host toxicity
PIdA /Tle5a Tli5a (PA3488) Phospholipase D with preference for PE (Wilderman et al., 2001, Russell et
(PA3487) (phosphatidylethanolamine) as substrate, activate PI3K/Akt al., 2013, Jiang et al., 2014,
pathway that promotes internalisation into host cells, both Spencer & Brown, 2015, Boulant et
antibacterial and anti-host toxicity al., 2018, Wettstadt ef al., 2019)
P1dB /Tle5b Tli5b, (PA5088) Phospholipase D, activates PI3K/Akt Pathway that promotes (Russell er al., 2013, Jiang ef al.,
(PA5089) Tli5b, (PA5087) internalisation into host cells, both antibacterial and anti-host 2014, Wettstadt et al., 2019, Wen et

2 TIisbs (PA5086) toxicity al., 2020)

2 VerG2b VerG2bi (PA0261) Contains zinc- metallopeptidase domain, hydrolyses (Sana et al., 2015, Bemi et al.,

& | (PAO262) peptidoglycan in cell division plane causing target lysis. 2019, Wood et al., 2019)

= Interacts with a- and p-tubulins and yTuRC promoting

internalisation into nonphagocytic cells, both antibacterial and

anti-host toxicity
AmpDh3 AmpDh3i (PAO8OS) Cell wall remodelling amidase that contributes to 3-lactam (Juan et al., 2006, Zhang et al.,
(PA0807) resistance, hydrolyses target cell peptidoglycan cross links 2013, Wang et al., 2020)
TseT TsiT (PA3908) TOX-REase domain containing nuclease (Burkinshaw et al., 2018)
(PA3907)
TseV TsiV (PA0821) Putative VRR-NUC domain containing nuclease (Wang et al., 2021)
(PA0822)
PA5265 PA5264 Contains MIX (marker for type six effectors) motif (Salomon et al., 2014)
RhsP2 RhsP2i RHS domain containing effector (Hachani et al., 2014, Jones et al.,
(PA14 43100 | (PA14 43090)* 2014)
)*
PA2066 Unknown Putative Hep2 associated effector (Howard et al., 2021)
Azu (PA4922) | - Common good effector, copper binding and uptake (Nar et al., 1992, Han ef al., 2019)
ModA - Common good effector, molybdite binding and uptake (Self et al., 2001, Wang et al.,
(PA1863) 2021)

« PA0256 Unknown Putative Hep3 associated effector (Howard et al., 2021)

&

:? TseF - Common good effector, interacts with PQS and the (Lin et al., 2017)

T | (PA2374) siderophore receptor FptA aiding in iron uptake

Table 1.1: P. aeruginosa T6SS associated effectors.
* T6SS effectors not present in genome of P. aeruginosa PAOL.
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eukaryotes, making it a versatile system that can be used for interactions with both surrounding
microbes and host cells (354). What defines the impact of a specific system are the associated
effector proteins delivered. Some T6SS systems have just a few characterised effectors. One of the
best characterised T6SSs is found in V. cholerae and delivers 3 effectors (580). In contrast, the
T6SSs of P. aeruginosa are associated with more than 20 effectors, which include antibacterial
toxins, anti-host, and common good effectors. All currently known effectors and their key
features are listed in Table 1.1. Among these, antibacterial toxins are the most represented and
belong to functionally diverse biochemical classes described below, including ones targeting cell

wall components, nucleic acids, or various aspects of metabolism.

1.4.5.1 Peptidoglycan targeting toxins

A common target for antibacterial T6SS toxins is the bacterial cell wall. This includes
peptidoglycan (PG) hydrolases, which have been found to be delivered by T6SSs from a range

of bacterial genera, such as Salmonella, Acinetobacter or Serratia (582) and some of the first

Effector class Groups Activity Distribution Number
Tae 1-4 Amidase Beta-, Gamma-and 58
Deltaproteobacteria
Tge 1-3 Glycosidase Beta-and 13
Gammaproteobacteria
VgrG3 NA Muramidase Gammaproteobacteria NA
Tgel (Tge3, VgrG3)
(Tge2)
M R ()/E&l/() M © ()/m/() © o

rTan,B Tael—s Taed —> /—lae2,3

®—Tael 24—Tae4
‘“o%nﬁoﬁ/ﬂo\@ﬁ%
O O O O O

oL-Ala obp-Glu emDAP oDbp-Ala

Tael—

Figure 1.22: Diagram of types of peptidoglycan degrading toxins.
Enzymatic cleavage specificity of different types of peptidoglycan hydrolases. Adapted from
(581) with permission from Springer Nature.

85



H1-T6SS toxins to be identified - Tsel and Tse3 (583). Tsel is an amidase that hydrolyses
peptidic PG crosslinks, while Tse3 is a muramidase that attacks the PG sugar backbone (Figure
1.22) (584). Another example of PG degrading toxin is AmpDh3, an amidase known for its
contribution to -lactam resistance, and when delivered in an H2-T6SS-dependent manner, it is
capable of killing prey by hydrolysing PG cross-links (585, 586, 587).

Alternatively to direct cell wall component degradation, toxins may cause damage indirectly
through interfering with PG synthesis, remodelling or repair. The H2-T6SS dependent VgrG2b
contains a zinc-metallopeptidase domain C-terminasl domain that is not involved in direct PG
cleavage, but appears to interfere with PG biosynthesis related proteins acting in the cell division
plane (553). The delivery of PG-targeting toxins has been shown to result in visible deformation
and subsequent prey cells lysis following toxin injection (584). Tsel has been shown to be the
cause of V. cholerae cell rounding (564), while VgrG2b induces membrane blebbing in the cell

division plane (553).

1.4.5.2 Lipases

A class of antibacterial T6SS effectors that are conserved across a range of Gram-negative
bacteria is a group of phospholipases called Tle (for T6SS lipase effector) (40). Tle effectors
are classified into five families (Tlel to Tle5) based on catalytic site sequence homology and
each of these is represented among toxins associated with P. aeruginosa H2-T6SS (Figure
1.23). Tlel and Tle2 have phospholipase A2 and Al activity, respectively, and cleave fatty
acid chains (40, 588, 589). Tle2 is homologous to the V. cholerae lipase effector TseL: (580) and
is present in the genomes of both PAK and PAT reference strains but is absent from P. aeruginosa
PAO1 (40, 41). PIdA and PldB possess phospholipase D activity (Tle5) with PIdA having a
catalytic preference for phosphatidylethanolamine (PE) as a substrate (40, 590, 591). Both
show antibacterial activity upon delivery in H2-T6SS-dependent manner (592). Additionally,

both PIdA and PldB activate the PI3K/Akt pathway that promotes internalisation into host
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Figure 1.23: Diagram of phospholipase effector cleavage sites.
Schematic showing cleavage sites of phospholipases from distinct catalytic classes.
Adapted from (581) with permission from Springer Nature.

cells (41), and have been associated with a high prevalence in multidrug-resistant P. aeruginosa
clinical isolates (565). The exact catalytic mechanisms of Tle3 and Tle4 (TplE) are unknown, but
Tled has been shown to aid with internalisation into host cells and localise at the endoplasmic
reticulum membrane, which results in autophagy through a PGAP1-like domain (40, 593, 42).
As lipase effectors target phospholipids found in any membrane, many of these effectors appear

to show both antibacterial and anti-host toxicity.

1.4.5.3 Pore forming toxins

While PG hydrolases and phospholipases degrade cell wall components, an alternative
method of disrupting cell wall integrity of prey bacterial is through pore formation. H1-T6SS-
associated Tsed and Tse5 both form ion selective pores that disrupt proton motive force, leading

to membrane depolarisation and death (551, 550, 594, 595). Tse4 contains four transmembrane
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helices and glycine zipper motifs, that promote multimerisation of transmembrane peptides and
are a feature commonly seen in pore-forming proteins (596, 594). Tseb is an evolved T6SS
effector whose delivery is facilitated through an N-terminal PAAR domain (551, 550). Once
inside the target cell, Tseb is thought to undergo auto-cleavage just after RHS domain and the
C-terminal toxin domain is capable of spontaneous insertion into the inner membrane, causing
rapid depolarisation (597). Notably, efficacy of pore forming toxins has been shown to be

dependent on the growth media composition and salinity (594).

1.4.5.4 Nucleases

T6SS toxins also target various cell components present in the cytoplasm, including nucleic
acids. To date, three nucleases encoded in the PAO1 genome have been associated with T6SS:
Tse7, TseT, and TseV. H1-T6SS-associated Tse7 contains Tox-GHH2 nuclease domain and is
a notable example where toxin catalytic domains lack conservation between different reference
strains (550, 552). A study by (552) showed that even though a T6SS toxin can be found within
the tse7 loci in PAO1, PAK, PA14, and PAT7 reference strains, toxin domains of these effectors

lack conservation (Figure 1.24) and the corresponding immunity proteins do not provide cross-

vgrG1b 0096 PA0097 PAO098  tse7 tsi7  PA0101

PAOA1

PAK

PA7

Figure 1.24: Conservation of tse7-tsi7 loci in P. aeruginosa PAO1, PAK, PA7, and
PA14.

Conservation of tse7-tsi7 and flanking genes in genomes of P. aeruginosa PAO1, PAK, PA7,
and PA14. N-terminal PAAR containing domain of Tse7 is highly homologous, while C-terminal
toxin domain and ts¢7 lack sequence conservation.

Adapted from (552) under creative commons attributions license.
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protection from the toxin’s action. This variation in toxin set means that T6SS can be used
for not only competition between distinct bacterial species, but also distantly related lineages
within the same species. The H2-T6SS has been associated with two nucleases, first, TseT that
contains TOX-REase domain shown to kill sensitive prey (559). Second, TseV contains VRR-
NUC domain whose corresponding gene and is linked to H2-T6SS through genomic context
(169), but the specific catalytic activity of this toxins and impact on prey bacteria as delivered

by T6SS is yet to be experimentally demonstrated.

1.4.5.5 Metabolism targeting toxins

Another strategy of attack for antibacterial toxins is through the disruption of prey cell
energy metabolism. Tse2 has been shown to be functional within prey bacteria cytoplasm in
an NAD-dependent manner and leads to queiscence, additionally it is toxic when expressed in
eukaryotic cells. Altrough catalytic function of Tse2 is yet to be experimentally validated, it
bears structural homology to ADP-ribosylating toxins (583, 231, 599). Tse6 in P. aeruginosa
PAO1 is an NAD(P)+ glycohydrolase that depletes NAD(P)+, causing prey bacteriostasis (550,

551). The toxin domain of Tse6 is not conserved among the different P. aeruginosa reference

® A N A A A A N A A
o S o X >« N
) & \9\6 ) R & & \6&\’?9 & @ \9& \cﬁv
| P — \
PAO1 < ) OC 0K K XX XX <<
PA14 < 1_5_[:_)_[___???_‘{ XK XX XX O OO
"""""""" tse6 BRE
( o X >
100% no homology 74%
( X ) D, D2
eagT6 PA14 01140 PA14 01130 tsi6

Figure 1.25: Genomic context of Tse6 in P. aeruginosa PAO1 and PA14.
Conservation of tse6-tsi6 genes in genomes of P. aeruginosa PAO1 and PA14. In yellow, PAAR
containing N-terminal domain of Tse6 shows 100% sequence homology. Tse6 C-terminal toxin
domain lacks sequence homology between loci from the two strains. An additional £si6 gene with
74% seqeucence homology to tsi6" 491 is found in PA14 genome after the cognate tse6-tsi6h A
gene set.

Adapted from (598) with permission from Springer Nature.
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6414 also known as Tasl with

strains (Figure 1.25), as the genome of PA14 encodes a Tse
(p)ppApp synthetase activity, which results in a rapid depletion of prey ATP/ADP pool (598).
A toxin with a rather original molecular target is the H1-T6SS dependent Tse8 that directly
disrupts protein synthesis through targeting the transamidosome complex (557, 600). A further
toxin, RhsP2, possesses ADP-ribosyltransferase activity and affects the non-coding RNA pool

of prey cells (601). This toxin is not present in P. aeruginosa PAO1 but is co-encoded in an

additional vgrG-containing satellite cluster found in P. aeruginosa PA14 genome (550, 563).

1.4.6 Cognate toxin immunity

As a large number of T6SS effectors are antibacterial toxins and the bacteria producing
these effectors must possess protective mechanisms to avoid self- or sister-cell intoxication.
T6SS toxin-encoding genes have thus evolved to be co-encoded with one or multiple cognate
immunity proteins (583, 584, 602). This co-occurrence of toxin/immunity genes is most apparent
when looking at the genomic context of T6SS effectors (Figure 1.20). The presence of cognate
toxin immunity genes is beneficial as they are accumulated and maintained in genomes even
in cases where specific effectors are lost (603, 604, 605). One such example is P. aeruginosa
Tse6 described above (Figure 1.25). Although, tse6 from PAO1 has been substituted with tse6-
tsi6" A1 the immunity gene tsi6” 491 is still maintained within the genome of P. aeruginosa
PA14.

Cognate immunity proteins often appear to act through forming complexes with the specific
toxins. When an effector is acting in the periplasm, cognate immunity proteins are actively
exported to this compartment and carry a Sec-dependent signal peptide to support this
targeting (584, 358). Structures of multiple toxin-immunity protein complexes have been solved
providing a mechanistic insight into immunity protein action. For example, in case of Tse2-
Tsi2 and Tle4-Tli4, immunity proteins form complexes with the specific effector, disrupting

the catalytic ability (593, 599). An alternative protective mechanism was shown in the
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case of Serratia proteamaculans, where the ADP-ribosyltransferase effector 1 (Trel) immunity
protein Tril not only binds the effector in a manner that occludes the active site but also
cleaves a post-translational modification permanently deactivating toxin catalytic ability (606).
Furthermore, P. aeruginosa TseT-associated immunity protein TsiT is proposed to act by
preventing oligomerization of the TseT toxin (607).

Examples of a single effector being co-encoded with multiple immunity proteins are also
common, with P1dB-T1i5b;_3 and Tlel-Tli,, being two such effector/immunity sets present
in P. aeruginosa genome (Figure 1.20). Each of the three PIdB immunity proteins has been
shown to individually contribute to protection against toxin action (41), while sequence and
structural characterisation of the three immunity proteins shows these to be highly conserved
with main differences found in surface electrostatic charge (608). Authors of the study suggest
that presence of multiple similar immunity proteins could provide added protection through
being able to bind similar toxins from other species (608). It is notable that although both
PIdA and PIdB are trans-kingdom effectors categorized within the same PLD phospholipase
family (42), the associated immunity proteins lack structural conservation (608, 609). This is
likely due to the fact that phospholipases are classified accordingly to conservation of catalytic
motifs, while the proteins as a whole can be phylogenetically and structurally divergent (40).

As evidenced by the high variation in effector/immunity gene sets between closely related
bacterial strains, these genes are subject to frequent horizontal gene transfer events and this can
lead to accumulation of arrays of immunity genes (603, 610, 605). As bacteria are protected
from the action of their own toxins by specific cognate immunity proteins, they can in turn be
sensitised to the action of these toxins by a deletion of the immunity gene and this is a strategy

commonly employed while characterising new T6SS effectors.
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1.4.7 Trans-kingdom effectors

T6SS effector examples described above are focused on cases where the system is used for
bacterial interactions. Similarly, in addition to direct competition with other bacteria, T6SS can
be used in competition with eukaryotic microbes. For example, anti-fungal effectors delivered
by the T6SS of S. marcescens have been shown to aid in competition against Candida species
(514). While anti-amoebae activity of V. cholerae T6SS being protective against Dictyostelium
discoideum predation was amongst the very first examples of T6SS impact characterised (508).

Rather than just competing with eukaryotic microbes, T'6SS can also be used for interactions
with host cells. Among the P. aeruginosa anti-bacterial effectors described above, H2-T6SS
effectors Tle4, PIdA, PldB, and VgrG2b have been shown to provide host cell toxicity and
promote internalisation (42, 611, 41). This can often be accomplished by use of effectors that
interact with host cytoskeleton components. VgrG2b specifically promotes internalisation into
non-phagocytic host cells through interactions with a- and S-tubulins as well as yTuRC complex
(611, 612, 553). For example, A. hydrophila uses VgrG1 to inhibit actin polymerization, leading
to subsequent apoptosis (613), while V. cholerae VgrG-1 and B. cenocepacia TecA use different
mechanisms to interfere with cytoskeleton remodelling, with both resulting in pro-inflammatory
responses (614, 615).

Another use of T6SS in bacterial pathogenesis is in host immune evasion. When host
immune cells attempt to clear bacteria through phagocytosis, bacteria can be captured within
ROS and lysozyme filled vesicles. Some bacteria have been shown to cope with ROS-induced
damage in a T6SS-dependent manner. For example, the enterohemorrhagic E. coli catalase
KatN effector degrades HoOo while Y. pseudotuberculosis Zn** binding YezP acts through yet
to be characterised indirect mechanism, both have been shown to aid in coping with ROS
damage and promote in vivo virulence (616, 617). Both pathogenic Fdwardsiella tarda and
the intracellular bacterial pathogen Francisella tularensis use T6SS effectors for phagosomal

escape, which enables intracellular replication and is a key part of pathogenesis in both bacteria
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Figure 1.26: Schematic illustration of anti-eukaryotic T6SS effector action.

(A) P. aeruginosa T6SS effector interactions aid with internalisation into host cells, PIdA and
P1dB interacts with Atk and induces PI3K pathway, VgrG2b interacts with microtubulin and ~-
TuRC complex, while Tle4 (TplE) targets endoplasmic reticulum. (B) B. cenocepacia activates
Pyrin inflammasome and disrupts actin cytroskeletion. (C) V. cholerae VgrG1 cross-links actin
disrupting host cell morphology, while VasX is proposed to be pore-forming. (D) F. tularensis
PdpC and PdpD activate inflammasome and while OpiA kinase aids in endosomal recruitment
through PI3P pathway. (E) E. tarda uses EvpP to inhibit NLRP3 inflammasome by modifying
calcium ion influx. (F) E. coli (EHEC) KatN hydrolases reactive oxygen species and aids in
survival within macrophages, while VgrG1 alters IL-17 levels. Adapted from (39) under creative
commons attributions license.

(618, 619, 620, 621).

T6SS is not only significant in the context of animal but also plant hosts interactions. For
example, the plant commensal bacteria, such as Pseudomonas putida, use the T6SS to prevent
colonization by pathogens (622). T6SS is also prevalent in plant pathogens, such as Pantoea
ananatis and Ralstonia solanacearum, both of which use T6SS for host pathogenesis (623, 624).
However, currently, effector translocation directly to plant cells has not been shown. Therefore,

it has been proposed that T6SS dependent pathogenesis is likely a result of plant pathogens
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actively killing plant commensal bacteria enabling niche invasion (624).

1.4.8 Common good effectors

Aside from anti-host or antibacterial toxins, T6SS also delivers common good effectors that
aid in binding and uptake of metal ions. To date, T6SS in P. aeruginosa has been linked with
three common good effectors: the H3-T6SS-associated TseF and the H2-T6SS-associated Azu
and ModA (501, 625, 169). The action of common good effectors is not dependent on delivery
to adjacent cells but rather release within the surrounding environment. TseF is released from
the cell in a H3-T6SS-dependent manner, where it interacts with the iron-chelating extracellular

signalling molecule PQS (501) (Figure 1.27). TseF interacts with membrane porin OprF, that has
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Figure 1.27: Schematic showing T6SS effector mediated metal ion uptake.

P. aeruginosa H3-T6SS dependent TseF is involved in reuptake of PQS-Fe3+ vesicles, while
H2-T6SS dependent Azu and ModA directly bind to copper and molybdate ions respectively.
TseM and TseZ are B. thailandensis effectors that bind manganese and zinc ions respectively.
Adapted from (518) under creative commons license.
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been associated with both increased virulence and siderophore-mediated iron uptake (626, 627),
and FptA, a Fe(IIl)-pyochelin receptor (628). PQS is highly hydrophobic, but are found to
associate with P. aeruginosa OMVs (629), as TseF interacts with both Fe-PQS and iron uptake
associated surface receptors, it has been proposed to be the protein recruiting Fe-PQS to OMVs
for subsequent re-uptake (501). TseF aids in iron uptake, in a manner that is not dependent
on direct Fe ion binding, but other T6SS common good effectors have been shown to aid in
nutrient scavenging by directly binding metal ions. The uptake of molybdate ions has been
linked to improved competitiveness of P. aeruginosa within the context of CF lung infection
(630), and this is mediated through the ModABC uptake system initially characterised in E.
coli (631). Only later this system was connected with the T6SS, as (169) demonstrated that
ModA is secreted into the extracellular milieu by H2-T6SS where it directly binds MoO4 2~
ions. Another H2-T6SS associated metal ion uptake effector is Azu that has been shown to bind
Cu?T ions (632, 625).

The link between T6SS and metal ion uptake extends beyond P. aeruginosa and has been
described in a range of other bacteria (633). T6SS effector-associated zinc and manganese ion
uptake has been observed in Yersinia pseudotuberculosis and Burkholderia species (617, 634, 635,
636, 637). In all of these examples, the T6SS expels the effectors into the extracellular space
for subsequent re-uptake through mechanisms that are not dependent on T6SS firing. This aids
more effective nutrient scavenging and contributes to indirect competition, improving survival
in nutrient-limited host niches (633). Additionally, these ion-binding effectors can also aid in
direct contact-dependent toxicity, such as in the case of Y. pseudotuberculosis TssS which binds
Mn?T ions and when injected into host cells, its ion chelating ability results in the inhibition of

STING immune response aiding with immune evasion (637).
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1.4.9 Identification of further effectors

Identifying T6SS effectors can be challenging due to the lack of specific, universally conserved
motifs associated with their translocation. One approach to identifying these effectors is to
examine the genomic organisation of T6SS genes, as sets of effector-immunity-chaperone genes
are often found encoded within the same cluster as T6SS structural genes (Figure 1.20). For
example, in the case of P. aeruginosa, the genes eagT6-tse6-tsi6 (PA0092-94) are found alongside
H1-T6SS core components, or pldA-tli5 (PA3487-88) genes are co-encoded with vgrG4b (PA3486)
in an orphan cluster associated with the H2-T6SS. Alternatively, evolved T6SS effectors that
contain domains corresponding to structural components, such as PAAR in case of Tse7, or
VgrG proteins as in VgrG2b, can be easily recognisable through bioinformatics analysis.

Another bioinformatics approach for identifying novel T6SS effectors is through the use of
common marker domains. Rhs is one such domain,termed for rearrangement hotspot (638).
Proteins that possess an Rhs or a different toxin domain have been identified as effector proteins
not only for T6SSs in various bacterial species, such as Dickeya dadantii and S. marcescens
(639, 640), but also for CDI effector proteins (368), and toxin-antitoxin system of Salmonella
Typhimurium (641), or the exported Gram-positive toxin WapA found in Bacillus subtilis (642).
The presence of an Rhs domain is one of the markers for effector proteins in polymorphic toxin
systems of any kind and are not exclusive to T6SS (639, 643, 644). T6SS-specific recognition
motifs such as MIX (marker for type six effectors) and FIX (found in type six effector) have
also been identified (645, 646). For example, the as-yet unnamed P. aeruginosa T6SS toxin
PA5265 contains the MIX motif and is linked to H2-T6SS as it is encoded in a satellite cluster
containing the genes vgrG6 and hepB (Figure 1.20). Deletion of predicted toxin-immunity genes
pair PA5264-65 is shown to render bacteria sensitive to eradication by a competitor in H2-T6SS
dependent manner in Section 5 of this report.

Many of the T6SS effectors that have been characterised to date lack these markers and

have been identified experimentally. The first P. aeruginosa T6SS effectors Tsel to Tse3 were
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identified through mass spectrometry analysis comparing the supernatant fraction of strains
with and without active T6SS (583). A different approach for novel P. aeruginosa T6SS effector
identification was taken in case of Tse8, where transposon directed insertion—site sequencing
(TraDIS) was performed in strains with and without T6SS to detect mutations that are tolerated
only in one of the backgrounds (557), with Tn hit suggesting a putative T6SS immunity gene. A
more direct proteomics approach was used in a study by (555) for identification of P. aeruginosa
Hcp associated effectors, where putative effectors were identified using pull-down assay with
Hcp as bait protein. This study identified the putative H2-T6SS-associated effector PA2066 and
the H3-T6SS associated effector PA0256. The variety of methods needed for identifying T6SS

effectors shown here illustrates that more remain to be identified and characterised.

1.4.10 Non-immunity defences against T6SS

T6SS is widespread in Gram-negative bacteria and as discussed above, it delivers effectors
with antimicrobial properties positioning it as a common direct bacterial competition tool. To
defend against these toxins, bacteria employ a variety of protective mechanisms and strategies.
The best understood defence against T6SS toxins is the use of specific cognate immunity proteins
described in the above section. However, due to the large and functionally diverse set of toxins,
more generic mechanisms are also useful (356) (Figure 1.28). These mechanisms can include
general stress response and damage repair systems or adaptations evolved in response to other
types of stress. For example, peptidoglycan adaptations evolved to resist antibiotics can also
render peptidoglycan-targeting effectors delivered by less effective (647). Additionally, highly
specific T6SS defence mechanisms exist, such as retaliatory or Tit-for-Tat T6SS firing (564, 576).
The impact of EPS and stress responses on T6SS competition are discussed here, while impact
of spatial segregation and different T6SS firing strategies on competitive fitness are addressed

in further detail in section 1.5.
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Figure 1.28: Diagram of non-immunity T6SS defences.

Schematic showing how EPS provide protection through introducing a physical barrier in the
extracellular space and by increasing the distance between cells. Alternatively, bacteria may
use generic stress response and damage repair mechanisms to cope with T6SS effector induced
damage in the same way it would cope with any other cellular damage.

Adapted from (356) under creative commons attributions license.

1.4.10.1 Stress responses and damage repair

T6SS injections puncture prey cell membrane and many of the T6SS-associated toxins target
cell wall components directly. This type of damage triggers stress responses in prey bacteria
that subsequently act to mitigate T6SS toxin-induced damage (648, 579). For example, in
V. cholerae, cell wall damage response is mediated by the sensor-response regulator pair WigK-
WigR (VxrA-VxrB) that act to maintain cell wall integrity upon exposure to 8-lactam antibiotics
(649). WigK-WigR is a two-component system that regulates expression of 320 genes, with large
fraction of the upregulated genes encoding proteins involved in cell wall component synthesis and

maintenance (649). This two-component system has been shown to protect V. cholerae TseH
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immunity (TsiH) lacking strains from killing by a parental strain, and is essential for survival of
the strain producing both the effector and immunity proteins (650). It appears that V. cholerae
uses the same damage sensing and repair machinery when exposed to antibiotic stress and T6SS
attack.

A widely used mechanism for damage repair is the SOS response, a DNA repair system
known to be associated with tolerance of antibiotic and environmental stress factors (651). This
system has been shown to be triggered upon damage caused by P. aeruginosa nuclease Tse7
(552), with similar responses being induced by other T6SS-associated nucleases (652). In case
of competition between E. coli and Acenitobacter baylyi, T6SS-dependent death and lysis of
E. coli results in release of DNA that is subsequently taken up by competent A. baylyi (521).
Interestingly, this DNA uptake results in activation of SOS response, that can lead to growth
arrest and decreases the overall competitive fitness of attacker population (521).

Increased production of reactive oxygen species (ROS) is a universal signal of bacterial
distress. ROS production can be linked to exposure to antibiotics (653), and has been seen
to occur K. pneumoniae or A. baylyi prey bacteria exposed to to T6SS attacks by V. cholerae
(654, 655). This leads to the idea that shared damage repair mechanisms can be employed
to cope with both types of stress, and conversely the same conditions rendering bacteria more
sensitive to antibiotic toxicity, may lead to increased sensitivity to T6SS attacks. In FE.coli,
exposure to T6SS attacks promotes the action of the SoxR-SoxS sensor-transcription activator
pair (654), which coordinates the ROS response (656). The result is that loss of envelope stress
response regulators SoxR-SoxS renders F.coli sensitive to V.cholerae T6SS toxin TseH (650). It
has been proposed that mechanistic reason behind this is the loss of ability to trigger synthesis
of protective EPS in the form of colanic acid. If colanic adic is produced in high levels, this

results in a mucoid phenotype that appears to be protective against T6SS attacks (650).
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1.4.10.2 Protection provided by EPS and cell envelopes

Biofilms are communities of bacteria embedded in an extracellular matrix that acts as a
structural support and protective barrier. This, along with the cell envelope encasing individual
bacterium, are mechanisms that protect sensitive prey from T6SS-mediated toxin injection
(Figure 1.29). Similarly to colanic acid providing T6SS protection for E. coli (650), production
of Vibrio polysaccharide has been shown to form a type of "protective armour" that shields
V. cholerae from exogenous T6SS attacks by A. baylyi or P. aeruginosa, while simultaneously
having no apparent effect on the T6SS killing ability of the EPS producing strain (264) (Figure
1.29). An interesting counterexample of EPS capsule interfering with producers T6SS injection
is that of Campylobacter jejuni, where the presence of polysaccharide capsule has been shown to
interfere with T6SS-mediated lysis of red blood cells (657). The formation of a polysaccharide
capsule is a defining feature of many Klebsiella species and its presence has been shown to be
sufficient to protect Klebsiella from T6SS attacks by V. cholerae, E. coli and A. baumannii
(560). Additionally, this EPS capsule has also been shown to provide T6SS protection to an E.

coli commensal isolate Ec300, that carries a horizontally acquired capsule biosynthesis pathway
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Figure 1.29: Schematic depicting EPS protection from T6SS injection.

EPS has been proposed to provide protection from T6SS attacks through multiple distinct
mechanisms. In absence of EPS (A) bacteria are proposed to be in close contact, while EPS
capsule (B) or cell-free EPS (C) could increase intracellular distance or act as a physical barrier
preventing injection of T6SS.
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(560, 658). The proposed mechanism of protection is that of increase in cell-cell distance or
through physically obstructing T6SS injection (Figure 1.29). A point of interest in this study
was the investigation of how changes in EPS content affect strain distribution within community

and how loss of EPS affects T6SS-mediated competition in case of P. aeruginosa (Section 6).

1.4.10.3 Gram-positive resistance to T6SS attacks

The prime example of cell envelope/ cell wall that is believed to act as a barrier against
T6SS attacks preventing direct toxin injection is that of Gram-positive bacteria. However,
recent literature has described some cases of T6SS-mediated interactions with Gram-positives.
For example, the plant-beneficial bacteria B. subtilis and Pseudomonas chlororaphis engage in
antagonistic interactions that limit co-existence in planta (659, 660). These interactions are
in part mediated through T6SS of P. chlororaphis, as B. subtilis has been shown to undergo
sporulation when exposed to T6SS attack by P. chlororaphis (660). Similarly, P. aeruginosa
H1-T6SS associated peptidoglycan hydrolase Tsel has been shown to induce sporulation in B.
subtilis (661) Furthermore, a T6SS effector Tse44- bavmannii jdentified in A. baumannii was found
to kill B. subtilis, Listeria monocytogenes, and S. aureus in a contact-dependent manner (662).
To date, the only known example of a cytoplasmic T6SS toxin with activity against Gram-
positive prey is a nuclease, RhsB, found in the plant pathogen Acidovoraz citrulli (513). RhsB
and RhsE (a toxin of unknown function) contribute to T6SS-dependent killing of both Gram-
negative F. coli, Gram-positive B. subtilis, as well as Mycobacterium smegmatis whose cell wall
outer layer is made up of a mycomembrane (513). Although a few examples of T6SS toxin
impact on Gram-positives have been identified, the mechanisms behind these interactions are
still not well understood. Additionally, while these examples suggest a need for contact, there
is currently no evidence for T6SS effector translocation to or action within the cytoplasm of

Gram-positive bacteria.
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1.5 Using computational approaches to study bacterial

community dynamics

Biofilm communities are complex, organised systems in which the constituent microbes gain
an overall fitness benefit. These systems are highly heterogeneous and dynamic, and individuals
within communities behave differently depending on the specific microenvironment (663, 664).
This heterogeneity emerges as biofilms develop from a few individual bacteria into a dynamic
system with many interactions taking place, resulting in development of collective properties.
Biofilms can be considered emerging systems, since, acting together, bacteria behave in a manner
that cannot be explained through the study of individual cells under planktonic conditions
alone (665). The study of interactions and local responses within biofilms can be difficult
experimentally, as it is challenging to consistently control and manipulate all of the relevant
variables and isolate specific interactions. However, theoretical simulations can be a powerful
tool in the study of microbial biofilms, as they allow researchers to comprehensively address
the impact of individual aspects of interactions within these complex and organised systems

(666, 667, 668).

Simulations can be used to gain insight in how a complex bacterial communities emerge
from establishment by just a few individual bacteria and to gain a deeper understanding of how
different interactions contribute to the overall behaviour of the community. Laboratory models
reduce complexity of the interacting bacterial system to enable the study of individual aspects
of bacterial communities. This can be done by studies both at the single-cell scale as well as the
level of whole community structures, but is technically challenging to include both of these within
a single study. Additionally, when investigating the impact of specific phenotypic changes it is
often difficult to disentangle a specific impact from compounding factors, as even a single gene
will often elicit a change in multiple phenotypic features. This is exemplified by P. aeruginosa

T6SS activation as a part of transition towards biofilm phenotype (100). Simulations can be
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used to bridge experimental observations by fitting these with specific mechanistic explanations.

Theoretical simulations can be a powerful tool that allows us to explore a wide range of
scenarios and to guide subsequent experimental design. For example, simulations can be used
to study how biofilm communities respond to changes in environmental conditions, such as
changes in nutrient availability or flow rate (669). This can help researchers to understand
how these factors influence biofilm formation and structure and how they may be harnessed
to control biofilm growth in practical applications. Conceptual explanations for behaviour of
biological communities are based on studies conducted within laboratory setting aiming to reduce
variability, but there are a large number of confounding factors that exist in natural systems.
This includes the specifics of study of how the biofilm formation occurs. The formation of
complex structures of P. aeruginosa biofilms within a flow-cell is determined by available carbon
source (184) and the media flow rate. The latter is needed to facilitate both supply of fresh media
and waste removal, while flow also imposes physical shear stress (670, 669). These experimental
models enable a reliable study of specific bacterial behaviours, but do not accurately depict
the existence of P. aeruginosa within the infection niche (249). By simplifying the system
and reducing the number of confounding factors, simulations can help researchers identify key
concepts that can be subsequently interpreted within the context of more complex "real-world"
problems. With the gradual advancement of study techniques, observations from simplified
systems can subsequently be applied to more complex systems to refine and adjust conceptual

models.

1.5.1 Approaches to modelling bacterial communities

There are three main approaches for simulating microbial communities: continuous,
individual-based, and mixed models. Each of these approaches describes the organisms within a
system, key aspects of the environment at a given point in time and sets out rules on how bacteria

are to behave accordingly to the conditions of its environment and how any given behaviour
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impacts its surroundings. Computational simulations allow to iteratively solve question of
how organisms behave depending on the specific information about its continuously changing
surroundings at any given point in time and what are the local and global consequences of
any behaviour. Different simulation approaches are better suited to look at certain aspects of
microbial behaviour and interactions with its surroundings (667, 666). Some of the aspects to
consider when choosing a theoretical modelling approach are time and spatial resolution. Spatial
resolution refers to geometry of individuals and community size as a whole, while time resolution
looks at both how frequently meaningful actions occur and decisions are made, as well as the

overall timescale of community existence.

Continuous grid-based models can provide detailed descriptions of continuously changing
biochemistry while allowing for the implementation of large system sizes and a high number of
simulation iterations. However, these types of models are limited in their ability to implement
mechanistic interactions and aspects of localised community structure due to grid constraints
(671). Simultaneously, these are most useful for recreating large systems, often used in microbial
ecology or studies of community metabolic dynamics (672, 673, 674). Individual or agent-based
models, on the other hand, offer detailed descriptions of the physical interactions of single
bacteria while simplifying the chemical environment (675). They are better suited for addressing
questions involving spatially explicit interactions and the impact of bacterial geometry (668).
These models can be used to understand how changes in system-level dynamics emerge from
differences in highly localised interactions and changes in individual cell behaviour (676). Mixed
modelling platforms combine the benefits of both continuous and individual-based models by
implementing a high-resolution chemical concentration grid and individual cell objects that
are coupled to locations in the grid. This allows for the implementation of stochastic cellular
behaviour that is highly dependent on the local environment, such as nutrient concentrations or

growth-inhibiting substances.

A range of simulation tools have been developed to investigate dynamics of bacterial
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populations, the reviews by (668) and (667) conduct a detailed assessment of capabilities of
many currently available tools, with a selection discussed here. Some of the main aspects of
microbial systems that these models aim to address growth dynamics, internal metabolism,
interactions with external chemical fields, physical interactions with the environment and
other cells, motility, chemotaxis, fluid dynamics, extracellular polymeric substances, direct
interactions, and conjugation. But it is more common to focus on only a few key aspects at a
time, when addressing a particular question. BSocial is a tool specifically designed to analyse
the effects of social interactions on the fitness of polymicrobial communities (677). Simbiotics
includes explicit cell geometry, chemical gradients as an environment, and intracellular processes
(676). Gro is a programming language that allows for the explicit description of individual cell
behaviours and genetic circuits, as well as the integration of information about the environment
and current internal cell state to produce an appropriate response (678, 679). LAAMPS
(Large-Scale Atomic/Molecular Massively Parallel Simulator) is a tool originally designed for
simulations of materials and molecular dynamics (680), has been adopted for use in studying the
dynamics of the microbial community in the form of NUFEB, which enables efficient simulations
of large numbers of bacterial agents (620). McComedy, a more recent addition to the available
simulation tools, is designed to enable the modelling of spatially explicit bacterial interactions
without requiring programming expertise (681). Overall, these simulation tools offer a range of
capabilities for studying the dynamics of bacterial populations, including the effects of social
interactions, explicit cell geometry, programming language for describing cell behaviours, and

spatially explicit bacterial interactions.

T6SS-mediated interactions rely on direct cell contact, and the local geometry of bacteria
has significant effects on community structure and competition that relies on contact. Therefore,
it was important to select a simulation approach that could describe mechanistic bacterial
interactions for this project. CellModeller, initially developed by (682) as an agent-based

simulation platform, has been used to study the impact of intercellular dynamics within mixed
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species communities on the overall makeup of the community. It has also been used to investigate
the impact of CDI and T6SS interactions on bacterial communities (683, 684). CellModeller was

chosen as the simulation tool for this study.

1.5.2 Theoretical modelling of dynamics within contact-mediated microbial

competition

Bacterial ability to expand within a niche is limited by two key factors - space and nutrient
availability. The use of T6SS allows bacteria to actively compete for both space, by killing
adjacent competitors, and nutrients, through the use of ion uptake associated effectors. Although
T6SS-based interactions are highly localised, species encoding T'6SS have been shown to establish
and even dominate host niches (685, 686, 524). For example, a Shigella sonnei clinical isolate
strain has been shown to use T6SS not only to outperform E. coli and Shigella flexneri in vitro,
but also in mouse colon infection (686). Biophysical simulations can be used to identify the key
mechanistic parameters and competitive strategies behind successful T6SS competition.

Multiple computational studies on different aspects of T6SS competition can be found
in literature to date. These include continuum models and mechanically simplistic lattice-
based simulations (687, 688, 689), as well as more recent agent-based models that consider
aspects of local geometry of individual bacteria and how these influence competition outcomes
(684, 689, 690, 518). Interactions mediated through CDI and T6SS can be abstracted in similar
terms within the context of biophysical simulations, as both require direct contact between
individuals of opposing populations, while the frequency of interactions and the impact of
toxin are described through differences in parameters, rather than general rules of engagement
(691, 683). In the following section, studies investigating both CDI and T6SS-mediated
interactions are included for a more comprehensive general perspective on modelling contact-

mediated microbial competition.
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1.5.2.1 Use of contact mediated competition enables niche domination, but species

extinction events are rare

T6SS-mediated killing is dependent on direct contact between the attacker and the prey,
which allows efficient delivery of toxin directly into prey cells and eradication of adjacent
competitors, thus giving the individual attacking bacterium an immediate and direct benefit.
However, this also makes T6SS-mediated competition vulnerable to defences through spatial
separation, where prey can persist if it remains inaccessible to direct T6SS attack. Nevertheless,
T6SS has been shown to allow invasion of host niches, as T6SS has been shown to aid with
host gut invasion by Salmonella Typhimurium, Shigella sonnei, and V. cholerae amongst others
(692, 686, 693). One of the experimental systems used to investigate how T6SS is utilised to
enable niche takeover is the squid light organ. FEuprymna scolopes is a species of marine squid
whose light organ crypts are often found to be dominated by only a few strains of symbiotic Vibrio
fischeri (694). The ability of V. fischeri to achieve niche domination in this context has been
pinpointed to use of antibacterial T6SS (524). This study also notes that both T6SS active and
toxin sensitive strains can be co-isolated from the same host organism, indicating that despite
attacker population being able to achieve general dominance complete prey elimination does not
occur. Rather, mutual killing will drive sub-population segregation and enable co-existence of
competing species. This balance can also be perturbed by actively mixing competitors after the
initial establishment (524). Therefore, one of the first questions to be addressed using theoretical
simulations was whether the use of T6SS always leads to invasion and complete takeover of the
niche through eventual elimination of the sensitive prey or whether this is just one of multiple
possible stable outcomes.

Assuming a sufficiently high toxin delivery rate, the use of contact-dependent competition
tools can drive sensitive strains toward extinction, but this is dependent on populations being
well mixed and small. If mixing is limited, then localised prey aggregation and survival may

occur (691, 688, 683). The overall fraction of the space occupied by competitors is determined

107



by the strength of the inhibition and the cost balance (691, 683, 684). In large enough systems,
spatial heterogeneity seems to inevitably lead to localised prey survival, and complete extinction
events are rare (691, 684). One scenario in which sensitive sub-populations may be able to
escape is when competitors expand laterally within a spatially unconstrained system; if the
sensitive bacteria are localised on an edge of the population, it may keep expanding, leading to
sensitive population persistence (687, 683). In a study by (690), an opposing scenario of T6SS
killing under spatial containment was explored. This work combines agent-based theoretical
modelling approach with P. aeruginosa H1-T6SS-mediated competition in microarray wells
to examine population dynamics in a spatially confined niche. Interestingly, this work shows
that even in space-constrained dense communities, complete elimination of sensitive bacteria is
rare, and spatial growth constraints (limiting the ability for bacteria to spatially segregate)
do not necessarily translate into the dominance of the T6SS+ strain, but the variation in
population composition does still increase with community size (690). A different study by
(683) combines an agent-based modelling approach with experiments focusing on E. coli CDI-
mediated competition. These studies show that although direct contact-dependent antagonism
is a mechanism that can enable niche domination, complete eradication of the sensitive bacteria
is expected to occur only rarely. With the rate of toxin action being the main determinant of
the competitive outcome, it is also notable that experimental work used to support simulations
shows that although fast-acting toxins are more effective at restricting the growth of sensitive
bacteria, complete eradication of sensitive bacteria within these systems is rare. One of the
reasons for this being local heterogeneity - although most of the community may be dominated
by one of the competitors, spatial segregation can consistently enable localised prey population

survival (683).
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1.5.2.2 Strain spatial segregation - emergent property and protective mechanism

Theoretical modelling of contact-mediated killing shows that stable co-existence of competing
strains is achieved through spatial segregation and this can occur even in cases where
the attacking population achieves overall spatial and numerical dominance within the niche
(691, 689, 695, 518, 684, 683). The study by (689) pinpoints this as an emerging feature
through the use of deterministic PDEs, lattice-based simulations, and individual-based models
and corroborates this through experimental observations of T6SS-mediated competition between
two V. cholerae strains. Similarly, T6SS proficient V. cholerae and A. hydrophila engage in bi-

directional competition and coexistence can be achieved through spatial segregation (695).

Spatial segregation describes a scenario in which, starting from a homogeneous species mix,
bacterial communities develop such that sub-populations exist in spatially distinct regions. This
state can be characterised by a reduction in intermixing between individuals and a decrease in the
total interaction surface between populations (Figure 1.30). While mutualistic interactions have
been shown to result in communities where species remain intermixed (696), spatial segregation
appears to commonly emerge in populations where mutual antagonistic interactions are present.

The study by (687) uses 2D lattice-based simulations to depict interactions between a T6SS+ and

Local sub-population distribution

Intermixed Segregated

Y
0OR0N0 00000 e o
A g

@D -Prey

pees ey e

Figure 1.30: Schematic T6SS competition outcomes in scenarios where populations
intermixed and spatially segregated.

Different communities develop as a result of contact-mediated competition in highly intermixed
communities (left) and spatially segregated communities (right). Showing attacker population
in green, toxin sensitive prey cells in red and accumulated dead cells in grey.
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Figure 1.31: Schematic T6SS competition outcomes depending on the type of toxin
used.

Different communities development as a result of contact-mediated competition conducted
through bacterostatic toxins leading to accumulation of protective layer of dead cells (left) and
highly lytic toxins (right). Showing attacker population in green, toxin sensitive prey cells in
red and accumulated dead cells in grey.

sensitive populations. These simple models incorporate information only about the frequency
of T6SS attacks and the growth rate differences between the two competitors. An assumption
made is that bacteria producing T6SS will have to pay a metabolic cost that is likely to result
in slower growth rate. These simulations show that prey survival is inversely correlated to
rate of T6SS attack and shows that spatial separation aids in prey survival (687). Similarly,
herd protection is observed in both interspecies competition mediated through T6SS and use
a proof-of-principle lattice simulations to illustrate how presence of bacterial debris interferes
with T6SS-dependent niche takeover (695). Impact of physical perturbation on the competitive
dynamics in pre-established communities was also investigated within context of surface grown
mixed species macrocolonies of P. aeruginosa competing with Pseudomonas protegens or K.

pneumoniae (697).
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The mechanistic explanation behind spatial segregation and how this enables competitor co-
existence is that this is a result of accumulation of dead cells that prevent direct contact between
prey and attacker populations (698). This accumulation of dead cells at competing population
interfaces was the focus of study by (684), that termed this phenomenon the "corpse barrier
effect”. The protective sub-population segregation mediated by accumulation of dead bacteria
at the interface between the susceptible prey and T6SS attacker was termed the "corpse barrier
effect" (684). This shielding of susceptible prey occurred in cases where T6SS toxins delivered
did not cause immediate prey lysis and this supports the evolutionary advantage in favour of
using lytic toxins that will enable attacker to continuously gain access to sensitive prey bacteria
(684). This limitation can be overcome by use of lytic toxins, which are capable not only of
killing adjacent bacteria, but also of resulting in near complete removal of dead cells (Figure
1.31). Toxin mode of action determines the overall competitive outcome, as use of lytic toxins

enables bacteria to overcome the limitations presented by spatial separation (684).

1.5.2.3 Population geometry determines competitive outcomes

As much as spatial separation can emerge from homogeneous systems as a result of
competition, scenarios in which natural communities are established from a homogeneous mix
are rare. In a pristine niche, a population is likely to establish from just a few bacteria,
while most bacteria likely face existence of pre-established microbiome and to establish in a
niche, invading bacteria must outcompete the current resident flora. The presence of healthy
commensal microbiome is particularly important as it provides protection from pathogen
invasion (604, 516, 686). This also extends to examples of T6SS use for invasion resistance, as
T6SS gene clusters are enriched in genomes of commensal gut bacteria (699). Both the bacterial
distribution within the initial populations and presence of pre-established prey population lead

to a single question of the impact of population geometry on contact-mediated competition.
Cell configuration within the founding population has a substantial impact on the
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distribution of sub-populations within an established community, with populations established
from sparsely placed bacteria being more varied (700, 701). Depending on how individual
bacteria from competing populations are spaced, they will immediately encounter competing
population or will be able to undergo prior establishment before engaging in direct competition
(Figure 1.32). Once sub-populations encounter each other, killing will still occur, but prior
establishment has been shown to interfere with the clearance of T6SS sensitive bacteria
(687, 695), and this is likely to result in attacking bacteria being unable to establish contact
with susceptible prey populations. The degree of sub-population intermixing or local contact
assortment has been shown to be one of the determining factors for success in bacterial
competition mediated through T6SS, CDI, and diffusible toxins (683, 416, 684, 700, 688, 702).
The impact of sub-population contact assortment within context of P. aeruginosa T6SS-

mediated competition is one of the questions addressed in chapter 6 of this study.

1.5.2.4 Comparing benefits of contact-mediated and long-range competition

The main limitation of contact-dependent competition is the ability to establish direct
contact between interacting bacteria. Use of long-range competitive tools enables bacteria to
overcome these limitations. A study by (416) compares outcomes of bi-directional competition
conducted through CDI and CcdB toxin from the type II toxin-antitoxin system for long-range
inhibition in E. coli (415) with individual based simulations. Depending on the set-up conditions,
it appears that either weapon can aid in achieving complete community dominance, with stable
co-existence being rare. In general, long-distance inhibition is seen as being more likely to
result in complete elimination of sensitive bacteria, while contact-dependent antagonism allows
for sensitive prey survival (416). A more recent study by (703) assesses the impact of both
short and long-range inhibition through the use of agent-based simulations and P. aeruginosa
CDI and tailocin experimental systems to further investigate how opposition through contact-

mediated competition and diffusible toxins influence the distribution of sub-populations within
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Figure 1.32: Schematic T6SS competition outcomes in dense and sparse communities.
Different in communities development as a result of contact-mediated competition in dense
community (left) and sparse community allowing for establishment (right). Showing attacker
population in green, toxin sensitive prey cells in red and accumulated dead cells in grey.

community. Contact-mediated competition is advantageous in dense well-mixed communities
and allow for persistence even when sub-population is placed at an initial numerical disadvantage.
While successful use of tailocins requires high concentration that can be reached through high
bacterial densities and frequent toxin release. When both weapons are pitted against each
other experimentally, contact-based competition is strongly favoured. Admittedly, CDI and
tailocin systems are also very distinct in their mode of action, the release of the latter requiring
cell lysis; therefore, an individual cell sacrifices itself for a population-level benefit (704). The
overall takeaways from these two studies indicate that although general competitive outcome
is dependent on the type of tool used, the specific toxin used is likely to be more impactful in

determining the overall outcome.
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1.5.2.5 Competitive benefits of distinct T6SS firing-strategies

When faced with a direct attack rather than defending against a toxin action or mitigating
damage, bacteria can engage in direct retaliation. As long as bacteria retaliating is able to
cope with the initial provocation and can respond quickly, this is a highly effective competitive
strategy (576). The foremost example of this is the Tit-for-Tat firing behaviour displayed by P.
aeruginosa H1-T6SS (564). This describes a scenario where bacteria up-regulate T6SS firing in
direct response to sensing a T6SS attack. What is notable is that this is not a general stress
response that leads to an overall up-regulation in T6SS activity; instead bacteria are able to
precisely position and assembly T6SS sheaths to enable directed retaliatory firing. Details of
the molecular mechanisms involved in P. aeruginosa sensing of exogenous T6SS injections are
described in section 1.4.4. Retaliatory and condition-specific T6SS firing has also been observed
in other bacterial species. S. marcescens proportionally modulates T6SS expression levels in
response to increase in exogenous T6SS attack rates, while K. pneumoniae T6SS activity is
modulated in response to a variety of abiotic stress factors (705, 655). Studies pitting bacteria
with different T6SS firing behaviours against each other have been used to evaluate the factors
that contribute to the competitive success of the population. In a study by (706) in which a
range of marine bacterial isolates were challenged in competition with T6SS active V. cholerae,
one of the most successful competitors was Vibrio coralliilyticus surviving through use of its own
T6SS. Similarly in a study by (560) where this time T6SS active V. cholerae strain was competed
against human gut commensals, multiple strains from the FEnterobacter cloacae complex were
able to not only withstand the T6SS attack, but to out-compete V. cholerae through use of
offensive T6SS firing.

The evaluation of the benefits of the different firing strathegies of T6SS was a focus of
computational study by (576). Simulations show that random undirected T6SS firing is effective
when it comes to competing with prey bacteria that do not fire T6SS. Interestingly, if random

T6SS attack is met with directly proportional directed retaliation, competitor firing randomly
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will still succeed. Instead, for a retaliatory T6SS firing to be successful, a single T6SS hit has to
be met with multiple response firing events (576). In addition, bacteria that engage in retaliation
must be able to withstand the initial T6SS attack.

A different study looking at how differences in T6SS firing dynamics lead to different
competitive outcomes was conducted by (707). Here the experimental system of squid light organ
was used in conjunction with agent-based modelling of the T6SS interactions. The competition
between two distinct strains of V. fischeri is assessed, and what is notable is that these bacteria
upregulate T6SS in response to environmental stimuli, but the response rates are varied (707).
T6SS systems are often activated only when certain environmental stimulia are present, in
practice, a certain delay is involved between sensing in change within local environment, shifting
gene expression profile to upregulate T6SS activity. This type of delay can substantially impact
the ability to eliminate prey using T6SS, if initial T6SS attack is delayed, prey population can
take advantage of this window of opportunity to establish (707).

In summary, existing theoretical studies of T6SS mediated competition cover a range of
questions surrounding T6SS-dependent competition dynamics, but a few joint key themes
emerge. Use of T6SS-dependent competition can be a very efficient competitive strategy, but is
entirely dependent on the community geometry. Subsequently, cases where use of T6SS alone
would allow for complete elimination of sensitive bacteria are rare. And most importantly,
although different T6SS firing strategies can be advantageous in different competition scenarios,
the properties of toxins used are likely to be the main determinant of the overall competitive

success.
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1.6 Project aims

The overall aim of this project is to investigate how P. aeruginosa T6SS-mediated

competition shapes community structure. This will involve:

e To investigate the impact of c-di-GMP level on the expression and activity of all three P.

aeruginosa T6SSs.

e To construct and characterize strains with mutations in Gac-Rsm cascade, aiming to

assemble a strain set with gradually modulated T6SS activity.

e To develop an experimental assay that can investigate the impact of T6SS-dependent

competition on large mixed community structure.
o To evaluate the contribution of individual T6SS toxins to bacterial competition.

e To use biophysical simulations to evaluate the key parameters that determine TG6SS-

dependent competition outcome.

e To investigate how changed in the local contact assortment impact T6SS-dependent

competition outcomes.

e To assess how Type IV pili-mediated motility affects T6SS-dependent competition in P.

aeruginosa.

116



Chapter 2

Methods

2.1 Bacterial strains and growth conditions

P. aeruginosa and E. coli strains used in the study are listed in Table 2.1.

in the Table 2.2 and primers used for cloning listed in the Table 2.3.

Plasmids listed

Strain Features Source
PAK Wild type strain Laboratory
collection
AretS Deletion of retS (PA4856) Laboratory
collection
AretS AsadC Deletion of retS (PA4856) and sadC (PA4332) | Laboratory
collection
AretS AsadC::sadC Deletion of retS (PA4856) and sadC | This study
(PA4332), where WT sadC gene gas been
restored
AretS ApppA Deletion of retS (PA4856) and pppA (PA0075) | Laboratory
collection
AretS AsadC ApppA Deletion of retS (PA4856), sadC (PA4332) | This study
and pppA (PA00T75)
PAO1 Wild type strain Laboratory
collection
ArsmN Deletion of rsmN (PA5183.1) This study
ArsmA Deletion of rsmA (PA0905) Laboratory
collection
AretS Deletion of retS (PA4856) Laboratory
collection
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Strain Features Source

ArsmA ArsmN Deletion of rsmA (PA0905) and rsmN | This study
(PA5183.1)

AtssB1 AtssB2 AtssB3 | Deletion of rsmN  (PA5183.1), tssBI | Laboratory
(PA0083), tssB2 (PA1657) and tssB3 | collection
(PA2365)

ArsmN AtssB1 AtssB2 | Deletion of tssB1 (PA0083), tssB2 (PA1657) | This study

AtssB3 and tssB3 (PA2365)

ArsmA AtssB1 AtssB2 | Deletion of rsmA (PA0905), tssB1 (PA0083), | Laboratory

AtssB3 tssB2 (PA1657) and tssB3 (PA2365) collection

AretS AtssBl1  AtssB2 | Deletion of retS (PA4856), tssB1 (PA0083), | This study

AtssB3 tssB2 (PA1657) and tssB3 (PA2365)

ArsmA ArsmN AtssB1 | Deletion of rsmA  (PA0905),  rsmN | This study

AtssB2 AtssB3 (PA5183.1), tssB1 (PA0083), tssB2 (PA1657)
and tssB3 (PA2365)

ArsmA tssB1:mScarlet-I | Deletion of rsmA (PA0905), C-terminal | Laboratory
mScarlet-I fusion to tssB1 (PA0083) at native | collection
locus

AretS tssB1:mScarlet-1 Deletion of retS (PA4856), C-terminal | Laboratory
mScarlet-I fusion to tssB1 (PA0083) at native | collection
locus

ArsmA ArsmN | Deletion of rsmA (PA0905) and rsmN | This study

tssB1:mScarlet-1 (PA5183.1), C-terminal mScarlet-I fusion to
tssB1 (PA0083) at native locus

Atsel _tsil Deletion of tsel and tsil (PA1844-45) This study

Atse2  tsi2 Deletion of tse2 and tsi2 (PA2702-03) This study

Atsel  tsi3 Deletion of tse? and tsi3 (PA3484-85) This study

Atsed  tsid Deletion of tse4 and tsij (PA2774-75) This study

Atse5 _tsi5 Deletion of tse5 and tsi5 (PA2683-84) This study

Atse6__tsib Deletion of tse6 and tsi6 (PA0092-93) This study

Atse7 tsi7 Deletion of tse7 and tsi7 (PA0099-0100) This study

Atse8  tsi8 Deletion of tse8 and tsi8 (PA4163-64) This study

ArsmA Atsel _tsil Deletion of rsmA (PA0905), tsel and tsi! | Laboratory
(PA1844-45) collection

ArsmA Atse2 tsi2 Deletion of rsmA (PA0905), tse2 and tsi2 | Laboratory
(PA2702-03) collection

ArsmA Atse3_ tsi3 Deletion of rsmA (PA0905), tse3 and tsi8 | Laboratory
(PA3484-85) collection

ArsmA Atseq _tsif Deletion of rsmA (PA0905), tse4 and tsi | This study
(PA2774-75)

ArsmA Atses__tsib Deletion of rsmA (PA0905), tse5 and tsi5 | This study

(PA2683-84)
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Strain Features Source

ArsmA Atse6_ tsi6 Deletion of rsmA (PA0905), tse6 and tsi6 | This study
(PA0092-93)

ArsmA Atse7 tsi7 Deletion of rsmA (PA0905), tse7 and tsi7 | This study
(PA0099-0100)

ArsmA Atse8__tsi8 Deletion of rsmA (PA0905), tse8 and tsi8 | This study
(PA4163-63)

AretS Atsel tsil Deletion of retS (PA4856), tsel and tsil | This study
(PA1844-45)

AretS Atse2_ tsi2 Deletion of retS (PA4856), tse2 and tsi2 | This study
(PA2702-03)

AretS Atse3 tsi3 Deletion of retS (PA4856), tse? and tsi3 | This study
(PA3484-85)

AretS Atsed tsid Deletion of retS (PA4856), tse4 and tsi | This study
(PA2774-75)

AretS Atseb tsib Deletion of retS (PA4856), tse5 and tsi5 | This study
(PA2683-84)

AretS Atse6__tsi6 Deletion of retS (PA4856), tse6 and tsi6 | This study
(PA0092-93)

AretS Atse7 tsi7 Deletion of retS (PA4856), tse7 and tsi7 | This study
(PA0099-0100)

AretS Atse8__tsi8 Deletion of retS (PA4856), tse8 and tsi8 | This study
(PA4163-64)

ArsmA ArsmN | Deletion of rsmA  (PA0905),  rsmN | This study

Atsel tsil (PA5183.1), tsel and tsil (PA1844-45)

ArsmA ArsmN | Deletion of rsmA  (PA0905),  rsmN | This study

Atse2 tsi2 (PA5183.1), tse2 and tsi2 (PA2702-03)

ArsmA ArsmN | Deletion of rsmA  (PA0905), rsmN | This study

Atsel  tsi3 (PA5183.1), tse3 and tsi3 (PA3484-85)

ArsmA ArsmN | Deletion of rsmA  (PA0905), rsmN | This study

Atses _tsiy (PA5183.1), tse4 and tsif (PA2774-75)

ArsmA ArsmN | Deletion of rsmA  (PA0905), rsmN | This study

Atseb  tsib (PA5183.1), tse5 and tsi5 (PA2683-84)

ArsmA ArsmN | Deletion of rsmA  (PA0905), rsmN | This study

Atse6  tsi6 (PA5183.1), tse6 and tsi6 (PA0092-93)

ArsmA ArsmN | Deletion of rsmA  (PA0905), rsmN | This study

Atse7 __tsi7 (PA5183.1), tse7 and tsi7 (PA0099-0100)

ArsmA ArsmN | Deletion of rsmA  (PA0905),  rsmN | This study

Atse8 tsi8 (PA5183.1), tse8 and tsi8 (PA4163-64)

ArsmA Atsel _tsil | Deletion of rsmA (PA0905), tsel and tsi! | Laboratory

Atsel _ tsi3 (PA1844-45), tsed and tsi8 (PA3484-85) collection
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Strain Features Source
ArsmA AtssBl1 AtssB2 | Deletion of rsmA (PA0905), tssB1 (PA0083), | This study
AtssB3 Atse2  tsi2 tssB2 (PA1657), tssB3 (PA2365), tse2 and
tsi2 (PA2702-03)
ArsmA AtssB1 AtssB2 | Deletion of rsmA (PA0905), tssB1 (PA0083), | This study
AtssB3 Atses_tsib tssB2 (PA1657), tssB3 (PA2365), tse5 and
tsi5 (PA2683-84)
ArsmA ApppA Deletion of rsmA (PA0905) and pppA | Laboratory
(PA0075) collection
ArsmA ApppA AtssB1 Deletion of rsmA (PA0905), pppA (PA0075) | Laboratory
and tssB1 (PA0083) collectio
AretS ApppA Deletion of retS (PA4856) and pppA (PA0075) | Laboratory
collectio
AretS ApppA AtssB1 Deletion of retS (PA4856), pppA (PA0075) | Laboratory
and tssB1 (PA0083) collectio
ArsmA ArsmN ApppA Deletion of rsmA (PA0905) rsmN (PA5183.1) | This study
and pppA (PA00T75)
ArsmA ArsmN ApppA | Deletion of rsmA  (PA0905), rsmN | This study
AtssB1 (PA5183.1), pppA (PA0075) and tssB1
(PA00S3)
AretS ApppA | Deletion of retS (PA4856), pppA (PA0075), | This study
Atsel tsil tsel and tsil (PA1844-45)
AretS ApppA | Deletion of retS (PA4856), pppA (PA0075), | This study
Atse3 _tsi3 tse3 and tsi3 (PA3484-85)
AretS ApppA | Deletion of retS (PA4856), pppA (PA0075), | This study
Atses _tsif tse4 and tsij (PA2774-75)
AretS ApppA | Deletion of retS (PA4856), pppA (PA0075), | This study
Atse8__tsi8 tse8 and tsi8 (PA4163-64)
AretS  tssB1-mScarlet-I | Deletion of retS (PA4856), C-terminal | This study
tssB2-stGFP mScarlet-I fusion to tssB1 (PA0083) at native
locus, C-terminal sfGFP fusion to tssB2
(PA1657) at the native locus
AtseT _tsiT Deletion of tseT and tsiT (PA3907-08) This study
ArsmN AtseT_ tsiT Deletion of rsmN (PA5183.1), tseT and tsiT | This study
(PA3907-08)
AretS AtseT _tsiT Deletion of retS (PA4856), tseT and tsiT | This study
(PA3907-08)
ArsmA ArsmN | Deletion of rsmA  (PA0905),  rsmN | This study
AtseT _tsiT (PA5183.1), tseT and tsiT (PA3907-08)
ArsmA Atlel _tlilab Deletion of rsmA (PA0905), tlel, tlila and | This study
tlilb (PA3290-92)
ArsmA Atles  tli3 Deletion of rsmA (PA0905), tle3 and ¢li3 | This study

(PA0259-60)
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Strain

Features

Source

ArsmA Atled  tliy

ArsmA ApldA__tlisa

ArsmA ApldB__tli5b1-3

ArsmA AtseT tsiT

ArsmA AtseV _ tsiV

ArsmA
_vgrG2bi
ArsmA
_ampDh3i
ArsmA
__PA5265
ArsmA Aazu
AretS Atlel tlilab

AvgrG2b

AampDh8

APA5264

AretS ApldA_ tliba

AretS ApldB_ tli5b1-3

AretS AtseT tsiT

AretS AampDh3
_ampDh3i

ArsmA APA2066
_ PA2067

ArsmA APA0256
_ PA0257

AretS ApelA ApsIBCD

AretS ApelA ApslBCD
AtssB1

AretS ApelA ApsiBCD
Atsed  tsid

ArsmA ApelA ApsiIBCD

Deletion of rsmA (PA0905), tle and tli/
(PA1509-10)

Deletion of rsmA (PA0905), pldA and tliba
(PA3487-88)

Deletion of rsmA (PA0905), pldB, tli5b1, tli5b2
and #i5b3 (PA5086-89)

Deletion of rsmA (PA0905), tseT and tsiT
(PA3907-08)

Deletion of rsmA (PA0905), tseV and tsiV
(PA0821-22)

Deletion of rsmA (PA0905),
vgrG2bi (PA0261-62)

Deletion of rsmA (PA0905), ampDh3 and
ampDh3i (PA0807-08)

Deletion of rsmA (PA0905), PA5264 and
PA5265

Deletion of rsmA (PA0905) and azu (PA4922)
Deletion of retS (PA4856), tlel, tlila and tli1b
(PA3290-92)

Deletion of retS (PA4856), pldA and tli5a
(PA3487-88)

Deletion of retS (PA4856), pldB, tli5b1, tli562
and tli5b3 (PA5086-89)

Deletion of retS (PA4856), tseT and tsiT
(PA3907-08)

Deletion of retS (PA4856),
ampDh3i (PA0807-08)
Deletion of rsmA (PA0905), PA2066 and
PA2067
Deletion
PA0257
Deletion of retS (PA4856), pelA (PA3064) and
psIBCD (PA2232-34)

Deletion of retS (PA4856), pelA (PA3064),
psIBCD (PA2232-34) and tssB1 (PA0083)
Deletion of retS (PA4856), pelA (PA3064),
psIBCD (PA2232-34), tse5 and tsi5 (PA2683-
84)

Deletion of rsmA (PA0905), pelA (PA3064)
and psiIBCD (PA2232-34)

vgrG2b and

ampDh3 and

of rsmA (PA0905), PA0256 and

This study

This study

This study

This study

This study

This study

This study

This study

This study
This study

This study
This study
This study
This study
Laboratory
collection

Laboratory
collection

This study

This study

This study

This study
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Strain Features Source
ArsmA ApelA ApsIBCD | Deletion of rsmA (PA0905), pelA (PA3064), | This study
AtssB1 AtssB2 AtssB3 | psiIBCD (PA2232-34), tssB1 (PA0083), tssB2
(PA1657) and tssB3 (PA2365)
ArsmA ApelA ApsiBCD | Deletion of rsmA (PA0905), pelA (PA3064), | This study
AtseT _tsiT psIiBCD (PA2232-34), tseT and tsiT (PA3907-
08)
ArsmA ApelA ApsIBCD | Deletion of rsmA (PA0905), pelA (PA3064), | This study
ApldB_tli5b1-3 psiBCD (PA2232-34), pldB, tli5b1, t1i5b2 and
1i5b3 (PA5086-89)
ApilA Deletion of pilA (PA4525) This study
AfliC Deletion of fliC' (PA1092) This study
ArsmA ApilA Deletion of rsmA (PA0905) and pilA (PA4525) | This study
ArsmA  ApilA  AtssB1 | Deletion of rsmA (PA0905), pilA (PA4525), | This study
AtssB2 AtssB3 tssB1 (PA0083), tssB2 (PA1657) and tssB3
(PA2365)
ArsmA ApilA | Deletion of rsmA (PA0905), pilA (PA4525), | This study
Atsel_tsi3 tse3 and tsi3 (PA3484-85)
ArsmA ApilA | Deletion of rsmA (PA0905), pilA (PA4525), | This study
Atse5  tsis tse5 and tsi5 (PA2683-84)
ArsmA ApilA | Deletion of rsmA (PA0905), pilA (PA4525), | This study
ApldB_ tli5h1-3 pldB, tli5a, tli5b and tlisc (PA5086-89)
ArsmA ApilA | Deletion of rsmA (PA0905), pilA (PA4525), | This study
AtseT _tsiT tseT and tsiT (PA3907-08)
AretS ApilA Deletion of retS (PA4856) and pilA (PA4525) | This study
E. coli DHb« Strain used for cloning. F - endAl | Laboratory
glnV44 thi-. 1 recAl relAl gyrA96 deoR | collection
nupG purB20 ¢80dlacZAM15 A(lacZYA-
argF)U169, hsdR17(rK - mK + ), A- .
E. coli C118lpir train used for pKNGI101 cloning and | (708)
replication. A(ara-len) araD AlacX74
galE galK-phoA20 thi-1 rpsE rpoB argk
(ApR ) recAl Rfr Apir
E. coli 1047 Helper strain used for three-partner | (709)
conjugation. (Km® ), oriColE1 RK2-
Mob+ RK2- Tra+

Table 2.1: Bacterial strains used in this study. For simplicity, fluorescent tagged strain variant
omitted.

Plasmid constructs Features Source
pCR-~-BluntII-TOPO Blunt sub-cloning vector, Km?® Invitrogen
pKNG101 Suicide vector, Sm? (710)
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Plasmid constructs Features Source
pKNG101_sadC Suicide vector to restore WT sadC (PA4332) | This study
PAK_WT from P. aeruginosa PAK, Sm”
pKNG101 AsadC Suicide vector to delete sadC (PA4332) from | Laboratory
PAK P. aeruginosa PAK, Sm”® collection
pKNG101__ArsmN Suicide vector to delete rsmN (PA5183.1) | This study
from P. aeruginosa, Sm™
pKNG101 AtssB1 Suicide vector to delete tssB1 (PA0083) from | Laboratory
P. aeruginosa, Sm’ collection
pKNG101__AtssB2 Suicide vector to delete tssB2 (PA1657) from | Laboratory
P. aeruginosa, Sm' collection
pKNG101 AtssB3 Suicide vector to delete tssB3 (PA2365) from | Laboratory
P. aeruginosa, Sm’ collection
pKNG101_Atseltsil Suicide vector to delete tsel and tsil | Laboratory
(PA1844-45) from P. aeruginosa, Sm% collection
pKNG101_ Atse2tsi2 Suicide vector to delete tse2 and tsi2 | Laboratory
(PA2702-03) from P. aeruginosa, Sm’ collection
pPKNG101_Atse3tsi3 Suicide vector to delete tsed and tsid | Laboratory
(PA3484-85) from P. aeruginosa, Sm% collection
pKNG101__Atseftsiy Suicide vector to delete tsef and tsij | Laboratory
(PA2774-75) from P. aeruginosa, Sm® collection
pKNG101_ Atsebtsid Suicide vector to delete tse5 and tsi5 | This study
(PA2683-84) from P. aeruginosa, Sm%
pKNG101_ Atse6tsi6 Suicide vector to delete tse6 and tsi6 | This study
(PA0092-93) from P. aeruginosa, Sm®
pKNG101_Atse7tsi7 Suicide vector to delete tse7 and tsi7 | This study
(PA0099-0100) from P. aeruginosa, Sm*
pKNG101_ AtseS8tsi8 Suicide vector to delete tse§ and tsi8 | This study
(PA4163-64) from P. aeruginosa, Sm®
pKNG101__Atleftlilab | Suicide vector to delete tlel, tlila and tli1b | Laboratory
(PA3290-92) from P. aeruginosa, Sm” collection
pKNG101 Atle3tli3 Suicide vector to delete tle? and tli3 (PA0259- | Laboratory
60) from P. aeruginosa, Sm® collection
pKNG101__Atle4tli4 Suicide vector to delete tle/ and tli4 (PA1509- | Laboratory
10) from P. aeruginosa, Sm” collection
pKNG101__ApldAtli5a | Suicide vector to delete pldA and tliba | Laboratory
(PA3487-88) from P. aeruginosa, Sm? collection
pKNG101__ApldBtli5b1-| Suicide vector to delete pldB, tli5b1, tli5b2 and | Laboratory
3 tli5B3 (PA5086-89) from P. aeruginosa, Sm’ | collection
pKNG101__AtseTtsiT | Suicide vector to delete tseT and ts¢T | This study
(PA3907-08) from P. aeruginosa, Sm'
pKNG101__AtseVisiV Suicide vector to delete tseV and tsiV | This study

(PA0821-22) from P. aeruginosa, Sm’
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Plasmid constructs Features Source

pKNG101__AwgrG2b__ | Suicide vector to delete vgrG2b and vgrG2bi | Laboratory

vgrG2bi (PA0261-62) from P. aeruginosa, Sm% collection

pKNG101_AampDh3 | Suicide vector to delete ampDh3 and ampDhS3i | This study

ampDh3i (PA0807-08) from P. aeruginosa, Sm®

pKNG101_Aazu Suicide vector to delete azu (PA4922) from P. | This study
aeruginosa, Sm’t

pKNG101_ tssB1 Suicide vector to deliver tssB1-mScarlet-1 | Laboratory

:mScarlet-1 fusion into P. aeruginosa, Sm’ collection

pKNG101_ tssB2 Suicide vector to deliver tssB2-sfGFP fusion | Laboratory

:sfGFP into P. aeruginosa, Sm’ collection

pKNG101_ApilA Suicide vector to delete pilA (PA4525) from P. | This study
aeruginosa, Sm’

pKNG101__AfliC Suicide vector to delete fliC (PA1092) from P. | This study
aeruginosa, Sm't

pKNG101_ApppA Suicide vector to delete pppA (PA0075) from | Laboratory
P. aeruginosa, Sm’ collection

pKNG101__ApelA Suicide vector to delete pelA (PA3064) from | This study
P. aeruginosa, Sm'

pKNG101_ApsiBCD Suicide vector to delete psiIBCD (PA2232-34) | This study
from P. aeruginosa, Sm”™

pUCP22 Plasmid containing promoterless GFPmut3b, | (711)
Gm®

pUCP22_ tssA1 Plasmid containing GFPmut3b under tssA1 | This study

transcrip. transcirptional control, Gm®

pUCP22_ tssA1_transl. | Plasmid containing GFPmut3b under tssAI | This study
translational control, Gm?®

pUCP22_ tssA2 Plasmid containing GFPmut3b under tssA2 | This study

transcrip. transcirptional control, Gm®

pUCP22_tssA2_ transl. | Plasmid containing GFPmut3b under tssA2 | This study
translational control, Gm?®

pUCP22_ tssB3 Plasmid containing GFPmut3b under tssB3 | This study

transcrip. transcirptional control, Gm®?

pUCP22_ tssB3_ transl. | Plasmid containing GFPmut3b under t¢ssB3 | This study

miniCTX-pX2-
mCherry

miniCTX-pX2-sfGFP

translational control, Gm®
mini-CTX suicide vector carrying mCherry
under pX2 promoter (712), Tc?

mini-CTX suicide vector carrying sftGFPunder

pX2 promoter, TcE

Knut  Drescher
Lab, Biozentrum
University of
Basel

Knut  Drescher
Lab, Biozentrum
University of
Basel
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Plasmid constructs Features Source
pCdrA-EGFP C-di-GMP reporter of cdrA promoter in front | (713)
of egfp in pPPROBETT backbone, Tc’?
miniCTX-pARA mini-CTX suicide vector with araC inducible | Laboratory
promoter, empty vector Tcf collection
miniCTX-pARA- mini-CTX suicide vector with araC inducible | Laboratory
PA2133 promoter, carrying PA2133 Tc’? collection
Table 2.2: Plasmids used in this study.
Name Sequence (5’ - 3’) Description

Vector primers

UpKn
RpKn
M13 Fw
M13 Rw
OAL1604

OAL1605

OAL5995

CTCATCAGTGAAATCCAGGG
CATATCACAACGTGCGTGGA
TGTAAAACGACGGCCAGT
CAGGAAACAGCTATGACC
CGCGCGTAATACGACTCACT

CCGTCCTTGCTGAATTAGCTT

TGTTCTTTACGATGCCA

Primer flanking MCS of pKNG101
Primer flanking MCS of pKNG101
M13 forward sequencing primer

M13 reverse sequencing primer
Primer flanking MCS of mini-CTX
plasmids

Primer flanking MCS of mini-CTX
plasmids

Primer flanking MCS of pUCP22 (to
pair with M13Fw)

Construction of mutator plasmids and screenin

g of gene deletions

OAL3239

OAL3240

OAL3241

OAL3242

OAL6642

OALG6643

OAL2661

OAL2662

OAL1594

OAL1595

OAL3149
OAL3150

ATGATGGGCCCGCTCCAGGTTGAG
CTGATTGAGGC
CAACTCGTCGAAACCCATGTTCCG
CGT
ATGGGTTTCGACGAGTTGAAGACG
GCACCG
ATCATGGATCCTAATCGCGTTCGG
CCTGCTG
GCTTGCCGAAGCTGATGTGT
CTCGACGCTGGAGCAATGTT
CGACCCCACCTTCCGTATCAAC

CGATGTAGCGGGAGTCCTCG

CAGGCGATGCGGGAAGTCGAAA

TCTGCCACTTGGCGAACTGC

GAAGGACTCCGACTCGATGAAC
GACGTTCGACAGCTTCTCCA

Constructing mutator for rsmN
deletion P1 (Smal)
Constructing mutator
deletion P2
Constructing mutator
deletion P3
Constructing mutator
deletion P1 (BamHI)

Screening rsmN deletion

for rsmN

for rsmN

for rsmN

Screening rsmN deletion

Screening tssB1 deletion / fluorescent
fusion

Screening tssB1 deletion / fluorescent
fusion

Screening tssB2 deletion / fluorescent
fusion

Screening tssB2 deletion / fluorescent
fusion

Screening tssB3 deletion

Screening tssB3 deletion
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Name Sequence (5’ - 3’) Description

OAL1295 | CACTTGGCGGTAAAGATCG Screening tseltsil deletion

OAL1296 | GATGGCCTGGATCACGTC Screening tseltsil deletion

0OAL1283 | GCTGCTGCTCGGCCTGTTC Screening tse2tsi2 deletion

OAL1284 | AGGCGCCTGAACTGTTCGT Screening tse2tsi2 deletion

OAL1345 | CCATTACGCCGAACTCACC Screening tse3tsi3 deletion

OAL4465 | CGGGGTGAAGGCGAGGAAGG Screening tse8tsi3 deletion

OAL4649 | CCGACGCGGCGTAATAGG Screening tsejtsij deletion

OAL4650 | CTGGATGCCCGGCCAGGC Screening tsejtsij deletion

OAL6254 | ATTATAGTCGACCACGGGTCGCCT | Constructing mutator for tsedtsis
CGATCTTCACC deletion P1 (Sall)

OAL6255 | ATGAGCGGCGACGAGTGAGGCCGA | Constructing mutator for tse5tsid
CCC deletion P2

OAL6256 | TCACTCGTCGCCGCTCATCTATCC | Constructing mutator for tsebtsis
ATCCTTCCTTG deletion P3

OAL6257 | ATTATAGGGCCCGCAACGAGACGG | Constructing mutator for tse5tsid
TCAGGATCGGC deletion P4 (Apal)

OAL6258 | CAGCACGTCGGGGTGATC Screening tse5tsid deletion

OAL6259 | ACGAGACGGTGCATGTGAAG Screening tse5tsid deletion

OAL6260 | ATTATAGGATCCCAACAAGAGCAT | Constructing mutator for tse6tsi6
CGGCCACGAC deletion P1 (BamHI)

OAL6261 | ATGGATGCGCTGCCCTGAGCGCAA | Constructing mutator for tse6tsi6
CACC deletion P2

0AL6262 | TCAGGGCAGCGCATCCATGCGTCG | Constructing mutator for tse6tsi6
GTAC deletion P3

OAL6263 | ATTATAGGGCCCCAGGAAAGCCTT | Constructing mutator for tse6tsi6
GATTCGCGAGC deletion P4 (Apal)

OAL3352 | AGTTATACATCCACGCCGAGC Screening tse6tsi6 deletion

OAL3353 | GAAAGGGGAGATGCGTGACA Screening tse6tsi6 deletion

OAL6264 | ATTATAGGATCCCAACGGCTTCAT Constructing mutator for tse7tsi7
TCCCGGCG deletion P1 (BamHI)

0AL6265 | TGCTGGCCGTTGGCCATCAGGCAG | Constructing mutator for tse7tsi7
CcC deletion P2

OAL6266 | ATGGCCAACGGCCAGCAATGGACG | Constructing mutator for tse7tsi7
CG deletion P3

OAL6267 | ATTATAGGGCCCGCCAAGGGCGGA | Constructing mutator for tse7tsi7
CAGCAG deletion P4 (Apal)

OAL3307 | TGGAAGGCGAGCTGGGAC Screening tse7tsi7 deletion

OAL3308 | TGCCAGGCGAGCAGCA Screening tse7tsi7 deletion

OAL6268 | ATTATAGGATCCCGAGAGCAATCC | Constructing mutator for tseStsi8
GCGCAGC deletion P1 (BamHI)

0OAL6269 | TCAGTCGCGCTCGATCATGCTGTC | Constructing mutator for tse8tsi8

ACCGCC

deletion P2
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Name Sequence (5’ - 3’) Description

OAL6270 | ATGATCGAGCGCGACTGAGCGCTT | Constructing mutator for tseStsi8
GCC deletion P3

OAL6271 | ATTATAGGGCCCCGCATCGGCTAC | Constructing mutator for tse8tsi8
ATGGTCCTG deletion P4 (Apal)

OAL6272 | CTGCACAGGTTGACGATGC Screening tse8tsi8 deletion

OAL6273 | CGACAGCGAGTTCCACTACG Screening tse8tsi8 deletion

OAL4321 | GCGCTGTTCAAATTGCTGGAG Screening tleltlilab deletion

OAL4322 | AGAACAGGCCAGGCATTCTAG Screening tleltlilab deletion

0OAL3293 | CCGGGAAAGACGTTGAAGGA Screening tle3tli3 deletion

OAL3294 | GTAGGTTCGGATGGCGGTAG Screening tle3tlis deletion

OAL2586 | GTTTTCAGCGACCCCTACCTC Screening tle4tli/ deletion

OAL2053 | CCGCAGCAAACCCTCCAG Screening tle4tli/ deletion

0OAL3231 | CCGGGCAGAAGATGGTGATC Screening pldAtliba deletion

0OAL3232 | AGGACGATGCAATTGGTGGT Screening pldAtliba deletion

OAL3237 | GAACTGGCCACCTTGCATTC Screening pldBtli5b1-3 deletion

0OAL3238 | GGGCGACGAGATCCATTTCA Screening pldBtli5b1-3 deletion

OAL6274 | ATTATAGTCGACGCGCTGGAACAG | Constructing mutator for tseTtsiT
GTCATGACC deletion P1 (Sall)

OAL6275 | TCAGCCGCGGCCGCTCATGCCGGT | Constructing mutator for tseTtsiT
CTC deletion P2

OAL6276 | ATGAGCGGCCGCGGCTGACGACGT | Constructing mutator for tseTtsiT
ACG deletion P3

OAL6277 | ATTATAGGGCCCGGCCTGTAGGGC | Constructing mutator for tseTtsiT
GAATAACCG deletion P4 (Apal)

OAL6278 | CATGGCCTCCTGGCTGTG Screening tseTtsiT deletion

OAL6279 | GCCGGGTGGCGATGAAG Screening tseTtsiT deletion

OAL6548 | ATTATAGGATCCCGAGTCTCGCAC | Constructing mutator for tseVisiV
CGAGG deletion P1 (BamHI)

OAL6549 | ATGACCAAGCGCCTGTAGGGGCTT | Constructing mutator for tseVisiV
ACG deletion P2

OAL6550 | CTACAGGCGCTTGGTCATGTCGTA | Constructing mutator for tseVisiV
GCTGACC deletion P3

OAL6551 | ATTATAACTAGTCCTTAACCGCAA Constructing mutator for tseVisiV
CAGCGTG deletion P4 (Spel)

OAL6552 | TCACCTTTGATAGCATCCTGGC Screening tseVisiV deletion

OAL6553 | GTGACGCTGGGTAGTATCGG Screening tseVisiV deletion

OAL3320 | TGAACTAGTGTAACGCTTGCGGAT | Screening vgrG2b vgrG2bi deletion
GATCTTG

OAL3321 | CCCGACGACATTGATGGTGT Screening vgrG2b vgrG2bi deletion

OAL6824 | ATTATAGGATCCAGTAGCCGCTCT Constructing mutator for
GTCGAGGGT ampDhSampDh3i deletion P1

(BamHI)
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Name Sequence (5’ - 3’) Description

OAL6825 | TCAGCCATCGAGACCGCGATAGCT | Constructing mutator for
GTTGTAGTCGATGGTCAGCATGG ampDh3ampDh3i deletion P2

OAL6826 | GACTACAACAGCTATCGCGGTCTC | Constructing mutator for
GATGGCTGAGCATTG ampDh3ampDh3i deletion P3

OAL6827 | ATTATAACTAGTAACGCGGCGATC Constructing mutator for
CTGATCGTC ampDh3ampDh3i deletion P4 (Spel)

OAL6671 | CCGCTGGCACGACGCTAG Screening ampDhS ampDh3i deletion

OAL6672 | ACCTGGCGATCGGCATCGT Screening ampDh3 ampDh3i deletion

OAL6673 | ATTATAACTAGTTGGCCTACAACA Constructing mutator for PA5264
AGGACAACCAGG PA5265 deletion P1 (Spel)

OAL6674 | AGCGGATTCGAGCACTGATGCTGA | Constructing mutator for PA5264
GTTATTCCGC PA5265 deletion P2

OAL6675 | TCAGTGCTCGAATCCGCTCATGCC | Constructing mutator for PA5264
TCGCTC PA5265 deletion P3

OAL6676 | ATTATAGGATCCACATCGAGCACG | Constructing mutator for PA5264
ACCAGAAGATCC PA5265 deletion P4 (BamHI)

OAL6677 | TCATCGACCTGCCCGACC Screening PA5264 PA5265 deletion

OAL6678 | AAGACCCGCAGCGTCTTCA Screening PA5264 PA5265 deletion

OAL6408 | ATTATAATGCATCCTGGAACAACT Constructing  mutator for azu
GGCCGGC deletion P1 (NsiI)

OAL6409 | ATGCTACGTCTGAAGTGATGCGCG | Constructing mutator for  azu
AGCG deletion P2

OAL6410 | TCACTTCAGACGTAGCATGGAGCA | Constructing mutator for azu
GCCTC deletion P3

OAL6411 | ATTATAGGATCCCGATCTCGGCCT Constructing mutator for azu
CCTGCAGG deletion P4 (BamHI)

OAL6412 | AGCTGTATCCCTGCGAAGG Screening azu deletion

OAL6413 | GGCAAGGGCCAGAAGATCG Screening azu deletion

OAL6941 | ATTATAACTAGTCGGGAGCGCTAC | Constructing mutator for restoring
AGTCGATGTG WT PAK sadC P1 (Spel)

OAL6922 | ATTATAGGATCCCCGGACGAACAC | Constructing mutator for restoring
GGTGACGATC WT PAK sadC P4 (BamHI)

OAL614 | ATGGTCGGTACGGTTTTCAG Screening sadC' deletion / insertion

OAL615 | CTCCACAGCAGCAGGTGCT Screening sadC deletion / insertion

OAL6508 | ATTATAGGATCCCGCATAGCACCC Constructing mutator for pilA
GGCAAG deletion P1 (BamHI)

OAL6509 | ATGAAAGCTGATAACTAAGGTGAT | Constructing mutator for  pild
CGAAGGTG deletion P2

OAL6510 | CTTAGTTATCAGCTTTCATGAATC Constructing mutator for pilA
TCTCCGT deletion P3

OAL6511 | ATTATAGGTACCGTGTTGGCGGAC | Constructing mutator for  pild

CAGCT

deletion P4 (Kpnl)
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Name Sequence (5’ - 3’)

Description

OAL6512 | GCCACAACCATCGCATCGG
OAL6513 | CGACCAGAATCGCTTCGGTC
OAL6742 | ATTATAATGCATCGTTCCAGGGAC
TGGCTGGA

OAL6743 | TTAGCGCAGAAGGGCCATGGTGAT
TTCCTCCAA

OAL6744 | ATGGCCCTTCTGCGCTAAGCCCGG
GAAC

OAL6745 | ATATTAGGATCCAGGGCAAGCACC
ATGCCAAGT

OAL6746 | TGGAGTACGGCGTGCTCG

OAL6747 | CAGATCGGTGTAATCGGTCGAGC
OAL2645 | AAGAGCCGGGTCGTGTCCGG
OAL2646 | CGGGTCCTTGGCCAGCAACT
OAL6396 | ATTATAATGCATCGCCAGGTCCGG
CGCGTC

OAL6397 | ATGCGGTTCCAGGTGCGCGATGGC
CAAC

OAL6398 | GCGCACCTGGAACCGCATGCCCAG
CC

OAL6399 | ATTATAGGATCCGCGCGTGCGCCA
AATG

OAL6400 | CCTGTTCGCCGCGCTC

OAL6401 | CGCATGTTCTATTGGTCCACACC
OAL3197 | GACTCCAAGGGGCCGGTGC

OAL3198 | TCAGCGATCGGCGTTCATCAGTAG
ACT

OAL3199 | ATGAACGCCGATCGCTGAGGAGCG
ACA

OAL3200 | AGGCGCTCGACCGCGGTGG

OAL3196 | GCGGCAATTGCCGGTGAACG
OAL3201 | GCTCGGACAGGTCCTGCAGG

Screening pilA deletion

Screening pilA deletion

Constructing  mutator for fliC
deletion P1 (NsiI)

Constructing mutator for fliC
deletion P2

Constructing  mutator for  fliC
deletion P3

Constructing mutator for fliC
deletion P4 (BamHI)

Screening fliC' deletion

Screening fliC' deletion

Screening pppA deletion

Screening pppA deletion
Constructing mutator for pelA
deletion P1 (NsiI)

Constructing mutator for pelA
deletion P2

Constructing mutator for pelA
deletion P3

Constructing mutator for peld
deletion P4 (BamHI)

Screening pelA deletion

Screening pelA deletion

Constructing mutator for psiBCD
deletion P1

Constructing mutator for psIBCD
deletion P2

Constructing mutator for psiBCD
deletion P3

Constructing mutator for psIBCD
deletion P4

Screening psIBCD deletion

Screening psIBCD deletion

Construction of reporter plasmids

OAL5919 | TAATAAGGTACCGGTCAGCTGTCC
CTGGTCCAGT

OAL6365 | ATTATAGGATCCGGCAGCCAGCAA
AACGGGTAC

Constructing transcriptional /
trasnational  fusion for  tssAI
promoter (Kpnl)

Constructing transcriptional fusion
for tssA1 promoter (BamHI)
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Name Sequence (5’ - 3’) Description

OAL5’921 | TAATAAGGTACCGCGCAGTAGTGT | Constructing  transcriptional /
TCAGGCCAGT trasnational  fusion for  tssA2

promoter (Kpnl)

OAL6366 | ATTATAGGATCCATGCGAGGAGAG | Constructing transcriptional fusion
CTTGCTCGAAT for tssA2 promoter (BamHI)

OAL5923 | TAATAAGGTACCCTCCATACCGCG Constructing  transcriptional /
AACTGCTGCC trasnational  fusion  for  tssBS3

promoter (Kpnl)

OAL6367 | ATTATAGGATCCGTCCAGCTTGTG | Constructing transcriptional fusion
CTGCGTACTC for tssB3 promoter (BamHI)

OAL6530 | TTTACGCATGGCAGCCAGCAAAAC | Constructing translational fusion for
GG tssA1 promoter P2

OAL6531 | CTGGCTGCCATGCGTAAAGGAGAA | Constructing translational fusion for
GAACTTTTCAC tssA1 promoter P3

OAL6532 | GAGTCAGCTCAGCTAATAAGCTTA | Constructing translational fusion for
TTTGTAT tssA1 promoter P4

OAL6533 | ATTATAGCATGCAATGCGAGGAGA | Constructing translational fusion for
GCTTGCTC tssA2 promoter (Sphl)

OAL6534 | ATTATAGCATGCGGTCCAGCTTGT | Constructing translational fusion for

GCTGCG

tssB3 promoter (Sphl)

Table 2.3: Primers used in this study. Enzymes indicated, where primers contain restriction
digestion sites.

Bacteria were cultured in Lysogeny Broth (LB - Miller) (VWR), LB agar (1.2% w/v

bacteriological agar) (VWR), or Tryptic Soy Broth (TSB) (Sigma). Unless specified otherwise,

bacteria were grown at 37°C. For long term storage strains were prepared with final concentration

of 40% (v/v) glycerol and stored at -80°C. Overnight cultures for use in experiments were

inoculated directly from glycerol stocks. Where appropriate antibiotic supplement was added in

the following concentrations - Streptomycin (2000ug/mL or 50ug/mL), Kanamycin (50ug/mL),

Gentamicin (50pug/mL or 25ug/mL), Tetracycline (150ug/mL or 15ug/mL), for E. coli and P.

aeruginosa correspondingly.
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2.2 DNA manipulation

For purposes of use as template for construct cloning, P. aeruginosa PAO1 or PAK genomic
DNA was used after isolation using PureLink Genomic DNA minikit (Invitrogen). Plasmids
were purified using QIAprep spin miniprep kit (Qiagen). PCR and digestion products were
purified using QIAquick PCR & Gel Cleanup kits (Qiagen). All of these used accordingly to
manufacturers directions and purified DNA was eluted in autoclaved distilled dionised water.
Nanodrop spectrophotometer was used to measure DNA concentrations.

Oligonucleotides used for gene cloning or screening purposes were purchased from Sigma.
DNA fragments used for construction of mutators and expression reporter plasmids were cloned
using KOD Hot Start DNA Polymerase (Novagen). Zero Blunt TOPO kit (Invitrogen) was used
for ligation and further amplification of PCR products. Restriction enzymes - Apal, BamHI,
Bipl, HindIll, Kpnl, Nsil, Sacl, Sall, Spel, Sphl, Xbal by New England Biolabs (NEB) were
used, with all reaction digestions performed according to manufacturers instructions. Constructs
were ligated using T4 DNA ligase (NEB) according to manufacturers protocol. Sequences of
plasmid constructs were verified using sequencing performed by GATC Biotech. Screening of
mutant strains was performed via colony PCR using Taq polymerase. Gel electrophoresis for
PCR samples were run on 1%(w/v) Trisacetate-EDTA (TAE) agarose gels, using SYBR Safe
DNA Gel Stain for visualisation of DNA and NEB 1kb Plus DNA Ladder for size standards.

DNA gels were imaged using the BioRad ChemiDoc XRS+.

2.3 Plasmid delivery

2.3.1 Transformation into competent cells

Plasmids were delivered to chemically competent E. coli via heat-shock transformation. To
prepare competent cells for transformation, an E. coli overnight culture was sub-cultured into

50mL of LB with starting density of ODgyg = 0.1 and grown at 37°C until ODgyg =0.6 to
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O Dgop =0.8 was reached. Cells are harvested via centrifugation (4000g, 4°C, 10min). The pellet
was resuspended in 25mL of ice-cold 50mM CaCly + 15% (w/v) glycerol, incubated on ice for
30min and subsequently centrifuged (4000g, 4°C, 10min). The pellet was resuspended in 2.5mL
of ice-cold 50mM CaCly + 15% (w/v) glycerol, aliquoted, snap frozen in liquid nitrogen and
stored at -80°C.

For heat-shock transformation, 50ul. of competent cells are mixed with 10uL of plasmid
ligation mix, Zero Blunt TOPO ligation mix or approx. 10ng of purified plasmid DNA.
Competent cell and DNA mixtures were incubated on ice for 30min, heated at 42°C for 2min
(CC118Apir) or 45s (DH5«) and returned to ice for lmin. After heat shock bacteria are
resuspended in 1mL of LB media and incubated with agitation at 37°C for 1h. After recovery,
E. coli cells were plated on LB agar supplemented with appropriate antibiotics and grown at

37°C overnight.

2.3.2 Three partner conjugation

Plasmids were delivered into P. aeruginosa using three partner conjugation. Briefly, 20uL
of overnight cultures of the E. coli donor (containing pKNG101 or miniCTX plasmids) and the
helper strain 1047 (containing self-tansmissible pRK2013 (709)) were spotted on LB plate, dried
and incubated at 37°C for 2h. Aliquot of overnight culture of P. aeruginosa reciever strain
was incubated at 43°C for 2h. Subsequently, 40ul of reciever bacteria were spotted on the
LB agar plate with donor-helper E. coli mix, after drying bacterial spots were incubated at
37°C for 4h. After incubation, donor-helper-reciever mix was scraped up using a sterile 10uL
inoculation loop, suspended in 1mL of TSB and incubated at 37°C for 1h. Recovered bacteria
mix was plated on Vogel-Bonner minimal (VBM) agar supplemented with antibiotics and grown
at 37°C until individual colonies appear (between 16h and 48h). Vogel-Bonner minimal medium
[100 ml 10x stock: 200 mM magnesium sulfate heptahydrate, 2 g anhydrous citric acid, 10 g

potassium phosphate dibasic and 3.5 g ammonium sodium phosphate dibasic tetrahydrate] was
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pH adjusted to 7.0 and filter sterilised. To prepare VBM plates, concentrated VBM stock was

added to 2% (w/v) bacteriological agar that was autoclaved prior to use.

2.3.3 Electroporation

Electroporation was used to deliver pUCP22 and CdrA reporter plasmids into P. aeruginosa.
To prepare electrocompetent cells, 1.5mL aliquots of P. aeruginosa overnight cultures were
pelleted (3min 8000rpm). Bacteria were washed twice in 300mM sucrose solution and
subsequently resuspended in 1mL of 300mM sucrose. Purified plasmid and 400uL of
electrocompetent cells were mixed and transferred to electroporation cuvette (BioRad Gene
Pulser 0.2cm gap). After applying 2.5kV, 2002, 25uF pulse, 600uL of TSB was added
and bacteria incubated at 37°C for 1h. Recovered bacteria were plated on LB agar plates

supplemented with an antibiotic.

pKNG101

6866 bp

Figure 2.1: Map of the pKING101 plasmid.

Plasmid features drawn to scale with locations of genes and features shown: Ori, origin of
replication; oriT, origin of transfer; sacB, sucrose sensitivity inducing gene; SmR, streptomycin
resistance gene; MCS, multi cloning site; UpKn / RpKn, primers for screening MCS inserts.
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2.4 P. aeruginosa genomic manipulation

2.4.1 Gene deletions and fusions

Gene deletions and insertions of chimeric genes were performed though allelic exchange
using a suicide vector pKNG101 (308) (Figure 2.1). Use of this plasmid allows to construct gene
deletions or insert protein-fluorophore fusions in a specific site of interest and subsequently excise
the vector resulting in seamless allele exchange (Figure 2.2). Vector integration into genome is
guided by approximately 500bp upstream and 500bp downstream regions flanking sequence of
interest. Deletions were constructed in frame leaving 9bp from the begging of the gene and 9bp
from the end of the gene including the STOP codon, when deleting genes with overlapping open
reading frames, exception was made to maintain full sequence of the overlapping gene. The
constructs used for allelic exchange were assembled using splicing by overlap PCR.

pKNG101 encodes streptomycin resistance gene and Bacillus subtilis derived sacB gene that
introduces sucrose sensitivity. Plasmid was delivered via three partner conjugation as described
above and incorporation in genome was selected for by growth on streptomycin containing LB
agar. Subsequently colonies are streaked on 20% (w/v) sucrose containing LB agar and grown at
room temperature for 48 to 72h. This counter-selection process promotes excision of the vector,
the resulting in strains that revert to the wild type genotype or contain only the alternative
allele. Bacteria growing on sucrose containing media are replica-patched on LB and LB g;,2000
and screened via colony PCR to confirm the strain genotypes and ensure that new strain isolates

are not streptomycin resistant.
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Figure 2.2: Schematic of allelic exchange using pKING101 plasmid.

pKNG101 suicide vector carries an alternate deletion allele. Alternate allele constructed such
that sequence of interest is flanked by 500bp upstream and downstream fragments that guide
site specific integration. Primers used for construct assembly and screening labelled with
numbers (1 to 4 for mutator construction, 5 and 6 for screening at the final modification
stage). Vector primers designated as UpKn and RpKn. pKNGI101 carrying deletion allele
was delivered to P. aeruginosa through three partner conjugation. First crossover event was
selected for through screening for antibiotic resistance and occurs upon plasmid integration
into bacterial chromosome. Firs crossover even can can occur in upstream and downstream
orientation. Following sucrose sensitivity mediate counter selection, second crossover event
results in only one of the alleles remaining in the genome and only wild-type gene or gene
deletion remains. This can be subsequently confirmed through a PCR screen. Adapted from
(714), with a permission from Springer Nature.
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2.4.2 Fluorescent tagging

Prior to use mixed macrocolony microscopy assay P. aeruginosa strains were tagged with
fluorescent tags that are chromosomally integrated and constitutively expressed under pX2
promoter (712). This was done using miniCTX plasmids encoding sfGFP(pNUT1295) or

mCherry (pNUT1108) (Figure 2.3) that were provided by Knut Drescher lab (Biozentrum Basel).

miniCTX_pX2:mCherry

7200 bp

Figure 2.3: Map of the miniCTX-pX2:mCherry plasmid.

Plasmid features drawn to scale with locations of genes and features shown: Ori, origin of
replication; oriT, origin of transfer; attP, f{CTX attachment site; Int, f{CTX integrase encoding
gene; T3 prom / T7 prom, promoter sites; T4 term, T4 transcription terminator; FRT, Flp
recombinase target site; TetR, Tetracycline resistance gene; Tet prom, tetracycline promoter;
pX2 prom, promoter controlling fluorophore expression; RBS, Ribosome Binding Site; mCherry,
gene encoding mCherry. sfGFP encoding miniCTX vector is equivalent with only difference
being the fluorophore encoded.

2.4.3 Measuring gene expression using plasmid based reporters

Plasmid based transcriptional reporter fusions were used to asses gene expression levels.
Promoter fragment region of +30bp to -500bp upstream of tssA1, tssA2 and tssB3 were amplified
by PCR using P. aeruginosa PAO1 genomic DNA as template. Promoter fragments were placed

into a pUCP22 plasmid (711) upstream of a gene encoding a stable green fluorescent protein
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variant (GFPmut3b (715)) (Figure 2.4). Construct sequences were validated by sequencing and

plasmids were delivered into P. aeruginosa by electroporation.

pUCP22_GFPmut3b

6453 bp

Figure 2.4: Map of the pUCP22 plasmid.

Plasmid features drawn to scale with locations of genes and features shown: Ori, origin of
replication; pRO1600 Rep, P. aeruginosa pRO1600 plasmid replication protein; oriV, pRO1600
Rep dependent replication site; GmR, gentamicin resistance gene; AmpR, ampicillin resistance
gene; RBS, ribosome binding site; MCS, multi cloning site; GFPmut3b, green fluorescent protein
reporter.

Fluorescent reporter measurements were performed by growing P. aeruginosa strains
statically in 48-well plates. P. aeruginosa overnight cultures were harvested by centrifugation
(3min 8000rpm) and both supernatant and biofilm layer were discarded. Biofilm-free pellet
was washed by re-suspending in PBS and subsequent centrifugation. After washing, pellet was
resuspended in fresh PBS and bacterial concentration adjusted to ODggy = 1.0. 48-well plates
containing 360uL. of LB+ Gentsg were inoculated with 40uL of bacterial culture. Promoter
activity measurements were performed at 37°C and 25°C, without agitation. Measurements
were performed using FLUOstar OMEGA plate reader, OD measurements were performed at

600nm, GFP measurements used 485nm excitation and 520nm emission filters.
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2.5 CdrA reporter measurements

Relative c-di-GMP level measurements were performed using CdrA fluorescent reporter
plasmid, where GFPmut3b is placed under promoter cdrA (713). Plasmids were delivered
to bacterial strains using electroporation. Individual plasmid containing colonies were picked
to start overnight cultures of bacteria to be used for assaying. Bacterial overnight cultures
were harvested in 1.5mL microcentrifuge tube by centrifugation (3min 8000rpm). ECM layer
accumulated on the top of the bacterial pellet was discarded with the supernatant. Minimal
M63 media supplemented with casamino acids, glucose and L-arginine [2g/L (N Hz2)2S50y,
13.6g/L K Ho POy, 0.5% (w/v) casamino acids, 0.5mg/L FeSOy, 120mg/L M ¢SOy, 0.2% (w/v)
glucose,0.4% (w/v) L-arginine], components filer sterilised, where appropriate stored at 4°C and
media prepared in the day of use. Bacteria were washed by re-suspending in 1mL of M63 with
L-arginine and subsequent centrifugation (3min 8000rpm). Clean cell pellets were resuspended
in fresh M63 with L-arginine and bacterial concentration was adjusted to ODgyg = 1.0. 96-
well plates containing 180ul. of M63 with L-arginine were inoculated with 20uL of bacterial
culture. Bacteria were cultured at 37°C for 24h. Measurements were performed using FLUOstar
OMEGA plate reader, OD measurements were performed at 600nm, GFP measurements used

485nm excitation and 520nm emission filters.

2.6 Biofilm assay

Biofilm assays were performed in growing P. aeruginosae in 96-well plates in M63 media
with supplemental L-arginine and stained using crystal violet solution (1% w/v). Bacteria from
overnight cultures were aliquoted into 1.5mL microcentrifuge tubes, pelleted by centrifugation
(3min 8000rpm). Biofilm-EPS layer accumulated on the top of the bacterial pellet was discarded
with the supernatant. Bacteria are washed by resuspending in 1mL of PBS and subsequent

centrifugation (3min 8000rpm). Clean cell pellets were resuspended in PBS and bacterial
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concentration was adjusted to ODggg = 1.0. 96-well microtiter plate was filled with 190uL
of M63 with L-arginine and each of the wells was inoculated with 10uL of bacteria. Plates were
cultured statically at 37°C for the time period specified in the corresponding figure description.

After incubation, the plate was inverted tipping out liquid culture and bacteria. The wells
were washed with molecular biology grade water twice and left open over night to dry. Each well
was filled with 200uL of 1% (w/v) crystal violet solution in water, placed on an orbital tilting
table and left to stain at room temperature for 1h. After staining, the crystal violet solution
was discarded and the plate washed in molecular biology grade water twice. Subsequently each
well filled with 200uL of de-staining solution (20% acetic acid in molecular biology grade water).
The plate was placed on an orbital tilting table and left to de-stain at room temperature for

15min. Absorbsance at 5955 nm was measured using a FLUOstar OMEGA plate reader.

2.7 DMotility assays

2.7.1 Twitching assay

Twitching motility was assessed using a petri dish based assay. LB (Miller) solidified with
1% w/v agar was used as twitching assay media, prepared fresh on the day of assay set-up.
Twitching plates were prepared by pouring 10mL of medium per standard perti dish. Once
the agar was set, plates were dried under a flow hood for further 10 minutes. Using a pipette
tip, individual bacterial colonies were picked from LB agar plates freshly cultured overnight.
Twitching plates were inoculated by stabbing the pipette tip with bacteria through the agar
to the bottom of the plate. After incubation at 37°C for 24h agar was removed allowing for
measurement of area of bacterial surface expansion. For purposes of imaging, twitching area was

stained with 1% w/v crystal violet solution for 2-5min and gently rinsed using distilled water.
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2.7.2 Swimming assay

Swimming motility was assessed using petri dish based assay. Swimming media consists of
Tryptone (10g/L), NaCl (5g/L), and agar (3g/L). Media was prepared fresh on the day of the
assay. Plates were prepared by pouring 25mL of media agar into standard petri dishes and dried
under flow hood for 10min. Plates were inoculated by using a P10 pipette tip to inject 0.5uL
of overnight culture under the surface of the agar. Plates were incubated 30°C for 18h before

measuring the swimming area.

2.7.3 Swarming assay

Swarming motility was assessed using petri dish based assay. Swarming was assayed on two
distinct types of growth medium - defined media and nutrient rich media. Defined M8 medium
with final concentration of - 6g/L (N H2)2S04, 3/L. K Ha POy, 0.5g/L NaCl, 5g/L Agar, 11mM
MgSOy, 0.5% (w/v) casamino acids, 0.2% (w/v) glucose. Nutrient rich swarming media consists
of LB with 0.5% (w/v) agar. Media was prepared on the day of use, standard plates with 25mL
medium per plate prepared and dried under flow hood for approx. 15min. Plates were inoculated
by spotting 5ul of overnight culture in the centre of a plate and incubated at 37°C for 16h before

swarming patterns imaged.

2.8 T6SS expression and activity assays

2.8.1 Protein sample preparation

For H1-T6SS component expression and secretion assays, overnight cultures were subcultured
in 12mL of TSB with starting ODggg = 0.1 and grown at 37°C for 5h. Cell lysate was prepared
by harvesting culture volume equivalent to 1mL of ODgyy = 1.5, pelleted by centrifugation (3min
8000rpm) and resuspended in 150uL of Laemmli buffer. Preparation of secretion samples was

performed as in (536). Cell free supernatant was acquired by repeated centrifugation (20min,
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4000g , 4°C). Proteins from cell free supernatant were precipitated using 10% trichloracetic acid.
Briefly, protein pellets were washed with 90% acetone, air dried and resuspended in Laemmli
buffer. Both cell lysate and supernatant samples were boiled at 95°C for 10min before loading

onto SDS-PAGE gels for analysis via western blotting.

2.8.2 Western blotting

To asses protein presence and relative abundance in individual samples SDS-PAGE gels
and subsequent western blotting were used. Samples were loaded on 12% acrylamide [0.375M
Tris(pH 8.8), 0.1% SDS, 0.1% ammonium persulfate, 0.4% TMED] with a stacking gel of 5%
acrylamide [0.265M Tris(pH6.8), 0.1% SDS, 0.1% ammonium persulfate, 0.1% TMED] and run
in Tris-glycine-SDS buffer [0.3%(w/v) Tris, 1.44%(w/v) glycine, 0.01% SDS, pH 8.3] at 80V
for 20min and at 130V until desired band separation achieved. As molecular weight standard
Precision Plus Protein Kaleidoscope Prestrained Protein Standard (BioRad) was used.

For western blots, transfer to nitrocellulose membranes (Amersham Protran Western blotting
membranes, pore size 0.2 pm) was performed at 24V, 0.18A for 45min using transfer buffer [10%
Tris-glycine-SDS buffer, 20% ethanol]. Membrane blocking was performed at 4°C overnight in
blocking buffer [5% (w/v) milk powder in 1xTBST(50mM Tris, 150mM NaCl, pH 8.0, 0.1%
Tween20)]. After blocking membrane was incubated with primary antibody (in corresponding
blocking buffer) at room temperature for 1h. The membranes were washed in 1xTBST for
10min (3 times). Membranes were incubated with secondary antibodies (anti-mouse (for RpoB)
or anti-rabbit(for Hepl, Hep2, Hep3, TssB1, and TssB2)) for 1h at room temperature. After
washing in 1xXTBST for 10min (3 times), Novex ECL Chemiluminescent Substrate reagent mix
(Millipore) was applied to membranes for approx. lmin and membranes were imaged using

BioRad ChimiDoc Imaging System.
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2.9 Competition assay

To numerically assess prey killing depending on individual T6SS toxins, P. aeruginosa -
P. aeruginosa competition assays were performed. Prey strains were sensitised to individual
T6SS toxins and carried a miniCTX fluorescent cassette that ensures tetracycline resistance.
Strain backgrounds with active T6SS were used (ArsmA for H2-T6SS competition and AretS
for H1-T6SS competition). As negative control attackers strains lacking a structural components
from all 3 T6SSs were used (ArsmA AtssB1AtssB2AtssB3 for H2-T6SS competition and AretS
AtssB1AtssB2AtssB3 for H1-T6SS competition). Bacterial overnight cultures were harvested
in 1.5mL eppendorfs by centrifugation (3min 8000rpm). Biofilm-EPS layer accumulated on
the top of the bacterial pellet was discarded with the supernatant. Bacteria are washed by
resuspending in 1mL of PBS and subsequent centrifugation (3min 8000rpm). Clean cell pellets
were resuspended in PBS and bacterial concentration was adjusted to ODgggp = 3.0. 100uL of
prey and 100uL attacker bacteria were mixed, subsequently centrifuged (3min 8000rpm), 100uL
of cell-free supernatant was removed and bacteria were resuspended in the remaining volume.
5uL of competition mix were spotted on LB 3% (w/v) agar, dried and grown for 24h (at 37°C for
H1-T6SS competition and at 25°C for H2-T6SS competition). After growth competition spots
were scraped up using a sterile 10uL loop, resuspended in 1mL of PBS and further dispersed
by use of vortex shaker for 15 to 20min. For purposes of quantification, input mix and output
bacterial mixes are serially diluted in PBS. Diluted prey:attacker mixes are spotted (20uL x3)
on LB agar supplemented with 150ng/mL of tetracycline for prey selection. Input and output
plates are grown at 37°C overnight (or until individual countable colonies appear) and prey

abundance in each of the competition mixes was quantified.
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2.10 Microscopy

2.10.1 Whole colony microscopy

For purposes of whole colony imaging, bacteria are grown in 24-well tissue culture plates.
Each of the wells was filled with 0.5mL of LB with 2% (w/v) bacteriological agar and are dried
under a laminar flow hood for 2h. Bacteria overnight cultures were pelleted by centrifugation
in 1.5mL microcentrifuge tubes (8000rpm 3min). After discarding both supernatant and ECM
layer from the top of the pellet, bacteria were resuspended in PBS and centrifuged (8000rpm
3min). After washing bacteria, pellet was resuspended in PBS and cell density was adjusted
to ODggp = 1.0. Prey and attacker bacteria were mixed at 1 to 1 ratio, subsequently diluted
depending on the specific setup and 1ul of each mixed culture was spotted on agar in 24-well
plate. After spots were dried, plate was sealed using parafilm and grown for 48h (at 37°C for

H1-T6SS and 25°C for H2-T6SS experiments)

Macro-colony containing wells were imaged using an inverted widefield microscope Zeiss
Axio Observer under LED illumination. Images were captured through the bottom of the plate
and agar using a long working distance objectives (EC Plan-Neofluar 10x/0.30 Phl or 5x/0.16
Ph1EC Plan-Neofluar). (This yields images with a resolution where 1 pixel corresponds to
approx. 1.3um) All imaging was performed at the Facility for Imaging by Light Microscopy

(FILM) at Imperial College London, UK.

2.10.2 Single cell microscopy

To prepare samples for microscopy at single cell resolution 1.5 mL of bacterial overnight were
pelleted (3min 8000rpm). After discarding supernatant and biofilm fraction bacteria are washed
by resuspended in PBS and subsequent centrifugation. Clean bacterial pellet was resuspended
in PBS and bacterial concentration adjusted to ODggg = 1.0. Subsequently bacterial strains are

mixed where appropriate and all samples are further diluted to total bacterial ODggg = 0.05
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TuLs of sample are spotted on LB agar and dried. LB agar with dried bacteria was inverted
onto 35mm glass-bottom microscopy dishes (Mattek). Before imaging samples are incubated
at 37°C for 4h (unless otherwise specified). Images were acquired using Zeiss Axio Observer 7,
with 100x oil immersion Plan-Apochromat objective. All imaging was performed at the Facility

for Imaging by Light Microscopy (FILM) at Imperial College London, UK.

2.11 Data processing

Initial image processing including shading correction and tiling as well as histogram
adjustment for purposes of generating display figures was done using ZEN lite (Zeiss). Single cell
data analysis, mixed colony dimension measurements and further manual image analysis was
performed using Fiji (ImagelJ) (716). Analysis of spatial fluorescence signal distribution in mixed
bacterial colonies, modelling result analysis and summery statistics and all experimental data
plotting was by using Python3. When significance testing differences between 2 data sets, T test
was used. When comparing multiple measurement groups, ANOVA was used for significance
testing. Within the context of this thesis, technical replicates are regarded as measurements
performed simultaneously using identical materials, for example, measurements of multiple wells
within a single multiwell dish. While biological replicate refers to measurements performed
independently from each other in timescale and in regards to consumable materials such as

bacterial growth media.

2.11.1 Image analysis

Intermixing index was adapted from previous studies (717, 718). Briefly, intermixing index
is defined as number of intersection events between the 2 populations in a circular section at a
given distance from colony centre, correcting for circumference with a given radius. After image
tile stitching performed using ZenBlue (Zeiss), colony central points were determined manually

using Fiji (ImageJ) (716). Subsequently, histogram equalised images were used to calculate
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relative signal intensity at a given radius from colony central point for each of the fluorescence
channels, this was used to produce a barbarised matrix describing which of the strains is more
abundant at a given location. (Relative signal intensity was normalised to colony central region.)
This barbarised matrix was used to quantify number of intersection events between the 2 strains
at a given distance from colony central point. Number of intersection events was normalised for
circumference at a given radius to produce intermixing index. Elevation in intermixing index
towards 1 indicates that both populations are equally abundant and distribution alternates,
while trend towards 0 indicates that only one of the species is present or species are comparably
more spatially segregated.

After performing histogram equalisation and manually determining the macrocolony central
points, we determined the relative mean fluorescence signal intensity and its variation at different
distances from the central point. To do this, we selected a set of pixels at a given distance from
the central point and used these values to calculate the mean signal intensity and variance as a
function of distance from the colony centre. We then compared the normalised fluorescent signal
brightness corresponding to each species to determine the more abundant one. For spatially
explicit relative prey abundance analysis, we performed this comparison for sets of pixels at
different distances from the colony centre. To calculate the overall relative prey abundance, we
performed the analysis for the entire outer colony region. We then used these values to test
for statistical differences in relative prey abundance between T6SS+ and T6SS- parental strains

using T test. Custom image analysis and statistical testing were performed using Python 3.

2.12 Modelling

Agent-based modelling framework - CellModeller by (682) was used with T6SS interactions
implemented by (684). The associated articles contain full details in regard to equations dictating
bacterial growth, specific equations governing biophysical interactions and details describing

implementation of T6SS interactions, only select key details are highlighted below. The key
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simulation parameters are listed in the Table 2.4.

Parameter ‘ Value(s) Source
Simulation initiation
Inoculum radius* 110pm
Inoculum density (OD)** 0.1, 8.0, 4.0, 2.0,
1.0, 0.5, 0.25, 0.125
Attacker to prey ratio in | 0.5, 0.45, 0.4, 0.35,
inoculum 0.3, 0.25, 0.2, 0.15,
0.1, 0.05
Biophysics
Time step 0.025h (682)
Cell growth drag 10 (682)
Max contacts 24 (682)
Number of sub-steps 8 (682)
Division orientation noise 0.10% (682)
Cells parameters
Cell radius 0.5nm Estimated from single cell
microscopy images
Target division length 3pm Estimated from single cell
microscopy images
Cell division noise 0.5 (683)
Maximum growth rate 1h-1 (683)
T6SS parameters
T6SS firing rate 1, 5, 25, 50, 100, | (684)
200
Toxin lethal dose 1, 5, 10, 20, 50 (684)
Toxin lysis delay (min) 3, 60, 120, | (684)
>simulation time
Fraction of attacker population | 1, 0.5, 0.25, 0.125, | This study
actively firing 0.0625
Upfront T6SS cost 0 (576)
Cost per T6SS firing event 0.00001 (576)
Needle length 0.5pm (576)
Minimum needle penetration 10nm (684)

Table 2.4: Simulation parameters.

* 1uL spot drying on agar will result in inoculum area of 7.55 * 106 pm2 (Estimated from whole

colony microscopy images)

#%2.04*105 colony forming units per 1uL of OD600=1.0 culture as per (719)
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2.12.1 Cell growth and movement

Within the simulation framework, bacterial communities are represented as collections of
rod-shaped cells, whose growth occurs via elongation until a set target size is reached and
division via binary fission occurs producing 2 identical daughter cells. It is assumed that a
constant source of nutrients is available, therefore bacterial growth is limited only by lack of
physical space or via direct negative interactions. Bacteria simulated do not move actively, but
cell arrangement changes due to bacteria pushing on each other during growth and as a result

of random noise perturbations to ensure no overlap between cells.

2.12.2 T6SS interactions

T6SS firing is described as spatially explicit events. Each of the T6SS active cells are able to
fire a set number of needles that are randomly distributed across the attacker cell. Number of
firing events for each individual bacteria in each time-step are drawn from Poisson distribution
where mean number of needles is parameterized accordingly to the specific setup. Each firing
event carries an associated metabolic cost, specific maximum cell growth rate is reduced to "pay"
set material penalty for each firing event. For purposes of simulations here, T6SS firing costs
were set as negligibly low, as this has been shown to affect the specific optimum firing rate, but
not the general "rules of engagement" and broader effect trends (684).

T6SS hit detection in detail described by (576), briefly, a test is performed to check weather
a needle geometrically intersects any cell except for the one firing it. All T6SS hits within a
simulation setup are assumed to deliver constant amount of identical toxin. Toxin mode of action
is described by toxicity (Hits to kill), that determines the total dose of toxin reacquired to kill a
sensitive cell and partial intoxication leads to proportional reduction in maximum prey growth
rate. Another toxin characteristic is "lysis delay" that determines the time between cell death
and the cell being removed from the simulation. As these setups allow for partial intoxication,

gradual prey recovery is implemented, where prey cell’s internal toxin pool undergoes exponential
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decay over time.

2.12.3 Model setups and analysis

Initial simulation steps are set-up to reflect a scaled down inoculation of mixed bacterial
colony experiments. A 1:1 mix of prey and attacker are randomly placed within a 110um
radius circular area at a density equivalent to ODgyp=0.1. These simulations were restricted
to 2D plane and run for a set number of time-steps (equivalent of 25h). Current models
are parameterized with a set of parameters aimed at identifying overall beneficial interaction
strategies, and inclusion of parameters characterising the exact interactions by P. aeruginosa
will be added at a future date. The simulational run execution time of examples shown in results
section ranges between 30min and 3h and is largely dependent on number of individual bacteria

described and number of T6SS needles being fired.
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Chapter 3

Role of c-di-GMP in regulation of

Pseudomonas aeruginosa T6SS

3.1 Introduction

Pseudomonas aeruginosa adapts two distinct lifestyles - planktonic and biofilm, each
characterised by a different gene expression profile (100). Transition between the two is
modulated through the Gac-Rsm regulatory cascade and shift in ¢-di-GMP production (Figure
3.1). C-di-GMP is a commonly used second messenger central in determining whether
bacteria adapt planktonic or biofilm-like behaviour, specifically regulating motility, production
of extracellular matrix (ECM) components and expression of secretion system associated
genes (102). Intracellular levels of c-di-GMP are controlled by diguanylate cyclases (DGCs)
and phosphodiesterases (PDEs), that respectively produce or degrade this second messenger
molecule. P. aeruginosa PAO1 genome encodes 40 such enzymes and many of these have been
characterised to control different aspects of bacterial physiology (720), but the general association

is that high level of c-di-GMP result in increased biofilm formation (Figure 3.1).

RetS is a sensory kinase whose gene is among the mutational hot-spots identified in genomes

of P. aeruginosa clinical isolates (285, 54). Loss-of-function mutations in retS lead to a high
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biofilm forming phenotype that is associated with increased c¢-di-GMP production, increased
exopolysaccharide synthesis, and increased type VI secretion system (T6SS) activity, while both
motility and type III secretion system (T3SS) activity are suppressed (167, 166, 172, 101).
The direct regulatory impact of RetS is mediated through the Gac-Rsm regulatory cascade,
which is reviewed in detail in the introduction section 1.2.3. Briefly, RsmA and RsmN are
translational repressors that inhibit biofilm formation. The availability of RsmA/RsmN is

modulated by sRNAs, the two main ones being RsmY and RsmZ, whose expression is under the
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Figure 3.1: Gac-Rsm cascade and c-di-GMP modulate P. aeruginosa planktonic-to-
biofilm lifestyle switch.

Schematic showing core components of Gac-Rsm pathway. RsmA and RsmN are orthologous
translational repressors whose presence inhibits expression of biofilm associated genes features,
such as extracellular matrix production or T6SS expression. The free RsmA /N pool is modulated
by sRNAs RsmY and RsmZ. Expression of RsmY/Z is under control of GacS-GacA two
component system. Sensory kinases RetS and LadS antagonistically act on GacS, indirectly
influencing GacA phosphorilation state. Presence of LadS promotes biofilm formation, while
active RetS represses biofilm formation. Amongst regulatory targets of the Gac-Rsm cascade
are c-di-GMP metabolising DGC and PDE enzymes. Increase in ¢-di-GMP levels is generally
associated with high biofilm producing phenotypes, while low intracellular c-di-GMP levels are
associated with planktonic phenotype. Figure assembled using bioRender.
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control of the GacS-GacA two-component system (123, 721). Upon ligand binding, active RetS
interacts directly with GacS, this prevents GacS autophosphorylation and subsequent GacA
phosphorylation (170, 169), and this is expected to result in high free RsmA /N abundance, and
consequently, biofilm-associated genes are translationally repressed.

Loss of RetS results in high intracellular c-di-GMP levels and a subsequent hyperbiofilm-
forming phenotype. This also correlates with an increase in the expression of T6SS, while the
expression of T3SS is simultaneously down-regulated (101). T3SS is used for direct delivery of
virulence factors to host cells and is a significant characteristic of P. aeruginosa acute infection
(26). While increased T6SS activity is associated with chronic/ biofilm-like state. The AretS-
dependent increase in ¢-di-GMP production is the result of the derepression of the gene encoding
the DGC SadC, as removal of sadC' reduces the intracellular levels of c-di-GMP and reverses the
hyperbiofilm forming phenotype (110). In addition to this, increasing intracellular c-di-GMP
levels through overproduction of diguanylate cyclases WspR and PA1120 also induces a similar
change in the expression of T3SS/T6SS. While overexpression of PDE PA2133 reverts AretS
strain towards a preferential T3SS expression (101).

Work by (101) describes how deletion of the gene encoding the sensory kinase RetS results in
elevated c-di-GMP levels and subsequent phenotypic shift toward increased biofilm formation,
and this work establishes the inverse control of the expression of T3SS and H1-T6SS. The direct
impact of RetS-Gac-Rsm regulation on all three P. aeruginosa T6SSs is addressed in chapter
4 of this report. Here, we revisit the question of how changes in ¢-di-GMP level impact P.
aeruginosa T6SS activity.

Aims of this chapter are:
o To validate previously characterised (101, 110) high biofilm phenotype introduced by

deletion of retS and subsequent phenotypic reversal seen after removal of sadC.

e To test how changes in intracellular c-di-GMP levels impact expression and activity of all

three P. aeruginosa T6SSs.
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3.2 Results

3.2.1 Changes in relative c-di-GMP levels correlate with amounts of biofilm

formed

Before assessing how changes in ¢-di-GMP level impact P. aeruginosa T6SS activity, we
decided to validate phenotypes of the AretS and AretSAsadC strains in regard to biofilm
formation and relative c-di-GMP production. We chose to use a fluorescent reporter based assay
for assessment of relative intracellular c-di-GMP levels during cell growth. The cdrA reporter-
carrying plasmid is based on fusion between the promoter region of cdrA with a gfp gene encoding
green fluorescent protein and has been shown to reliably reflect intracellular c¢-di-GMP levels
(713). The use of this reporter allowed us to validate that AretS strain displays substantial
elevation in c-di-GMP levels compared to WT, while a subsequent deletion of sadC results in
a stark drop in fluorescence levels that is indicative of a decrease in c-di-GMP levels below
the detection limit of the assay (Figure 3.2 B). We simultaneously performed optical density
measurements to assess strain growth dynamics, and these are indicative of AretS strain reaching

much lower bacterial density within the culture (Figure 3.2 B). Although this observation could
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Figure 3.2: Removal of SadC reverses high c-di-GMP phenotype of AretS mutant.
Comparative phenotype analysis of WT (PAK), AretS, and AretSAsadC strains. Relative c-
di-GMP production level assessment as measured through use of a fluorescent CdrA reporter
plasmid (A) and the corresponding strain growth dynamics (B). Showing mean (4+SD) of 3
biological replicates.
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Figure 3.3: Validation of biofilm phenotype resulting from sadC deletion.

Biofilm formation analysis compering WT (PAK), AretS, AretSAsadC, and AretSAsadC'::sadC
strains. Relative biofilm formation as measured through crystal violet staining after incubation
at 37°C for 6h. Showing mean (+SD) of 6 technical replicates.

suggest that the AretS strain has a substantial growth defect, this is not supported by existing
literature and any further work conducted during this project; therefore, the low optical density
observed here is likely to be a measurement artefact arising from a large fraction of the biomass
accumulating on the walls of the microtiter dish in a form of biofilm.

As the AretS mutation is known to be hyperbiofilm forming, we chose to extend the strain
phenotypic analysis by performing a biofilm assay. The high c-di-GMP mutant AretS produces
nearly 6-fold more biofilm than W', and this phenotype is reversed in the low c-di-GMP strain
AretSAsadC (Figure 3.3). To validate the impact of sadC deletion, we next attempted to
complement this phenotype. As heterologous expression of diguanylate cyclases is known to
often result in highly aggregative phenotypes that are difficult to assay, we chose to restore
WT sadC at the native locus. As expected, strain AretSAsadC'::sadC forms biofilm at a level
comparable to AretS mutant. After validating AretS and AretSAsadC mutants with respect
to biofilm formation capabilities and relative intracellular c-di-GMP levels, we proceeded to use

these strains to analyse how changes in ¢-di-GMP levels impact T6SS activity.
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3.2.2 Loss of SadC results in decreased H1-T6SS activity while H2- and H3-

T6SS expression is elevated

RetS is known to be involved in regulation of P. aeruginosa T6SSs and western blotting
assaying of Hep and TssB protein amounts in the cell, confirms that AretS strains display
relative increase in T6SS protein expression as compared to WT (Figure 3.4). H1-T6SS and
H2-T6SS activity can be assessed through use of secretion assay, where proteins present within
the cell-free media fraction of a culture are precipitated and the amounts of secreted Hcp can be
compared. Western blotting of the protein precipitate shows that both H1- and H2-T6SS activity
is elevated upon loss of retS. Upon elevation in c-di-GMP resulting from retS deletion, H1-T6SS
expression and activity is elevated compared to the WT, as seen by increase in TssB1 within the
cell and Hepl both in the cell and supernatant (Figure 3.4 A). Subsequent decrease in c-di-GMP
levels resulting from the removal of sadC' does not result in a reduction in Hepl expression, but
does lead to lower H1-T6SS activity, as suggested by the much decreased abundance of Hepl in
the media fraction (Figure 3.4 A). A test western blot shows that reintroducing a WT sadC' gene

into AretSAsadC strain has no impact on Hepl expression, while H1-T6SS activity appears to
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Figure 3.4: SadC has inverse impact on H1-T6SS and H2-/H3-T6SS expression in P.
aeruginosa.

Comparative analysis of WT (PAK), AretS, and AretSAsadC strain T6SS expression and
activity. Western blot analysis of T6SS expression and activity. For H1-T6SS (A) TssB1 and
Hepl expression and Hepl secretion measured. For H2-T6SS (B) TssB2 and Hep2 expression
and Hcp2 secretion measured. For H2-T6SS (C) Hcp3 expression measured. Representative
blots of 3 biological replicates. RNA polymerase (RpoB) used as a loading control.

154



Q
had
[%,)
VL
=
O O
o < S
3 5o
E Jd < ©
= g g ey
Q Q v 3
< < < <
kD a < S
20
-L-.., | | cen
15 ~ ~ ‘ faction
20 > a-Hepl
Media
-
15 To— faction

Figure 3.5: Validation of phenotype resulting from sadC deletion.
Western blot analysis of both Hepl expression and abundance in media compering WT (PAK),
AretS, AretSAsadC, and AretSAsadC::sadC strains. 1 of 1 test blot shown.

be restored to the levels seen in AretS genetic context (Figure 3.5 A).

In the case of H2-T6SS, AretS strain displays both elevated system expression and activity,
as reflected by increased TssB2 and Hep2 abundance within the cells and corresponding elevation
in Hep2 abundance in media (Figure 3.4 D). Notably, the trend between H1-T6SS and H2-T6SS
diverges in the case of AretSAsadC, as this strain displays an even further elevation in both H2-
T6SS expression and activity as assessed through comparing relative levels of TssB2 and Hep2
(Figure 3.2 D). When evaluating Hep3 expression, a similar high expression trend is observed
with the AretSAsadC mutant (Figure 3.4 E), assessment of secretion activity of the H3-T6SS

was omitted as it is not reliably assayed under laboratory conditions used here.

3.2.3 P. aeruginosa T6SS activity is modulated by c-di-GMP levels

Next, we chose to assess whether the impact on H1- and H2-T6SS expression is specific
and directly linked to SadC activity or a more general response to changes in ¢-di-GMP level.
Therefore, we constructed a strain that allows to specifically lower c-di-GMP levels. To do
this, we cloned the gene encoding a PDE, PA2133, under an arabinose inducible promoter and
introduced this construct at the attB site on the chromosome of the AretS mutant strain. To

confirm the functionality of the construct, we performed a biofilm assay and, as expected, the
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expression of PA2133 results in a substantial decrease in both early and late biofilm formation
far below what is observed in AretS strain carrying an empty vector control (Figure 3.6 B and
D). Subsequently, we used this strain for assaying H1- and H2-T6SS expression and activity in

a low ¢-di-GMP context.

Western blotting shows that similarly as in the case of AretSAsadC, the amount of
Hepl within cells remains unchanged upon c-di-GMP level being lowered through PA2133
overexpression. Simultaneously, the Hepl abundance in media fraction is much lower, indicating

that the activity of H1-T6SS is decreased (Figure 3.6 A). Next, we evaluated the low c-di-GMP
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Figure 3.6: The differential modulation of H1- and H2-T6SS activity is dependent on
the global c-di-GMP levels.

Western blot analysis of changes of both Hepl (A) and Hep2 (B) expression and abundance
in media as a result of decrease in PA2133 expression in response to induction of arabinose
dependent promoter through gradual addition of L-arabinose at following concentrations : 0%;
0.25%; 0.25%; 0.5%; 1.0%; 2.0%. Showing a representative blot of 4 biological replicates. RNA
polymerase (RpoB) used as control for equal sample loading.

Complementary analysis of strain early (6h) (B) and late (18h) (D) relative biofilm formation
as measured through crystal violet staining. Showing mean (4+SD) of 6 technical replicates.
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impact on H2-T6SS, and western blotting showed a substantial increase in the amounts of Hep2
found in the supernatant fraction (Figure 3.6 C). These results further support the observation

that intracellular c-di-GMP levels have a differential impact on H1- and H2-T6SS expression

and activity.

3.2.4 Mutation in pppA can “rescue” c-di-GMP mediated H1-T6SS firing

impairment

The activity of H1-T6SS is under the control of the post-translational regulator PppA (569).
Although the presence of PppA is not essential for the assembly and firing of H1-T6SS sheaths,
it is essential for the repositioning of the H1-T6SS membrane and baseplate complexes within
the cell, allowing bacteria to engage in retaliatory Tit-for-Tat firing (564, 531). The molecular
details of signal sensing and Tit-for-Tat firing are described in further detail in introduction
section 1.4.4. Loss of pppA has been shown to result in elevated Hepl secretion (569) and here

we decided to test whether removal of PppA would rescue the low H1-T6SS secretion phenotype
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Figure 3.7: Loss of PppA leads to constitutive H1-T6SS activation regardless of the
intracellular c-di-GMP content.

Western blot analysis of changes in Hepl abundance in cell and media fractions as a result

of removal of post-translational regulator PppA. Showing a representative blot of 2 biological
replicates.
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observed in the AretSAsadC mutant strain. To do this, we used a AretSApppA strain and
subsequently introduced a sadC deletion. As expected, the loss of pppA results in an elevated
activity of H1-T6SS to an extant where almost all Hepl produced in AretS strain is secreted
in the supernatant (Figure 3.7). Notably, western blot analysis of the relative abundance of
Hcpl in whole cell lysate and supernatant fractions shows that deletion of pppA leads to an
increase in H1-T6SS activity regardless of AretS or AretSAsadC regulatory context. These
preliminary results show that the decrease in H1-T6SS activity resulting from low intracellular

levels of c-di-GMP can be reversed by the introduction of an additional mutation in pppA.
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3.3 Discussion

C-di-GMP is a widespread bacterial second messenger that mediates the transition between
the planktonic and biofilm lifestyle. In P. aeruginosa, the biofilm lifestyle is associated with
down-regulation of motility and virulence factors, while up-regulating extracellular matrix
component production and T6SS activity (722, 1) (Figure 3.1). The Gac-Rsm cascade is central
in P. aeruginosa transition towards biofilm-like gene expression pattern and is directly involved
with the regulation of the expression of the three T6SS systems (723, 101). The Gac-Rsm
system is under the control of the sensory kinase RetS, loss of RetS has been well characterised
to result in increased intracellular c-di-GMP levels, promote biofilm formation and up-regulate
T6SS expression (101, 167, 169). Here, the impact of intracellular c-di-GMP levels on T6SS
activity is revisited.

RetS-dependent elevation in c-di-GMP levels has been linked to the activity of the
diguanylate cyclase SadC (110). Here we were able to confirm that the relative elevation in
intracellular c-di-GMP levels and biofilm formation observed in a AretS strain is reversed in
the double mutant AretSAsadC (Figures 3.2B and 3.5C and D). Using these strains, we also
make novel preliminary observations of the impact of the c-di-GMP level on the 3 P. aeruginosa
T6SS systems. As expected, a AretS strain shows elevation in H1-T6SS expression and activity
relative to WT, but western blotting indicates that subsequent deletion of sadC reduces Hcpl
secretion while expression remains unchanged (Figure 3.4 A). It is notable that although cellular
Hcpl levels are unaffected, western blotting indicates that H1-T6SS activity is much lower in
the AretSAsadC than in a AretS background (Figure 3.4 A). Additionally, when intracellular
c-di-GMP levels are reduced due to overexpression of PDE PA2133, a similar effect is observed
(Figure 3.6 A) suggesting that global c-di-GMP may contribute to post-translational modulation
of H1-T6SS activity.

P. aeruginosa H1-T6SS is under post-translational control of the PppA phosphatase (569,

531). PppA is not required for the assembly and firing of the H1-T6SS sheath to occur, but is
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required for repositioning of the membrane complex and the ability of P. aeruginosa to engage
in retaliatory Tit-for-Tat firing (564). We tested the impact of a ApppA mutation on H1-T6SS
in both AretS and AretSAsadC strains (Figure 3.7) and preliminary western blotting results
suggest the ApppA mutant strains will engage in constitutive H1-T6SS firing until most of
the cellular Hepl pool is secreted into the media independently of the regulatory context and,
notably, ¢-di-GMP levels. PppA has been shown to repress both the production of ¢-di-GMP and
the T6SS protein expression in Vibrio alginolyticus (724), therefore validation of intracellular
¢-di-GMP levels in ApppA strains would be needed to further advance this study. Current
results suggest that H1-T6SS firing is likely initiated independently of intracellular c-di-GMP
levels and the lower H1-T6SS activity observed in AretSAsadC' strains could be a result of

subsequent interference with continued system re-assembly.

A general assumption derived from previous P. aeruginosa H1-T6SS studies is that increased
¢-di-GMP levels correlate with high T6SS activity and a decrease in c¢-di-GMP levels would
result in lower expression of T6SS genes. Here we observe the opposite, although AretS strain
displays higher expression and activity of H2-T6SS than W, and system activity is even further
elevated in low ¢-di-GMP strain AretSAsadC (Figure 3.4 B). With Hep3 expression showing
a similar trend of elevation in AretSAsadC context compared to AretS (Figure 3.2 E). The
impact on H2-T6SS expression and activity is further corroborated as substantial elevation in
the amounts of Hep2 present in supernatant fraction is seen upon overexpression of c-di-GMP
degrading PDE PA2133 (Figure 3.6). This observation of low levels of ¢-di-GMP that result in
increased expression of T6SS in P. aeruginosa is quite novel, but it requires further experimental

validation.

Currently, a few literature examples of T6SS activity inversely correlating with c-di-GMP
levels exist. Heterologous over expression of P. aeruginosa DGCs SadC in Agrobacterium
tumefaciens results in a substantial increase in the intracellular c-di-GMP levels and a

corresponding decrease in T6SS expression (725). This work then further demonstrates that
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high c-di-GMP levels suppress A. tumefaciens T6SS expression and ability to engage in effective
inter-bacterial competition reliant on T6SS (725). In Pseudomonas putida two separate studies
by (726) and (727) show that manipulation of c-di-GMP levels through DGC WspR or PDE
BifA results in impact on K1-T6SS activity in a manner dependent on FleQ. FleQ is a ¢-di-GMP
binding transcription factor that can act to both promote and repress expression of biofilm-
associated genes in P. aeruginosa (119, 114, 116), additionally FleQ acts in conjunction with
RpoN that has been shown to differentially regulate P. aeruginosa T6SSs (728). T6SS is also
among the FleQ regulatory targets in Pseudomonas fluorescens suggesting an impact similar
to the one observed in P. putida (729, 730, 731). Furthermore, a study by (732) observed that
T6SS genes are among FleQ targets in P. aeruginosa. These observations suggest that a study of
FleQ impact on H2- and H3-T6SS expression and activity in different regulatory context strains
could be an investigative avenue to pursue when further addressing c-di-GMP level impact on

P. aeruginosa T6SSs.
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Chapter 4

The Gac-Rsm cascade modulates
expression, activity and killing
capacity of Pseudomonas

aeruginosa T6SSs

4.1 Introduction

Pseudomonas aeruginosa is a bacterium capable of using a variety of diverse molecular
tools to engage with its environment, host and other neighbouring organisms. Ability to
take advantage of various niches requires bacteria to both sense their local environment and
subsequently adjust the gene expression profile. Use of the type VI secretion system (T6SS) in
P. aeruginosa is not constitutive and has been characterised to occur as part of a broader biofilm
lifestyle jointly with increase in exopolysaccharide production, while simultaneously shifting
away from producing acute virulence factors like the type III secretion system (T3SS) (100).
The Gac-Rsm pathway is central in modulating this lifestyle transition, both acting directly and

modulating the production of a secondary messenger c-di-GMP.
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Figure 4.1: Schematic of Gac-Rsm regulatory cascade core components.

Sensory kinase RetS represses action of GacS-GacA two component system, while sensory kinase
LadS has an opposite effect. Upon phosphorylation of GacA, production of snRNAs RsmY and
RsmZ is increased and translational repressors RsmA and RsmN are sequestered. In absence
of RsmY and RsmZ, RsmA and RsmN translationally repress genes associated with T6SS and
biofilm formation.

The chapter 6 looks at c-di-GMP level impact on T6SS expression and activity, while focus of
this section is on the impact of Gac-Rsm cascade. Disruption of this pathway has been found to
lead to a permanent shift towards biofilm-like phenotype and mutations involving this pathway

are common in P. aeruginosa strains isolated from chronic lung infections (733, 59, 734).

The Gac-Rsm pathway plays a central role in P. aeruginosa T6SS regulation and is briefly
described here (Figure 4.1). GacS-GacA two component system is present in genomes of a range
of Gram-negative bacterial species and is commonly implicated in regulation of pathogenicity
and virulence mechanisms (163). P. aeruginosa GacA response regulator induces the expression
of sSRNAs, RsmY and RsmZ (735, 149), which sequester two translational repressors, RsmA
(123) and RsmN (131). To date, no ligands of the P. aeruginosa GacS sensor domain have been

identified, but GacS acts to integrate signals from RetS and LadS sensory kinases (736, 163).
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RetS is a histidine kinase and has been shown to affect the planktonic to biofilm switch primarily
by acting through the Gac-Rsm cascade (167, 170). A known RetS ligand is mucin glycans
and P. aeruginosa exposure to mucins results in decreased H1-T6SS expression and impaired
competitive fitness (169). LadS responds to the presence of calcium ions and its impact on GacS
is opposite to that of RetS, with loss of LadS resulting in increased virulence (126, 174, 737).
Interactions between GacS, RetS, and LadS sensors determine the phosphorylation state of
the GacA response regulator and the subsequent abundance of RsmY and RsmZ (163). The
abundance of RsmY/Z within the cell is what determines amounts of free RsmA and RsmN
available to act through binding to target mRNAs. RsmA and RsmN are translational regulators
that belong to a broadly conserved CsrA regulator family (128). RsmA and RsmN have been
shown to directly or indirectly impact expression of more than 500 genes this corresponding to
nearly 10% of P. aeruginosa genome (123, 131, 122). Among the phenotypic features affected

are production of extracellular matrix components, motility, virulence factors, and the T6SS.

The impact of RsmA has been broadly studied; it has been shown to directly repress
synthesis of exopolysaccharides, secondary metabolites, and all three T6SSs (738, 723, 123).
In addition, RsmA acts as a direct repressor of rsm/N and retS genes that contribute feedback
to the regulatory cascade (148). The phenotypic impact of RsmA can be observed in simple
rsmA deletion strains, although both RsmA /N repressors share many regulatory targets, the
in wvivo role of the paralogue RsmN has been less well understood (122). Both RsmA/N share
the same consensus sequence of ANGGAYG exposed as part of a stem-loop structure, but
the affinity for individual mRNAs differs depending on the broader structural context (739).
Genes encoding the T6SS component are distributed throughout the P. aeruginosa genome.
The genes encoding structural T6SS components for each of the systems are grouped in a
single cluster, while additional remote orphan clusters encode effector-immunity gene sets and
additional copies of genes encoding T6SS spike components (Figure 1.20). Both RsmA and

RsmN have been mapped to bind mRNAs corresponding to the 3 T6SS, in particular tssA1
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and fhal for H1-T6SS, tssA2 for H2-T6SS, and tssB3 for H3-T6SS (723, 145, 122, 131, 135).
Furthermore, control extends to T6SS orphan clusters that include vgrG2a, vgrG2b, tse3 among
others (145, 122). Altogether, RsmA and RsmN have both been shown to be involved in control
of P. aeruginosa T6SS expression.

Here we aim to perform a comparative analysis of strains with mutations at different points
within the Gac-Rsm cascade aiming to compile a set of strains with differentiated T6SS activity
levels. This will then act as a basis for further investigation of impact of individual T6SS toxins
and impact of graduated T6SS activity on competitive outcomes.

The objectives of the study are:

e To assess core T6SS promoter activity in gac-rsm mutant strains through the use of

fluorescent reporters.

e To assess T6SS expression and activity of gac-rsm mutants through western blot analysis.

e To compare H1- and H2-T6SS mediated bacterial killing of different gac-rsm mutant

strains.
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4.2 The Gac-Rsm cascade modulates expression and activity of

all 3 P. aeruginosa T6SSs

4.2.1 Gac-Rsm dependent changes in core T6SS promoter activity

We constructed a series of mutant strains that lack individual or combination of genes
encoding proteins involved in the Gac-Rsm cascade. For this and following thesis sections
work was performed using P. aeruginosa PAO1 (Lausanne) reference strain. The strain set
constructed includes s with deletion of genes encoding the translational repressors RsmA and
RsmN (both single and combined mutations), as well as strains lacking the gene encoding the
histidine kinase RetS. With this mutant set we could assess whether differential impact might
be observed when directly removing both repressors RsmA and RsmN or through upstream
disruption of the cascade. We performed our analysis by assessing T6SS core promoter activity,
using strains in which we introduced either transcriptional or translational fluorescent reporter
plasmids. Reporter plasmids were constructed by cloning core T6SS promoters regions leading

tssAl1, tssA2, and tssB3 upstream of GFPmut3b (272) (Figure 4.2).

Upon deletion of rsmA both transcriptional and translational reporter activity of all three
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Figure 4.2: Diagram of fluorescent T6SS promoter reporters.

(A) Schematic of construction of transcriptional and translational promoter reporters. (B) Core
gene clusters encoding structural components of H1-, H2-, and H3-T6SSs from P. aeruginosa
PAO1 genome. Promoter regions used for reporter construction indicated with arrows in red.
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Figure 4.3: Disruption of Gac-Rsm regulatory cascade results in graduated elevation
in T6SS expression and activity.

Analysis of T6SS promoter transcriptional (A and B) and translational (C and D) activity in
WT, ArsmN, ArsmA, AretS, and ArsmAArsmN strains. Left column shows H1-T6SS (tssA1)
and right H2-T6SS (tssA2) promoter activity over growth time as measured by plasmid based
GFPmut3b reporter fusions. All measurements performed at 37°C, in static culture, each display
item shows a mean +SD of 4 technical replicates that is representative of n = 3 biologically
independent repeats.

Western blot analysis shown gradual elevation in of Hepl (E) and Hep2 (F) levels in whole cell
and supernatant fractions in WT, ArsmN, ArsmA, AretS, and ArsmAArsmN strains. Presence
or absence of tssB1, tssB2, and tssB3 genes and correspondingly ability to assemble and fire
T6SS sheaths is indicated by “+” or “~”. A representative blot of 3 independent biological
repeats shown here, for H1-T6SS activity assessment bacteria were cultured for 5h at 37°C and
for H2-T6SS for 18h at 25°C. RNA polymerase (RpoB) used as lysis control.

systems is elevated (Figures 4.3 A, B, C, D and 4.4 A and B - green curve). Disrupting the

Gac-Rsm cascade at an upstream position by removing the retS gene (RetS acts as a repressor)
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results in further elevation in T6SS promoter activity (Figures 4.3, 4.4, and 4.5 red curve).
Furthermore, the removal of the gene encoding RsmA ortholog RsmN does not appear to have
a measurable impact on any of the promoter activity and the fluorescent signal intensity from
ArsmN strains stays consistent with WT (Figures 4.3, 4.4, and 4.5 pink and orange curves).
This indicates that unlike deletion of rsmA, removal of its ortholog rsmN has no measurable

impact on T6SS promoter activity while RsmA is present.

Although T6SS promoter activity is high in a AretS context, it is notable that the strain
with mutation in both rsmA and rsmN genes shows even further elevation in H1-T6SS promoter
transcriptional and translational activity (Figures 4.3 and 4.5 blue curve). This indicating
that RsmN does contribute to T6SS regulation in absence of RsmA. A particular feature
of P. aeruginosa H2- and H3-T6SS expression reported previously by (723) is preferential
expression at 25°C rather than 37°C (Figure 4.5). Therefore, we performed additional promoter
activity measurements at 25°C and this confirmed the prior observation as both ¢ssA2 and
tssB3 promoter reporters showed higher activity at 25°C compared to 37°C. It is also notable
that independently of the growth conditions gac-rsm mutant strains display the same trend of

differences in graduated promoter activity.
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Figure 4.4: Gac-Rsm mutant strains show graduated increase in H3-T6SS promoter
activity and expression.

Analysis of H3-T6SS (tssB3) promoter transcriptional (A) and translational (B) activity of WT,
ArsmN, ArsmA, AretS, and ArsmAArsmN strains. All measurements performed at 37°C, in
static culture, each display item shows a mean +SD of 4 technical replicates that is representative
of n = 3 biologically independent repeats.

Complementary western blot analysis shows gradual elevation in of Hcp3 expression. A
representative blot of 3 independent biological repeats shown here, for H3-T6SS activity

assessment bacteria were cultured for 24h at 30°C. RNA polymerase (RpoB) used as loading
control.
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Figure 4.5: Decrease in growth temperature results in elevated H2-T6SS and H3-
T6SS promoter activity, while H1-T6SS promoter activity is decreased in Gac-Rsm
regulatory cascade mutant strains.

Analysis of T6SS promoter transcriptional (upper) and translational (lower) activity in WT,
ArsmN, ArsmA, AretS, and ArsmAArsmN strains. First column shows H1-T6SS (tssA1),
middle H2-T6SS (tssA2), and last H3-T6SS (tssB3), promoter activity over growth time as
measured by plasmid based GFPmut3b reporter fusions. All measurements performed at
25°C, in static culture. Each display item shows a mean +SD of 4 technical replicates that
is representative of n = 3 biologically independent repeats.

4.2.2 Gac-Rsm dependent elevation in Hcp abundance in cells and culture

supernatant fraction

The measurements of promoter activity using fluorescent reporter fusions suggested that
the level of T6SS expression could be progressively increased by interfering with the Gac-Rsm
pathway. Here we assessed whether an increase in expression correlates with elevated activity,
which means an increased level of T6SS-dependent secretion. An approach that allows for
comparative assessment of T6SS activity is through quantifying the amounts of Hcp protein
released into the culture supernatant through western blotting. The Hcp proteins are piled
within the contractile sheath structure and are expelled from cells in large quantities once a
firing event occurs. This analysis confirmed that similarly as in case of promoter activity,

graduated elevation of both of Hcpl and Hcp2 amounts from lowest to highest can be seen in
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the cells of WT, ArsmN, ArsmA, AretS, and ArsmAArsmN strains (Figure 4.3 E and F). To
validate that release of Hcp in the medium is specific to system activity rather than a result of
lysis, we included strains defective in T6SS activity due to deletion of genes encoding sheath
proteins TssB1, TssB2, or TssB3. Removal of these genes ensures that the sheaths can no-longer
be assembled, while the expression of the rest of the T6SS proteins likely remains unaffected.
The analysis of Hepl and Hcep2 abundance in the media fraction shows that the increase in
expression directly correlates with increased system activity. In regard to H1-T6SS, substantial
amounts of Hcpl are detected in the supernatant fraction of AretS strain culture with even
further increase in case of ArsmAArsmN, while T6SS activity in ArsmA strains is low by
comparison (Figure 4.3 E). Hep2 in the assaying conditions used here can be detected even in
WT cell lysate, while ArsmA, AretS, and ArsmAArsmN mutations are needed for consistent
system activation, with graduation between the three mutants being less severe than seen in the
case of H1-T6SS, but still displaying step-wise elevation in activity (Figure 4.3 F'). Regarding H3-
T6SS, Hep3 expression in the cells is increased in a manner consistent with the promoter activity
measurements (Figure 4.4 C), while analysis of Hcp3 presence in supernatant was omitted as it
is not consistently detectable under current laboratory assay conditions. Overall, western blot
analysis of Hcp protein amount in cell and medium fractions shows that graduated differences
in promoter activation using our set of gac-rsm mutant strains directly correspond to increased

protein production and T6SS activity as shown by western blotting.

4.2.3 gac-rsm mutants show increased TssBC sheath assembly dynamics

To further assess how regulatory cascade mutations influence T6SS activity at resolution of
individual cells, dynamics of T6SS assembly and firing can be investigated using live cell imaging,
where T6SS sheath proteins (TssB in case of this study) are fused with a fluorescent protein and
this enables tracking of dynamics of individual sheath assembly (740, 547). We engineered and

used P. aeruginosa gac-rsm mutant strains encoding tssBI1-mScarlet fusion at the native locus to
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Figure 4.6: Elevation in H1-T6SS expression and activity is reflected by increased
dynamic sheath structure abundance.

(A) Fluorescent images illustrating changes in H1-T6SS sheath abundance in ArsmA, AretS,
and ArsmAArsmN strains with chromosomal tssB1::mScarlet-I fusion at the native locus. (B)
Quantification of percentage of the population with dynamic H1-T6SS sheath structures over
120s time-lapse. Image sets from 2 to 3 independent imaging session were analysed with total
approx. 5000 to 6500 cells quantified for each strain shown. Bacterial culture of ODgyp=0.05
was spotted LB agar and inverted onto cover glass, images taken after 3.5-4.5h incubation at
37°C. An approx. 15.6 x 13 um representative field of view shown.

assess differences in number of sheaths assembled (Figure 4.6). Time-lapse imaging of H1-T6SS
sheath dynamics in ArsmA strains shows that approx. 4.2% of the population actively assemble
sheaths and this number in doubled to 8.3% in AretS regulatory context (Figure 4.6 B). Even
further elevation to 24.7% of the population engaging in active sheath assembly and firing can
be seen in strain with mutations in both rsmA and rsmN genes (Figure 4.6 B). This elevation
in dynamic sheath structure abundance directly correlates with increased Hcpl abundance in
secretome as assessed by western blotting (Figure 4.3 E). A notable feature of P. aeruginosa
H1-T6SS sheath firing is the "Tit-for-Tat" or "duelling" behaviour first described by (564). As
seen in Figure 4.6 A, many of the sheaths in neighbouring cells are assembled directly opposite
of another sheath, at a site where previous injection just occurred. When quantifying the sheath
abundance, it was notable that even in the case or ArsmAArsmN mutant strain, that shows

high level of Hcpl secretion, only a fraction of the population is actively assembling and firing
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H1-T6SS sheaths (Figure 4.6 B).

4.2.4 gac-rsm mutants show increased H1- and H2-T6SS-dependent

competitiveness

Having established how mutations in genes encoding components of the Gac-Rsm cascade
impact on T6SS in wvitro activity, we proceeded to test whether this translates into graduated
differences in strain competitive fitness. To assess T6SS-dependent killing, a surface-based
competition assay can be used. This involves mixing an antibiotic resistance gene carrying
T6SS sensitive prey bacterium with an attacker strain, that lacks the specific resistance gene.
The bacterial mixture is placed on a medium-containing agar surface where both bacteria are
co-cultured. Subsequently, bacteria are recovered and re-suspended in PBS, serially diluted
and replica plated on antibiotic containing selective media that allows for specific recovery and
quantification of prey abundance in different bacterial mixes. Strains lacking sheath proteins
TssB1, TssB2, and TssB3 are used for negative control competition mixtures to ensure that
changes in prey abundance observed are T6SS dependent. These assays are commonly performed
with prey bacteria from different species, such as E. coli or P. putida (741). Here the aim is
to compare gac-rsm mutant strains that different not only in the T6SS activity levels, but have
also undergone a broader phenotypic shift. Within context of inter-species competition any non-
T6SS-associated phenotypic changes are likely to act as a compounding factors and complicate
interpretation of interspecies competition assay results. An alternative approach was taken here,
where the various gac-rsm mutant strains are specifically sensitised to the attackers T6SS by
deleting specific pairs of toxin-immunity genes. For assessment of H1-T6SS-dependent killing
strains were sensitised to pore forming toxin Tse5, while nuclease TseT sensitive strains were used
for assessment of H2-T6SS dependent killing. These toxins were chosen as comparative toxin
potency assessment discussed in chapter 5 shows these to be the most effective for elimination

of P. aeruginosa in an individual T6SS toxin-dependant manner. The T6SS toxin-sensitised
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Figure 4.7: Assessment of H1-T6SS toxin Tse5 mediated killing capacity of different
Gac-Rsm mutants.

Assessment of Tseb mediated killing in different Gac-Rsm mutant strains. (A) Quantification
of prey recovered on selective media. WT, ArsmA, AretS, and ArsmAArsmN toxin sensitised
strains with a parental strain of corresponding regulatory background. Using parental strains
with active T6SS or mutation of AtssB1 AtssB2AtssB3 for T6SS- attacker strains as indicated.
Showing images representative of three biological replicates.

(B) Corresponding numerical quantification of amount of prey recovered. Showing mean + SD
of three biological replicates. Statistical testing performed using ANOVA and Tukey’s tests,
with p<0.05 indicated with a "*".

strains (Atse5tsi5 or AtseTtsiT) were competed with the corresponding parental strains and
the T6SS defective (AtssB1AtssB2AtssB3) counterparts. Use of this approach allowed to better
compare differences in T6SS killing efficacy because of specific modulation in T6SS activity as

competitors are otherwise isogenic.

The assessment of Hcpl abundance in cells and media fraction through western blotting

(Figure 4.3 E) indicates very low protein abundance in WT, ArsmN, and ArsmA strains. Here,
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neither WT nor ArsmA strains sensitised to Tseb action appear to be any less abundant than the
control (Figure 4.7). Yet in AretS and ArsmAArsmN mutant strains we previously observed
much higher Hepl abundance in culture supernatant fractions (Figure 4.3 E) and accordingly a
T6SS-dependent reduction in prey abundance within the competition mix is clearly detectable

for both strains (Figure 4.7). It is notable that competition with AretS strains results in
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Figure 4.8: Assessment of H2-T6SS toxin TseT mediated killing capacity of different
Gac-Rsm mutants.

Assessment of TseT mediated killing in different Gac-Rsm mutant strains. (A) Showing
the amount of prey recovered on selective media. Competing WT, ArsmN, ArsmA, AretS,
and ArsmAArsmN toxin sensitised strains with a parental strain of corresponding regulatory
background. Using parental strains with active T6SS or mutation of AtssB1AtssB2AtssB3 for
T6SS- attacker strains as indicated. Showing images representative of three biological replicates.
(B) Corresponding numerical quantification of amount of prey recovered. Showing mean + SD
of three biological replicates. Statistical testing performed using ANOVA and Tukey’s tests,
with p<0.05 indicated with a "*".
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approximately 100-fold reduction in sensitive prey abundance, while only 10-fold reduction
is consistently seen in ArsmAArsmN context. When assessing H2-T6SS-dependent killing
as mediated by nuclease TseT, stark differences in toxin sensitive bacteria abundance were
detectable in all genetic contexts. Both WT and ArsmN strains show 10- to 100-fold reduction in
toxin sensitive prey abundance, while in ArsmA context prey was nearly 150-fold less abundant
in presence of a T6SS active (T6SS+) parental strain (Figure 4.8). This was broadly reflective
of differences in Hep2 levels detected in the supernatant using western blotting (Figure 4.3 F).
An even further increase in H2-T6SS-dependent killing was seen in the AretS strain (Figure
4.8). This overall improvement in the ability to eliminate prey in a H2-T6SS-dependent manner
compared to H1-T6SS does not necessarily reflect an improved killing, but may reflect the
impact of the individual toxins used in the assay. Overall, competition assay relying on prey
recovery broadly reflects the differences in T6SS activity of the gac-rsm mutant strains and
further confirms that the disruption of the cascade at different points results in strains with

different T6SS activity and thus ability to eliminate sensitive prey.
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4.3 Discussion

The Gac-Rsm cascade is central in controlling transition towards increase in biofilm-
associated gene expression, including control and increase in P. aeruginosa T6SS gene expression.
This study evaluated the variation in T6SS expression and activity of strains with mutations at
different positions within the Gac-Rsm pathway with the aim of compiling a set of strains
with graduated T6SS activity that could be used for further studies of T6SS impact in
competition. Loss of function mutations in both rsmA and retS genes have been shown to
result in increased T6SS activity (172, 101, 723). RsmN has been shown to directly contribute
to H1-T6SS translational activation (135, 149, 131, 145) and comparative analysis of AretS
and ArsmAArsmN P. aeruginosa PAl4 strains through western blotting indicated higher
activity levels in ArsmAArsmN genetic context (598). In this study, we compared 4 strains
with mutations affecting the Gas-Rsm regulatory cascade in regards to expression of all three
P. aeruginosa T6SSs. These mutations are in the gene encoding the repressor RetS located
at the top of the cascade, the downstream repressors RsmA and RsmN, and the combined
ArsmAArsmN mutant. This assessment provides a useful background to guide the choice of
genetic context for future experimental design when performing P. aeruginosa T6SS studies
investigating the impact of individual toxins (Chapter 5).

Here, we have combined promoter activity analysis with protein abundance assessment
through western blotting and single-cell microscopy to investigate the impact of the Gac-Rsm
cascade on P. aeruginosa T6SS. Both RsmA and RsmN have been shown to bind P. aeruginosa
T6SS gene transcripts in vitro and in vivo (742, 739, 135). We have confirmed that, as expected
from the existing literature, deletion of rsmA increases activity of all three T6SSs (723), while
loss of rsmN alone does not have a notable impact on any of the T6SSs (Figures 4.3 and
Figure 4.4). Comparative analysis of the impact of ArsmA and AretS on T6SS shows that
the expression activity of each of the systems is further elevated if the Gac-Rsm cascade is

disrupted at the sensory kinase level. More remarkably, even further H1-T6SS activation is
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seen when comparing AretS and ArsmAArsmN strains. With direct removal of both RsmA /N
translational repressors, resulting in even further H1-T6SS activation than indirect de-repression
through removal of RetS. Removal of RetS is likely to result in elevation of RsmY/Z production,

but this does not guarantee that SRNAs will sequester all free RsmA and RsmN.

This study highlights the difference in T6SS activity between ArsmA and AretS strains,
with AretS mutation resulting in consistently higher expression of the T6SS components and
improved killing capacity of both H1- and H2-T6SS systems (Figures 4.7 and 4.8). This also
points to the contribution of RsmN to the regulation of T6SS and that although ArsmN strains
have been reported to display mild phenotypes (136, 135), the combination of ArsmAArsmN
mutations leads to a substantial phenotypic shift, with the impact on H1-T6SS being the most
striking. The expression of rsmN is under regulatory control of RsmA (135, 743), and this
provides a possible explanations of the somewhat mild ArsmN single deletion phenotypes, and
this repressor could be more impactful and provide a compensatory mechanism upon loss of
RsmA. Another factor contributing to the lesser in vivo impact of RsmN could be weaker target-
binding and a requirement for dimer formation (122, 739). The results of a study that conducted
transcriptome-wide mapping of RsmA /RsmN binding sites by (122) indicated that stabilisation
through cross-linking was essential to detect RsmN binding sites, while RsmA binding was
detectable without cross-linking; additionally, RsmA showed 5 times higher read enrichment for
tssA1 mRNA 5’UTR than RsmN. Both observations are indicative of RsmN forming weaker in
vivo interactions with RNA targets. Yet, here we demonstrate that in the absence of RsmA,
RsmN contributes to the repression of all three P. aeruginosa T6SSs. Additionally, further
investigation avenue could focus on the phenotypic differences between AretS and ArsmAArsmN
strains. An avenue for this investigation would be to focus on impact of Rsm sRNAs. The two-
component GacS-GacA system in P. aeruginosa is under direct control of RetS and appears to
signal exclusively through RsmY and RsmZ (123), but the two sRNAs are not under exclusive

control of GacA (152). Furthermore, additional SRNAs - RsmV and RsmW have been identified
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and shown to interact with both RsmA and RsmN, but their regulatory contribution under
physiological conditions remains unknown (157, 149).

Our data show that the level of T6SS activity can be upregulated in a kind of rheostat-
like manner by manipulating distinct components of the Gac-Rsm network, and a progressive
increase in the T6SS function is accompanied by a correlative increase in the level of secretion
and impact on the survival of toxin sensitive prey bacteria. Overall the observations presented
in this thesis chapter reinforce the idea that the Gac-Rsm cascade modulates the activity of
T6SS and flag strains with gradually differentiated levels of T6SS activity that can be used as a
tool for a further detailed study of how T6SS contributes to bacterial competition. In chapter
5 these strain set with graduated T6SS activity will be used to assess how differences in T6SS
activity levels impact the whole community structure and to study the potency of T6SS toxins

upon delivery at different doses.

178



Chapter 5

Individual Pseudomonas aeruginosa
T6SS toxin mediated killing
determines lineage distribution

within communities

5.1 Introduction

Type VI secretion system (T6SS) is a molecular machine that is used to deliver effector
proteins directly to adjacent cells. T6SS can be used to deliver effectors to host cells or
nearby microbes, both bacteria and eukaryotes, such as fungi or amoebae (39, 514, 744). To
mediate all of these interactions, the T6SS effectors display a high degree of functional versatility
(354, 523). T6SS effectors are used to modify host cell behaviour, aiding with immune evasion
and internalisation or to cause host cell death by other means (41, 611, 39). Alternatively,
the system is used for direct competition with other microbes present within the niche killing
or inhibiting growth of both bacterial or fungal cells (745). Pseudomonas aeruginosa T6SSs

are notable for the high number of functionally diverse effectors that include anti-host and
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antibacterial toxins as well as common good effectors that aid in metal ion uptake. Table 5.1
lists all effectors currently described in P. aeruginosa PAO1 and more are likely to be identified,
as evidenced by the frequent addition of new entries to the list of toxins, with both systematic
and unbiased identification approaches in use (555, 557). Most of the effectors identified to
date are antibacterial toxins delivered by H1- and H2-T6SS. The functions of these toxins are
biochemically diverse and target the integrity of the cell wall or membranes, as well as energy
metabolism, protein production, or nucleic acids (584, 594, 40, 557, 559). A question that arises
when looking at this effector diversity is how do these different toxins contribute to bacterial

competition.

Studies evaluating the impact of individual T6SS toxins as delivered by producer bacteria
are challenging in the context of bacteria such as P. aeruginosa that deliver a large and diverse
set of T6SS effectors. In addition, studies of T6SS in P. aeruginosa generally rely on strains with
regulatory mutations, often within the Gac-Rsm cascade, as T6SS expression is non-constituitive
under laboratory conditions (Chapter 4). With these considerations, a study of individual
effector impact within an interspecies context would prove not only exceedingly complex to
perform from an engineering standpoint, but also provide challenges in interpretation due to the
many compounding factors. Among these is the fact that the Gac-Rsm cascade not only affects
T6SS activity but is central to regulating the transition from planktonic to biofilm lifestyle,
involving hundreds of genes that include the production of extracellular matrix components and
changes in bacterial motility (746, 122), factors known to influence the results of T6SS-dependent
competition (650). It stands to reason that even in the context of competition between otherwise
isogenic PAO1 WT and Gac-Rsm cascade mutant any competitive differences observed would
be a result of not only increased T6SS activity, but a range of other compounding phenotypic
differences. These considerations led us to an approach of studying impact of individual toxins
in an isogenic context, where any changes in distribution of strains within bacterial communities

are a result of actions of specific toxins as delivered by the attacker population.

180



Effector Cognate toxin Deseription References
immunity
Tsel Tsil (PA1845) Amidase that hydrolyses peptidoglycan crosslinks (Hood et al., 2010, Russell er
(PA1844) causing target cell lysis al,2011)
Tse2 Tsi2 (PA2703) NAD dependent ADP-ribosyltransferase that causes (Hood et al., 2010, Liet al.,
(PA2702) quiescence, toxic when expressed in eukaryotic cells 2012, Robb et al., 2016)
Tse3 Tsi3 (PA3485) Muramidase that hydrolyses peptidoglycan backbone (Hood et al., 2010, Russell et
(PA3485) causing target cell lysis al.,2011)
Tsed Tsi4 (PA2775) Forms ion selective membrane pores that disrupt proton (Whitney et al., 2014, LaCourse
@ (PA2774) motive force etal,2018)
ﬁ TseS /RhsP1 | Tsi5 /RhsPli Forms ion selective membrane pores resulting in loss of (Hachani er al., 2014, Whitney
—~ | (PA2684) (PA2683.1) membrane potential, contains RHS and PAAR domains et al., 2014, Gonzalez-Magana
= et al., 2021)
Tse6 Tsi6 (PA0094) NAD(P)+ glycohydrolase that depletes NAD(P)+ (Hachani ef al., 2014, Whitney
(PA0093) resulting in target bacteriostasis, contains PAAR domain et al., 2014, Whitney ef al.,
2015)
Tse7 Tsi7 (PA0100) Tox-GHH2 nuclease, contains PAAR domain (Hachani et al., 2014,
(PA0099) Pissaridou ef al., 2018)
Tse8 Tsi8 (PA4164) Targets transamidosome complex disrupting protein (Gonzalez-Magana et al., 2020,
(PA4163) synthesis Nolan et al.,2021)
Tlel Tlila (PA3291) Phospholipase A2 activity (Russell et al., 2013, Hu et al.,
(PA3290) Tlilb (PA3292) 2014, Flaugnatti ez al., 2016)
Tle3 Tli3 (PA0259) Phospholipase (Russell er al., 2013, Berni et
(PA0260) al., 2019)
Tle4 /TplE Tli4 /TplEi Phospholipase, contains PGAP1-like domain to aid (Russell ez al., 2013, Jiang et
(PA1510) (PA1509) internalisation into host cells and localisation at ER al., 2014, Lu et al., 2014)
membrane inducing autophagy, both antibacterial and
anti-host toxicity
PIdA /Tle5a | Tli5a (PA3488) Phospholipase D with preference for PE (Wilderman et al., 2001,
(PA3487) (phosphatidylethanolamine) as substrate, activate Russell et al., 2013, Jiang et al.,
PI3K/Akt pathway that promotes internalisation into host | 2014, Spencer & Brown, 2015,
cells, both antibacterial and anti-host toxicity Boulant ef al., 2018, Wettstadt
etal,2019)
PIdB /Tle5b | Tli5bi (PAS088) Phospholipase D, activates PI3K/Akt Pathway that (Russell ef al., 2013, Jiang et
(PA5089) Tli5b2 (PAS087) promotes internalisation into host cells, both antibacterial | al., 2014, Wettstadt et al., 2019,
@ Tli5bs (PAS086) and anti-host toxicity Wen et al., 2020)
ﬁ VerG2b VerG2bi Contains zinc- metallopeptidase domain, hydrolyses (Sana et al., 2015, Berni et al.,
& | (PA0262) (PA0261) peptidoglycan in cell division plane causing target lysis. 2019, Wood et al., 2019)
= Interacts with a- and B-tubulins and yTuRC promoting
internalisation into nonphagocytic cells, both
antibacterial and anti-host toxicity
AmpDh3 AmpDh3i Cell wall remodelling amidase that contributes to - (Juan et al., 2006, Zhang et al.,
(PA0OSO7) (PAOSOS) lactam resistance, hydrolyses target cell peptidoglycan 2013, Wang et al., 2020)
cross links
TseT TsiT (PA3908) TOX-REase domain containing nuclease (Burkinshaw er al., 2018)
(PA3907)
TseV TsiV (PA0821) Putative VRR-NUC domain containing nuclease (Wang et al., 2021)
(PA0822)
PA5265 PA5264 Contains MIX (marker for type six effectors) motif (Salomon et al., 2014)
PA2066 Unknown Putative Hep2 associated effector (Howard et al., 2021)
Azu - Common good effector, copper binding and uptake (Nar et al., 1992, Han et al.,
(PA4922) 2019)
ModA - Common good effector, molybdite binding and uptake (Self et al., 2001, Wang et al.,
(PA1863) 2021)
- PA0256 Unknown Putative Hep3 associated effector (Howard ef al., 2021)
w
; TseF - Common good effector, interacts with PQS and the (Lin et al.,2017)
E (PA2374) siderophore receptor FptA aiding in iron uptake

The exact set of effectors differs between individual P. aeruginosa reference strains; here
P. aeruginosa PAO1 was used to comprehensively engineer strains sensitised to each of the
individual toxins listed in the Table 5.1 and this was done in a variety of regulatory backgrounds.
To do so, we deleted specific cognate effector-immunity gene pairs in various regulatory

backgrounds, enabling a comprehensive analysis of how delivery of individual toxins at different

Table 5.1:

P. aeruginosa PAO1 T6SS effectors
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doses results in increased competitive fitness.

The objectives of this chapter are:

To develop an experimental setup that allows to assay how T6SS-dependent competition

impacts lineage distribution in mixed communities.

To assess individual T6SS toxin contribution to bacterial competition.

To assess how graduated differences in T6SS firing behaviour translate into differences in

bacterial competitiveness.

To evaluate how changes in bacterial growth conditions impact T6SS-dependent

competition outcome.

To use theoretical modelling to evaluate the key parameters that determine the outcome

of the T6SS-dependent competition.
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5.2 Whole colony microscopy setup for imaging bacterial
competition

To investigate how P. aeruginosa uses T6SS-toxins to shape the structure of whole
communities, we took the approach of growing competing bacteria within mixed macrocolonies.
This setup relies on placing a defined mix of fluorescently tagged bacteria on a media surface
and once a macrocolony is established, spread and spatial distribution of sub-populations within
the community can be visualised. This allows for assessment of not only the overall competition
outcome by comparing the area occupied by the two competitors, but allows to look at the
impact on lineage distribution within community. An experimental setup similar to the one
employed here has been used in both bacterial and yeast systems to address questions on how
the community structure is shaped by mechanistic interactions, positive interactions in form
of cross-feeding or competition through both diffusible toxins and contact dependent inhibition
(CDI) (416, 683, 747, 701, 700). Here, this setup has been adapted to assess how the use of

individual T6SS toxins enables P. aeruginosa to restrict prey bacteria growth.

5.2.1 Bacterial distribution in mixed macrocolonies

To observe sub-population distribution within mixed macrocolony, bacterial strains are
tagged with constructively expressed, chromosomally integrated fluorophores - here sfGFP or
mCherry are used, then two isogenic PAO1 strains are mixed and grown on media agar until a
macrocolony with 2 distinct regions is established. The central part of the colony corresponding
to the placement of the inoculum droplet and bacteria in this area appear to be well mixed
(Figure 5.1 A). It is also notable that after establishment sub-population distribution within
the colony central region remains mostly unchanged during further growth (Figure 5.1 B). The
outer colony region is made up of segments that are preferentially dominated by one of the

strains within the mix. The number or segments in the outer colony region and the extent of
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Figure 5.1: Sub-population distribution within mixed macrocolony community.
Mixed lineage macrocolonies consist of two distinct regions, an intermixed central region
corresponding to the inoculum placement and a segmented outer colony region. (A) Showing
individual fluorescence channel images, corresponding overlay and bright-field images of a 24h
old macrocolony of red (mCherry) and green (sfGFP) tagged ArsmA lineages. Location of
inoculum spot indicated with a ring in blue. Inoculum density ODggg=0.01, strain ratio within
mix of 1:1, bacteria cultured at 37°C.

(B) Lineage range expansion within mixed bacterial colony. Fluorescent images of ArsmA
lineage expansion within colony 13h, 24h, 36h, and 48h after inoculation. Inoculum density
ODgpo=0.01, strain ratio within mix of 1:1, bacteria cultured at 30°C.

(C) Changes in sub-population spatial distribution depending on the bacterial density within
inoculum. Showing fluorescent channel overlay images of 48h old mixed colonies consisting of
ArsmA lineages. Inoculum density ODggg of 1.0, 0.1, 0.01, and 0.001, strain ratio within mix of
1:1, bacteria cultured at 37°C for 48h.
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Figure 5.2: Sub-population distribution within mixed macrocolonies is dependent on
the media rigidity.

Fluorescent images of lineage distribution within macrocolonies grown on LB with agar
concentration (w/v) of 1.2%, 1.5%, 1.75%, 2.0%, 2.5%, 3.0%. Showing images of red fluorescent
channel only and the corresponding overlay images. Communities established from inoculum
with density of ODggo=1.0 or 0.01, grown at 37°C for 48h. Showing 1 of 1 biological repeat set.

Figure 5.3: Bacteria within a drying inoculum spot distribute accordingly to ’coffee
stain’ pattern.

A ring indicative of higher bacterial density at the edge of inoculum spot can be seen both in
bright-field (A) and fluorescent (B) images. Both images taken after 4h incubation at 37°C,
inoculum density ODggp=1.0 (A) and ODgpp=3.0 (B).

strain intermixing in the outer colony region depends on the bacterial density in the inoculum

(Figure 5.1 C). Growth conditions such as changes in temperature, ambient moisture and media
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rigidity also notably affect sub-population distribution within macrocolonies (Figure 5.2). An
increase in the concentration of media agar results in a corresponding elevation in substrate
rigidity; bacterial colonies grown on increasingly more rigid media appear comparably smaller
and less intermixed in the outer colony region. An additional feature observable in mixed
macrocolony structures is an appearance of a ring at the location corresponding to the outer
edge of the inoculum droplet (Figure 5.3). As a result of microfluidics effect termed "coffee stain'
pattern, water from bacteria containing droplets evaporates in a manner that promotes bacterial
aggregation at the edge of the drying droplet (748, 749). This increased bacterial density results
in distinct population establishment conditions and differences in sub-population arrangement

at this location can be observed in established communities.

5.2.2 Ability to actively fire T6SS is not sufficient to provide a competitive

advantage.

First we chose to assess whether the ability to fire T6SS impacts the competitive fitness of
the strain in an otherwise isogenic context. For this we used a strain with a triple deletion of

tssB1, tssB2, and tssB3 genes, that renders all T6SSs unable to fire, but does not interfere with

mCherry sfGFP Overlay
Biological replicate: #1 #2 #3 #1 #H2 #3 #1 #2 #3

Tess *
T6SS- TesS*

Tess*

T6SS -
T6SS -

Figure 5.4: Ability to actively fire T6SS does not provide a marked competitive
advantage between otherwise isogenic P. aeruginosa strains. Fluorescent images
of whole bacterial colonies of bacteria mixes made up of T6SS+ (AretS) and T6SS—
(AretSAtssB1 AtssB2AtssB3) strains at 1:1 initial ratio and initial ODgyp=1.0, showing
individual channel and overlay images of 3 biological replicates of 48h old mixed macrocolonies
incubated on LB with 2%(w/v) agar at 37°C.
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the production of T6SS components (Figure 4.3 E and F). Using a AretS mutant with high
levels of T6SS activity, no competitive differences beyond expected inherent structural variation
were seen when competing AretSAtssB1 AtssB2AtssB3 mutant with its parental AretS strain
(Figure 5.4). This indicates that within the context of competition in macrocolony biofilm the
metabolic costs resulting from the repeated assembly /disassembly process of T6SS are negligible.
Additionally, these results emphasise the importance of the T6SS competition being dependent
on successful toxin delivery rather than the effects of mechanical damage rendered through

puncture by T6SS.

5.3 Delivery of individual T6SS toxins restricts prey expansion

within macrocolonies.

The resistance to T6SS-mediated killing from sister cells results from the presence of a full
set of effector immunity genes in both strains that make up the community. As simply firing
T6SS does not provide an added competitive advantage, we decided to use this assay to study
how competition mediated exclusively through individual T6SS effectors affects the bacterial
distribution within the community. This can be done through systematically engineering strains

sensitive to specific toxins by removing individual effector-immunity gene sets.

5.3.1 H1-T6SS toxin-mediated competition in different Gac-Rsm mutant

strains

T6SS effector sets are highly variable not only between bacterial species, but also between
commonly used reference strains. This study on the impact of individual T6SS effectors focusses
on P. aeruginosa PAO1, with existing publications describing a total of 18 known effector-
immunity gene pairs listed in Table 5.1. We systematically engineered strains sensitive to all

8 known H1-T6SS toxins, i.e. Tsel-Tse8 in a range of Gac-Rsm regulatory mutant strains. To
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avoid self- and sister-cell intoxication, we removed both effector and cognate immunity genes (i.e.
tseltsil - tse8tsi8). For purposes of assaying competition within mixed bacterial macrocolonies,
strains sensitive to T6SS toxins were tagged with constitutively expressed mCherry (shown in
red), while the parental strain with or without active T6SS was tagged with sftGFP (shown in

green); this colour scheme remains consistent throughout the report (Figure 5.5).

WT ArsmA AretS ArsmA ArsmN

T6SS + T6SS — T6SS + T6SS — T6SS + T6SS — T6SS + T6SS —

Atseltsil

Atse2tsi2

Atse3tsi3

Atsedtsid

Atse5tsi5

Atse6tsi6

Atse7tsi7

Atse8tsi8

Figure 5.5: Growth of H1-T6SS toxin sensitised strains is spatially restricted in a
manner dependent on the specific toxin used and the level of H1-T6SS activity.
Representative image of 48h old mixed colonies of toxin sensitised bacteria in red in competition
with T6SS+ or T6SS- (AtssB1AtssB2AtssB3) strains of the same regulatory background in
green. Upper lane contains a control mix of bacteria with full toxin-immunity gene sets, each of
the following lanes contains strain sensitised to one of the H1-T6SS toxins from Tsel to Tse8.
Images sets (from left to right) of competitions of WT, ArsmA, AretS, and ArsmAArsmN
regulatory background strains. For each of the experiment sets single fluorescence channel and
overlay images showing distribution of sensitised prey in a mix with T6SS+ and subsequently
T6SS- (AtssB1AtssB2AtssB3) parental strain are shown. Strains contain constitutively
expressed fluorescent proteins, toxin sensitised prey is labelled with mCherry (shown in red) and
attacker with sfGFP (shown in green). All bacteria mixed at 1:1 ratio, inoculum ODgyp=1.0,
grown for 48h at 37°C on LB with 2% (w/v) agar.

WT P. aeruginosa PAO1 shows low levels of HI1-T6SS activity (Figure 4.3E). In competition
through prey recovery comparing the killing capacity of the Gac-Rsm mutant strains discussed
previously, no measurable Tse5-dependent prey killing was seen when competing WT strains
(Figure 4.7), but the scenario is somewhat different within the context of mixed macrocolony
competition. When the WT strain sensitised to Tseb is grown in the presence of T6SS+ W'T
attacker, the prey bacteria are restricted from expanding in the colony outer region (Figure 5.5).

This growth defect is T6SS-dependent, as it does not occur when toxin-sensitive bacteria are
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mixed with the parental strain T6SS AtssB1AtssB2AtssBS. Across multiple biological repeats,
it can also be seen that sensitisation to Tse4 results in T6SS-dependent prey growth restriction,
but to a lesser extent than Tseb. In the W'T regulatory context, none of the other strains
sensitised to individual toxins appear to be consistently growth restricted in a T6SS-dependent
manner. However, it is notable that the delivery of a single pore-forming toxin Tse4 or Tseb at
doses as low as indicated by Gac/Rsm mutant H1-T6SS activity analysis provides a consistent

competitive growth advantage.

The H1-T6SS activity is elevated within ArsmA genetic background (Figure 4.4E). In
competition using toxin-sensitive ArsmA strains we see that use of five out of the eight H1-T6SS
bacterial toxins results in prey growth restriction. Similarly as with WT strains, sensitivity to
both of the pore-forming toxins, Tse4 and Tseb, results in prey growth being mostly limited to
the colony central region. Furthermore, the delivery of NAD-dependent toxins Tse2 and Tse6,
as well as nuclease Tse7, results in restriction of the prey bacteria to the central region of the
colony. While use of peptidoglycan hydrolases Tsel and Tse3, or Tse8, which impairs target
protein synthesis by reducing the pool of available Asn-tRNA, does not result in a notable

growth impairment of the sensitive ArsmA strains.

When assessing the contribution of individual H1-T6SS toxins in the context of AretS
mutation, that was shown to result in further elevation of T6SS activity, even further growth
restriction of toxin-sensitive bacteria becomes apparent. Regarding the toxins Tse2, Tsed, Tseb,
and Tse6, all of which appeared to be sufficient to restrict prey bacteria growth to colony
central region in ArsmA strains, within the context of AretS regulatory background result near
complete prey elimination, with most replicates indicating that only trace amounts of toxin-
sensitive bacteria remain in the colony central region. A notable difference between single H1-
T6SS toxin-mediated competition in context of ArsmA and AretS strains is that sensitisation to
peptidoglycan muramidase Tse3 leads to notable T6SS-dependent growth restriction in AretS

context, while no impact is seen in ArsmA strain competition. Interestingly, in the case of
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sensitisation to nuclease Tse7, in both ArsmA and AretS genetic context, toxin-sensitive strain
growth is spatially restricted to the colony central region, but unlike in the case with the toxins
mentioned above, the amounts of prey bacteria in the central region remain high, both in the
presence of the T6SS+ and T6SS- parental strains.

Gac-Rsm mutant T6SS activity analysis revealed a that ArsmAArsmN mutants show even
further elevation of T6SS activity (Figure 4.4). Within the context of single toxin-mediated
competition, all toxins providing a T6SS-dependent competitive advantage in AretS background
strains appear to ensure nearly complete elimination of the sensitive bacteria, this being a
further direct indication of the dose-dependent impact of H1-T6SS toxins mediated through
elevation in T6SS activity. Notably, sensitisation to peptidoglycan hydrolase Tsel or the
transamidosome complex targeting Tse8, does not result in detectable growth disadvantage in
any of the individual toxin-mediated competition assays performed. Both Tsel and Tse8, have
been demonstrated to be H1-T6SS-dependent antibacterial toxins (584, 557), but within the
context of single toxin competition, remain ineffective in destroying prey, even when delivered
in presumably high doses by ArsmAArsmN strains, as indicated by the apparent dose response
of the other toxins assessed. In case of single H1-T6SS toxin competition in ArsmAArsmN
strains, some other features in distribution of competitors emerge. In case of both Tse6 and Tse7
mediated competition, a clear T6SS-dependent growth restriction is observable when comparing
prey abundance in presence of T6SS+ or T6SS- parental strains. What is notable is that unlike
in any other regulatory context, where distribution of fluorescence signal indicates that any
remaining prey bacteria is present in the colony central region, small amounts of surviving prey
are present as segments in the outer colony regions, this effect being similar to one further
addressed in the results section 6 looking at impact of type IV pili mediated impact on T6SS

competition.
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5.3.2 Analysis of changes in sensitive lineage spatial distribution upon T6SS

attack

When conducting toxin-mediated T6SS competition within mixed macrocolonies, additional
insights about competition within the context of growing communities can be observed. As
the colonies grow by expanding laterally and established regions remain largely unchanged over

time (Figure 5.1 B), analysis of spatial differences in the distribution of fluorescent signals within
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Figure 5.6: T6SS toxin action impacts bacterial distribution within communities. (A)
Images of mixed bacterial macrocolonies consisting of H1-T6SS toxin sensitised bacteria (in red)
in presence of T6SS+ (A) or T6SS- (ArsmA AtssB1 AtssB2 AtssB3) parental bacteria (in
green). Upper lane contains a control mix of bacteria with full toxin-immunity gene sets, each
of the following lanes contains strain sensitised to one of the H1-T6SS toxins from Tsel to TseS8.
Fluorescent channel overlay images show bacterial distribution within 3 replicate colonies. All
bacteria mixed at 1 to 1 ratio with inoculum density of ODggg=0.01, grown for 48h at 37°C on
LB with 2% (w/v) agar. (B) Images showing distribution of individual strains corresponding to
replicates #1 from panel (A) and the corresponding analysis of fluorescent signal distribution
within the image. Columns 3 and 7 show the corresponding mean (+SD) relative fluorescence
signal intensity for the each of the channels as function of distance from the colony central point
(for image replicates #1). With columns 4 and 8 showing relative area occupied by prey as
function of distance from the colony central point (mean of 3 replicate colonies +SD).
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the final community can provide insight in how community develops over time. In cases where
lineages in the outer colony region are well segregated, it is possible to measure the area of
colony occupied by each of the strains within the mix. This more explicit analysis of spatial
differences in the fluorescent signal was used to gain some further insight in H1-T6SS toxin-
mediated killing within ArsmA regulatory context using a lower inoculum density setup that
due to initial sub-population establishment promotes formation of more spatially segregated

lineages.

When comparing the mean fluorescent signal brightness between the bacteria present or the
area of colony occupied by each of the strains, it becomes apparent that sensitive prey is indeed
not completely eliminated. Even in the example of Tse2-sensitised bacteria growth restriction
shown in Figure 5.6B, some red fluorescent signal is present in the outer colony region although no
large prey segments are apparent. In the cases of Tse5-, Tse6- or Tse7-mediated interactions, well
segregated segments in the outer colony region are apparent, but rather than large increase in the
relative area occupied, this is reflected in increased relative fluorescent signal variation. When
comparing structures with small number of well-defined prey segments to the signal from Tse2
sensitive bacteria, mean relative fluorescence level differences in corresponding colony regions
are small, but presence of segregated prey segments as compared to lack thereof is reflected by

increase in relative fluorescence variation.

A notable feature of the competition within mixed macrocolonies is that the overall
competitive outcome is primarily reflected in whether toxin-sensitive prey bacteria is able to
expand beyond the inoculum area, rather than as a fraction of the total community area
occupied, as this is likely to remain variable between communities (Figure 5.6A). Another point
of note is that in this scenario of laterally expanding community, the number of prey segments
formed or the size of remaining prey segments is not closely indicative of the relative toxin
effectiveness and aspects of the overall prey population distribution. Individual segment width

is likely more indicative of the fact that the particular fate of individual bacteria is subject
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to local heterogeneity, but is not necessarily reflective of the overall competitive effectiveness
(Figure 5.6A). It is also notable that although the low bacteria density setup used here allows
for more detailed measurement of the lineage distribution, the competition outcomes are less
robust overall, due to both inherently higher variation seen in communities established from
sparse founder cell populations (700) and the impact of prior establishment on T6SS-mediated

interactions addressed in more detail in the chapter 6.

5.3.3 T6SS toxins act synergistically

Two of the H1-T6SS toxins, Tsel and Tse3, are peptidoglycan hydrolases, growth restrictive
effect resulting from sensitisation to Tse3 is apparent in AretS and ArsmAArsmN genetic
context, while none of the Atseltsil strains tested appeared to be consistently growth restricted
(Figure 5.5). Both of these toxins are amongst the most studied T6SS effectors, with Tsel

especially being known as one of the most potent toxins in some interspecies competition

ArsmA

T6SS + T6SS —

Atseltsil

Atse3tsi3

Atseltsil
Atse3tsi3

Figure 5.7 T6SS toxins act synergistically to further restrict prey growth.
Representative fluorescent images of ArsmA strains sensitised to Tsel or Tse3 individually
(upper and middle rows correspondingly) and in combination (lower row). Both single
fluorescence channel and overlay images showing distribution of sensitised prey in a mix with
T6SS+ (ArsmA) on right and subsequently T6SS- (ArsmAAtssB1 AtssB2AtssB3) parental
strain on left. Strains contain constitutively expressed fluorescent proteins, prey labelled with
mCherry (shown in red) and attacker with sfGFP (shown in green). All bacteria mixed at 1:1
ratio, inoculum ODgyy = 1.0, grown for 48h at 37°C on LB with 2% (w/v) agar, showing a
representative image of a set of 3 replicates.
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scenarios (582, 564, 584, 661). Nevertheless, in case of killing P. aeruginosa, analysis of different
toxin-mediated competition suggests that toxins that alter the integrity of the peptidoglycan
backbone (e.g. muramidase Tse3) may have a more severe impact on cell integrity than the
ones targeting glycan crosslinks (e.g. amidase Tsel). Although neither ArsmAAtseltsil or
ArsmAAtse3tsi3 strains appear to be spatially restricted in the presence of the T6SS+ parental
strain, simultaneous sensitisation to both Tsel and Tse3 (ArsmAAtseltsil Atse3tsi3) leads
to T6SS-dependent prey strain growth restriction (Figure 5.7). This is an excellent example
of toxin synergy that emphasises the value of multiple toxin sets and additionally shows how
effectors such as Tsel that do not appear to be able to effectively kill P. aeruginosa even when

delivered at high doses, could be a valuable part of the toxin set as a whole.

5.3.3.1 P. aeruginosa engages in effective H1-T6SS toxin-mediated competition

under nutrient limitation

A significant broader question surrounding T6SS-mediated competition is the aspect of
metabolic costs associated with the use of T6SS. T6SS is a molecular machine that fires proteins
into target cells or surrounding media, and an assumption is that material costs associated
with the use of T6SS are high due to the requirement of continuous synthesis of cargo proteins
and energetic costs associated with the assembly and disassembly of the system. This type of
expenditure is easily justified when competing for the occupancy of nutrient rich niches, but
meta-genomics studies of marine bacteria have found that T6SSs are prevalent under nutrient
poor niches (519), therefore a question of how nutrient limitation impacts T6SS-mediated killing
is relevant. Additionally, we chose to test whether toxin-sensitive cells under nutrient-limiting
conditions would be more vulnerable to killing by T6SS toxins targeting energy metabolism are
more impactful under conditions where prey bacteria are under metabolic stress. Figure 5.8
shows a sub-set of H1-T6SS toxin sensitised AretS strains in a mix with both T6SS+ and T6SS-

parental strain on M9 minimal media agar with glucose as a carbon source compared to the
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Figure 5.8: P. aeruginosa is able to growth restrict H1-T6SS toxin-sensitive prey
independently of nutrient limitation during competition. Fluorescent images of mixed
macrocolonies of AretS regulatory background toxin sensitised bacterial strains in competition
with T6SS+ (AretS) and T6SS- (AretSAtssB1AtssB2AtssB3) parental strains. Showing
mCherry tagged prey strain distribution (upper section in red) and fluorescent channel composite
image with both prey and attacker (sfGFP shown in green) distribution in the lower set.
Comparative competition sets with prey strains sensitised to Tse2, Tse6, Tsel, or Tse8, from
left to right, with bacteria grown on defined minimal media (M9 with glucose as the sole carbon
source) or rich media (LB agar). All bacteria mixed at 1:1 ratio, inoculum ODggp = 1.0, grown
for 48h at 37°C on M9 or LB with 2% (w/v) agar. Showing a representative image of a set of 3
replicates for bacterial colonies grown on LB agar and 1 of 1 test images for colonies grown on
minimal media. Colony images shown to scale.

same competition mixes grown on nutrient rich LB agar. Strains sensitised to Tse2 and Tse6
were chosen as both of these toxins act by interfering with prey energy metabolism, and in both
cases the prey strains appear to be spatially restricted independently of the growth medium.
Furthermore, strains sensitive to Tsel and Tse8 were chosen as sensitisation of either of the
toxins did not show an effect in single toxin-mediated competition independently of H1-T6SS
activity level (Figure 5.5). Tse8 impacts protein synthesis through targeting transamidosome
complex (557), therefore we wanted to test whether this effector would be more impactful
in media lacking amino acids. Neither sensitisation to Tsel or Tse8 appeared to result in

any prey growth restriction on defined media (Figure 5.8), with the main notable impact on
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macrocolony experiments carried out in minimal media being the reduction in the size of the
entire population, resulting from growth under conditions limited in nutrients. Although no
additional compounding effects from growth in minimal media are observable, this confirms
that P. aeruginosa is capable of using T6SS to eliminate sensitive prey even under nutrient
restrictive conditions. Additionally, looking at the negative control competition mixes, it is
observed that strains unable to actively fire T6SS (AretSAtssB1AtssB2AtssB3) do not appear

to show a consistent increase in relative abundance under experimental conditions used here.

5.3.4 H1-T6SS toxin-mediated killing occurs independently of prey T6SS

activity

P. aeruginosa H1-T6SS is used for response or Tit-for-tat firing (564). This describes a
behaviour where a T6SS sheath is assembled in the location where an exogenous T6SS injection
has just occurred. This response firing is described in further detail in the Introduction section
1.4.4. Bierefly, P. aeruginosa Tit-for-tat firing is mediated by the TagTSRQ-PppA-PpkA
pathway (564, 579). Phosphatase PppA is H1-T6SS post-translational regulator and is essential
for repositioning of the sheath assembly platform in response to the detection of a T6SS injection
by TagTSRQ (569, 564, 573). This retaliatory firing means that upon provocation by external
T6SS attack H1-T6SS firing rate increases and has been shown to lead to a more effective killing
(576).

Taking this into account, we decided to test whether loss of T6SS activity in toxin-sensitive
prey cells (ArsmA Atsetsi AtssB1AtssB2AtssB3) would result in any killing protection as a
result of prey no longer "triggering/provoking" directed T6SS effector delivery. Looking at Tse2
or Tseb-mediated competition in the macrocolony competition assay assay, it appears that toxin-
sensitive prey growth is equally spatially restricted independently of the prey T6SS activity under
both conditions where competition is started by bacteria that are in close contact (inoculum

ODgpp=1.0) or bacteria are placed sparsely (inoculum ODgpp=0.01) and able to establish before
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Figure 5.9: P. aeruginosa used H1-T6SS to kill toxin-sensitive prey bacteria
independently of active provocation by prey bacteria. Fluorescent images of mixed
macrocolonies of ArsmA regulatory background toxin sensitised bacterial strains in competition
with T6SS+ (ArsmA) parental strain. Showing mCherry tagged prey strain distribution
(upper section in red) and fluorescent channel composite image with both prey and attacker
(sfGFP shown in green) distribution in the lower set. Comparative competition sets with
prey strains sensitised to Tse2 on left or Tseb on right. With first prey bacteria in the
set being T6SS active (ArsmA) and the second being unable to actively fire any of the
T6SSs (ArsmAAtssB1 AtssB2AtssB3). Macrocolony competition set-up after inoculation from
bacterial mixes of ODgyy = 1.0 (upper) or ODgoo = 0.01 (lower). All bacteria mixed at 1:1
ratio, grown for 48h at 37°C on LB with 2% (w/v) agar. Showing a representative image of a
set of 3 replicates for bacterial colonies for prey bacteria with full set of tssB genes and 1 of 1
test images for colonies with (ArsmAAtssB1AtssB2AtssB3) prey.

directly competing (Figure 5.9). These experiments indicate that H1-T6SS, known as a primarily
retaliatory T6SS system that specifically directs toxin injections, is able to effectively kill prey

bacteria that do not directly provoke directed T6SS injections.
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5.3.5 Loss of pppA results in elevated H1-T6SS firing, but does not
change toxin-mediated competition outcome within a context of mixed

bacterial macrocolonies

As the ability to specifically target T6SS attacks does not appear to be essential to
effectively eliminate toxin-sensitive prey within the context of mixed macrocolonies, we decided
to investigate how competition is affected by turning a retaliatory H1-T6SS into a constitutively
firing Hep pool limited system. Loss of PppA is known to increase H1-T6SS secretion activity
(569) and result in bacteria that are no-longer able to participate in Tit-for-Tat firing (564),
therefore we engineered ApppA mutations in Gac-Rsm mutant and toxin-sensitive strains. Gac-
Rsm cascade modulates the expression of T6SS and the corresponding elevation in the activity
of T6SS and associated ability to eliminate sensitive prey. Independently of the overall T6SS
expression level, western blotting shows that matching pairs or T6SS+ and T6SS- (AtssB1)
strains appear to maintain an equal Hepl pool within the cell (Figure 5.10 A). In strains lacking
the post-translational regulator PppA, independently of the overall expression level of H1-T6SS,
almost the entirity of Hepl pool is found in the media fraction (Figure 5.10 A). These results
are consistent with the loss of PppA turning H1-T6SS in a constitutive firing system, where the
overall levels of activity of the T6SS are limited by Hep production.

The introduction of the ApppA mutation is known to increase the activity of the H1-T6SS
system in the context of the secretion assay, but it remains somewhat unclear whether this
translates into improved competitive fitness. To test how an increase in H1-T6SS activity
resulting from pppA deletion affects bacterial killing, we constructed strains that are both
sensitive to H1-T6SS toxins and lack pppA. Within mixed macrocolony competition, growth
of AretS strains sensitised to Tse4 and Tse3 appear to be spatially restricted independently of
the parental strain pppA presence. Similarly, no gain of ability to restrict prey growth through
constitutive H1-T6SS firing was observed in case of Tsel or Tse8 mediated competition (Figure

5.10). Taken together, these results indicate that an increase in T6SS activity as assessed
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through a secretion assay is not always indicative of a corresponding improvement in killing.

At the same time, this does not provide sufficient evidence to conclude that the strains AretS
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Figure 5.10: Loss of post-translational regulator PppA results in increased H1-T6SS
activity, but does not ensure improved competitive fitness.

Western blot analysis showing how pppA deletion impacts relative Hepl abundance in cell
and media fractions. Analysis of ArsmA, AretS, and ArsmAArsmN strains with and without
functional PppA or TssB1 indicated by “+” or “~”. System component expression and activity
assessed in bacteria cultured for 5h at 37°C. Using RpoB as loading control.

Whole mixed colony competition assessing changes in toxin-sensitive prey lineage distribution
depending on presence or absence of PppA. Prey strains sensitised to Tse4, Tse3, Tsel, and Tse8
in AretS genetic context (red). First colony in the set showing competition of PppA+ prey and
attacker strains with second set of PppA- prey and attacker mix. Upper set of images shows
prey distribution only with lower set containing fluorescent image composite showing both prey
and attacker strain distribution. Upper lane in the set contains T6SS+ parental attacker strain
(AretS), while lower set contains T6SS- attacker (AretSAtssB1). All bacteria mixed at 1:1
ratio, inoculum density of ODgpo=1.0, grown for 48h at 37°C on LB with 2% (w/v) agar.
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and AretSApppA are equally competitive. This is due to a number of assay limitations, such
as potentially insufficient assay resolution. It is also possible that none of the toxins selected
here were competition-limiting, hence any additional toxin dose delivered was unable to shift
the balance of the broader competition dynamic. It is also possible that system activity in
liquid culture is not reflective of HI-T6SS activity within surface growth based competition.
Additionally, the ability to specifically target H1-T6SS injection may be a predeterminant of
successful killing under other conditions, but in a community that is dense from establishment,

this may be outweighed by a simple increase in activity.

5.4 Growth temperature dictates outcome of H2-T6SS-

dependent competition

5.4.1 Low temperature promotes H2-T6SS sheath assembly

Analysis of T6SS promoter activity in Chapter 4 showed that decreasing the growth
temperature from 37°C to 25°C results in H2- and H3-T6SS promoter activity increase. To
complement the analysis of T6SS promoter activity, we investigated how changes in growth
temperature impacts sheath assembly dynamics of H1- and H2-T6SS. For this, we engineered
a AretS strain that encodes both tssB1-mScarlet-I and tssB2-sfGFP fusions at the native
chromosome loci. This allows a simultaneous assessment of sheath assembly and firing events
of both H1- and H2-T6SS (Figure 5.11). As previously described by (547) assembly and firing
dynamics of these two systems are temporally distinct. H1-T6SS assembly and firing events take
approximately 20s while a single round of H2-T6SS assembly-firing can extend to beyond 420s,
with a notable fraction of H2-T6SS sheaths remaining present (547), but static during the whole
duration of 7min imaging time-lapse. T6SS sheath dynamics observed under growth conditions
in this study remain consistent with previously published, and this poses an experimental design

challenge - due to fluorophore photo-bleaching and photo-toxicity, it becomes impractical to
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perform imaging at a frequency required to capture the dynamics of H1-T6SS sheaths and
to continue this for a sufficient period of time to observe the dynamics of H2-T6SS sheaths.
Nevertheless, the differential temperature effect on the two T6SSs is best observed using a
strain with double fluorescent tags, therefore we chose to employ imaging conditions optimised
for capturing H1-T6SS dynamics aiming to asses the number of cells engaging in active H1-T6SS
sheath assembly in a manner comparable with experiments in results section 4. Regarding the
quantification of the H2-T6SS sheaths, we assessed the total number of H2-T6SS sheaths per
100 bacteria cells.

The abundance of the H1- and H2-T6SS sheaths changes depending on bacterial growth
temperature, and similarly as observed with other methods, the effect is inverse. When grown
at 37°C, fewer than 1 TssB2-sfGFP structures was observed per 100 cells, while at 25°C a stark
increase with an average of 74 sheaths per 100 cells was seen, with many of cells containing
multiple sheath structures (Figure 5.11 A and C). The temperature impact on H1-T6SS was
considerably less severe, with approx. 14% of the bacteria actively assembling TssB1-mScarlet-I

sheaths at 25° C and this increased to approximately 24% at 37°C (Figure 5.11 A and B).

5.4.2 Sensitivity to H2-T6SS toxins results in prey growth restriction at low

temperatures

While H1-T6SS toxin-mediated competition in a mixed macrocolony context was assayed at
37°C, for H2-T6SS we chose to carry out comparable experiments at both 25 and 37°C to assess
how the change in growth temperature impacts H2-T6SS toxin-mediated competition. For the
study of H2-T6SS toxins, we constructed a set of 11 strains sensitised to every known toxin-
immunity pair present in the PAO1 genome and as a control we added a prey strain lacking
the H2-T6SS associated copper uptake protein Azu. When these toxin-sensitive strains were
incubated with T6SS+ parental bacteria to monitor single toxin-mediated competition at 37°C,

none of the mixes resulted in consistent spatial restriction of the prey growth. When these
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Figure 5.11: Decrease in growth temperature promotes H2-T6SS sheath structure
assembly. HI1-T6SS sheaths are preferentially assembled at 37°C, while H2-T6SS activity
increases if temperature is lowered to 25°C. A Abundance of H1-T6SS (red) and H2-T6SS
(green) sheath structures in AretS bacteria grown on LB agar at 37°C and 25°C. Corresponding
quantification of bacteria with active H1-T6SS sheaths (B) and number of H2-T6SS sheaths
per cell (C). A representative field of AretS regulatory mutant with tssB1::mScarlet-I and
tssB2::sfGFP chromosomal fusions at native loci. Images from 2 independent imaging sessions
analysed.

bacterial mixes were grown at 25°C, a substantial impact of multiple of the toxins was seen,
emphasising the importance of growth temperature impact on P. aeruginosa H2-T6SS activity

(Figure 5.12).

As seen in Table 5.1, H2-T6SS delivers numerous functionally varied antibacterial toxins.
The best represented functional class of antibacterial H2-T6SS effectors is phospholipases,
with the PAO1 genome encoding - Tlel, Tle3, PIdA (Tle5a) and P1dB (Tlebb) (40). Within
ArsmA genetic context individual use of three of these toxins appeared to provide a competitive
advantage. Phospholipase Tle3 appears to be one of the most potent toxins associated with H2-
T6SS and ensures almost complete prey elimination, while competition dependent on Tle4 or
P1dB results in sensitive strains being spatially restricted to the colony central region. No impact
of Tlel or PIdA is seen within context ArsmA strain competition. Similarly as in the case with
H1-T6SS, the H2-T6SS secretion activity is gradually elevated in Gac-Rsm cascade mutants,

with both AretS and ArsmAArsmN mutants displaying H2-T6SS activity higher than ArsmA
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Figure 5.12: Sensitivity to H2-T6SS toxins can be observed when growing colonies at
25°C, but not 37°C. Representative images of 48h old mixed colonies of toxin sensitised ArsmA
bacteria in red in competition with T6SS+ (ArsmA) or T6SS- (ArsmAAtssB1 AtssB2AtssB3)
parental strain in green. Upper lane contains a control mix of bacteria with full toxin-immunity
gene sets, each of the following lanes contains strain sensitised to one of the H2-T6SS toxins in
the following order: Tlel, Tle3, Tle4, PIdA, P1dB, TseT, TseV, VrgG2b, AmpDh3, PA5265, or
common good effector Azu. Image sets of competitions show both single fluorescence channel and
overlay images depicting distribution of sensitised prey in a mix with T6SS+ and subsequently
T6SS- (AtssB1AtssB2AtssB3) parental strains at 2 different growth temperatures — 37°C and
25°C. Strains contain constitutively expressed fluorescent proteins, prey labelled with mCherry
(shown in red) and attacker with sfGFP (shown in green). All bacteria mixed at 1:1 ratio,
inoculum ODgpp=1.0, grown for 48h, at 37°C bacteria incubated on LB with 2% (w/v) agar,
and at 25°C bacteria incubated on LB with 1.2% (w/v) agar. Representative colony image of 3
biological replicates shown.

(Figure 4.3F). Therefore, we chose a subset of H2-T6SS effectors and engineered toxin-sensitive

strains in AretS background to test whether elevated activity would translate into improved
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ability to restrict prey growth. Bacterial competition in AretS regulatory context, shows that
sensitisation to Tlel or PIdA leads to prey bacteria being restricted to the central region of the
colony (Figure 5.13). The set of phospholipases show different levels of potency, some of the
possible underlying reasons for this being linked to the specific type of catalytic activity (Table
5.1). Another likely factor is the differences in the expression levels of the individual effectors,

as each of these toxins is encoded in a distinct orphan cluster (Figure 1.20).

Another common catalytic target of T6SS toxins is peptidoglycan; in addition to the

T6SS + T6SS —

Atle1tli1,,

ApldAtli5a

DpldBtlish,

AtseTtsiT

AampDh3
ampDh3i

Figure 5.13: Increased H2-T6SS toxin-mediated prey growth restriction can
be observed in AretS strains. Representative images of 48h old mixed colonies
of toxin sensitised AretS bacteria in red in competition with T6SS+ (AretS) or T6SS-
(AretSAtssB1 AtssB2AtssB3) parental strain in green. Upper lane contains a control mix
of bacteria with full toxin-immunity gene sets, each of the following lanes contains strain
sensitised to one of the H2-T6SS toxins in the following order: Tlel, PldA, P1dB, TseT,
or AmpDh3. Image sets of competitions show both single fluorescence channel and overlay
images depicting distribution of sensitised prey in a mix with T6SS+ and subsequently T6SS-
(AtssB1AtssB2AtssB3) parental strains. Strains contain constitutively expressed fluorescent
proteins, prey labelled with mCherry (shown in red) and attacker with sfGFP (shown in green).
All bacteria mixed at 1:1 ratio, inoculum ODgyo=1.0, grown for 48h at 25°C on LB with 1.2%
(w/v) agar. Showing a representative colony of 3 biological replicates shown.
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two peptidoglycan hydrolases Tsel and Tse3 delivered by H1-T6SS (584), another two toxins
targeting peptidoglycan are associated with H2-T6SS. AmpDh3 is peptidoglycan hydrolase
(587, 586) and sensitisation to this toxin does not appear to result in a measurable reduction in
competitive fitness in the genetic context ArsmA or AretS (Figures 5.12 and 5.13). VgrG2b is a
toxin that interferes with peptidoglycan biogenesis at the cell division plane (553) and delivery of
this effector results in sensitive bacteria being restricted from spatially expanding within mixed
community (Figure 5.12). Peptidoglycan hydrolases degrade the cell wall; therefore, toxins with
this activity are expected to induce lysis and are typically expected to be highly potent and
lytic toxins (582, 587, 358, 584). Yet, here these remain amongst some of the least effective
toxins when it comes to elimination of P. aeruginosa, the mechanisms behind this remain an

open question.

Our comparative analysis showed that the two most potent H2-T6SS toxins are the nuclease
TseT and PA5265 (Figure 5.12). PA5265 is a toxin of unknown function that contains the
MIX motif (645), likely to be indicative of interaction with VgrG. While bio-informatics analysis
looking for additional conserved sequence or structure conserved motifs shows a presence of a
trans-membrane domain resulting in predicted 750aa n-terminal non-cytoplasmic domain and
250aa c-terminal cytoplasmic domain, but no conserved features were found that would hint
at the biochemical function of the effector through the alignment of the sequence or predicted
structure (AlphaFold (750) predicted structure assessed through Dali (751) structure alignment).
The link of PA5265 with H2-T6SS was established through genomic context (553), as the effector-
immunity gene pair is encoded in a satellite cluster with vgrG2b and hepB genes (Figure 1.20).
With the antibacterial toxicity upon delivery by H2-T6SS specifically being first shown here, with
the removal of the presumed effector immunity gene set PA5264-65 resulting in near complete

T6SS-dependent elimination of prey.
The last T6SS effectors tested in this study are TseV, Azu, PA2066 and PA0256. Unlike in
the case of nuclease TseT, the removal of the immunity gene associated with putative nuclease
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TseV did not result in consistent spatial restriction of prey growth (Figure 5.12). Similarly, no
T6SS-dependent growth restriction was observed in the case of removal of H2-T6SS associated
PA2066 putative immunity PA2067 or H3-T6SS associated PA0256 putative immunity PA0257
(Figure 5.14). Both of these effectors have been linked to P. aeruginosa T6SSs through Hep pull-
down studies by (555), but the validation of antibacterial toxicity upon delivery by T6SS and
identification of associated cognate immunities remains a question for future studies. Although
the presence/absence of the common good effector Azu does not appear to have a measurable
impact on the competitive outcome (Figure 5.12). For the purposes of testing here, Azu was
chosen as a negative control, as, instead of antibacterial toxicity, this effector aids in copper

uptake, and to further address the contribution of Azu to bacterial fitness, testing under copper
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Figure 5.14: Mixed macrocolony setup can be used to assess competitive impact of
putative T6SS toxins.

Mixed macrocolony images showing single channel and overlay fluorescent images of strains
lacking a putative toxin-immunity gene pairs. In red (mCherry) are strain lacking PA5264
PA5265, PA2066 PA2067, and PA0256 PA0257, in presence of T6SS+ (ArsmA) or T6SS-
(ArsmAAtssB1 AtssB2AtssB3) parental strain in green (sfGFP). All bacteria mixed at 1:1
ratio, inoculum ODgop=1.0 or 0.01, grown for 48h at 25°C on LB with 1.2% (w/v) agar. Showing
a representative colony of 3 biological replicates for PA5264 mediated competition and 1 of 1
test images for PA2066 and PA0256 mediated competition.
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limiting conditions should be performed.

5.4.3 Change in growth temperature has only minor impact on H1-T6SS

toxin-mediated killing

As seen in the above sections, the H2-T6SS activity and ability to successfully eliminate
prey is highly dependent on the growth temperature. Measurements of T6SS sheath assembly
dynamics at both 25°C and 37°C, showed that the effect of temperature on the dynamics of
the sheaths of H1 and H2-T6SS is inverse (Figure 5.11), therefore we extended our testing by
assessing how shift in incubation temperature affects H1-T6SS toxin-mediated killing. For this

experiment, the Tse2, Tse4, and Tseb sensitised AretS strains were incubated with a T6SS+

AretS

Atse2tsi2 Atsedtsi4 Atse5tsi5

Temp. 25°C 37°C 25°C 37°C 25°C 37°C

Prey distribution
=0.01 0oD=1.0

oD

=1.0

oD

0.01

Prey and attacker

oD

Figure 5.15: P. aeruginosa is able to use H1-T6SS toxins to restrict sensitive prey
growth at 25°C.

To assess growth temperature impact on H1-T6SS toxin-mediated killing toxin sensitised strains
in red were mixed with parental T6SS+ attacker (green) and grown at both 25°C and 37°C.
Mixed macrocolony images of Tse2 (AretSAtse2tsi2), Tsed (AretSAtse4tsis ), and Tseb (AretS
Atsebtsid) prey strain distribution in presence of AretS parental strain. Fluorescent channel
overlay images showing both prey and attacker population distribution. Competition conducted
in populations arising from both high (ODggp = 1.0 upper lane) and low (ODggp = 0.01 lower
lane) density inoculum.
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parental strains, setting up the competition at two distinct inoculum densities (Figure 5.15,
negative control competition with T6SS- parental strain not shown). Independently of the
toxin used, it appears that prey growth remains spatially restricted when high inoculum density
competition mixes are incubated at 25°C instead of 37°C. Mixed colonies established at low
inoculum densities do show that H1-T6SS toxin dependent competition provides limited benefit
in this context, indicating that the lowered system activity after the temperature shift does
translate into reduced competitiveness, but the temperature shift effect on H1-T6SS is much

less severe than on H2-T6SS.

5.5 Theoretical model of T6SS interactions reveals how mode

of toxin action is key determinant of competitive success

5.5.1 Toxin lysis rate and attacker firing dynamics determine competition

outcome

After gaining an experimental understanding of key T6SS-dependent interactions
parameters, such as different toxin potency or firing efficacy, we chose to use theoretical
simulations to address how specific parameters contribute to the overall competition outcome.
The use of theoretical simulations aids in interpretation of experimental data, by demonstrating
how specific mechanistic interactions at a single-cell scale affect the whole populations.
Additionally, this allows us to determine what are the key limiting factors in T6SS-mediated
competition and under what factors such as increased T6SS firing rate increase competitiveness.
An existing simulation platform CellModeller (682) has been previously used to investigate
bacterial interactions in mixed colonies for both CDI (683) and T6SS (684). CellModeller is
an agent-based modelling framework designed for studies of bacterial population development,
in a manner that is comparable to population development within the context of flow-cell or

surface growth (682). These studies mainly established the role of lytic toxins and the differential
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No competition
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Figure 5.16: Schematic of toxin-sensitive and attacker lineage fate in simulations.
(A) Schematic depicting types of bacteria represented within the model and their fate upon
T6SS based interactions. T6SS+ attacker in green can fire a specified number of T6SSs in
random directions and grows over time. Prey bacteria in red is susceptible to T6SS attacks,
when prey is hit by T6SS its growth rate is reduced. Once certain threshold of T6SS attacks is
reached prey cell dies (grey) and no further growth occurs. Dead prey cells remain in simulation
until lysis defined by a certain delay is reached and are subsequently removed.

(B) Simulation of 2 mixed colony development over time with and without T6SS-mediated
competition. Initially 1 to 1 mix of bacteria from both populations are randomly scattered
on surface in circular inoculum zone. Bacterial growth occurs through elongation and division
and in absence of active movement bacteria expand through rigid body interactions. At a
whole colony scale, inoculum zone is filled by intermixed clonal clusters and further expansion
is restricted by neighbouring cells exerting forces upon each other. Over simulation time-course
radial expansion results in formation of distinct sectors in the region outside the inoculum area.
In a mix with T6SS interactions, sensitive prey in red can be seen to initially establish in the
colony centre, but over simulation time-course be gradually eliminated by T6SS+ attacker in
green. Specific parameter space of simulations is shown in Table 2.4.

advantages of constitutive and retaliatory T6SS firing strategies. Our experimental data further
suggest that the effectiveness of T6SS-based competition is determined by both the activity of

T6SS and the type of toxins used.

We used CellModeller to build an agent-based model depicting bacterial growth and T6SS-
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Figure 5.17: Both toxin mode of action and T6SS firing rate determine population
distribution within mixed bacterial communities.

(A) Representative simulation outputs depicting interactions between 2 populations - sensitive
prey in red and an attacker population in green. Showing interactions mediated trough lytic (3
min lysis delay) and non-lytic toxins, effects of toxin dose (number of T6SS hits) required to
cause cell death with the lethal dose decreasing from the top row to the bottom row (50; 20; 10;
5; 1 T6SS hits), and effects of increase in mean T6SS firing rate by attacker population (1; 5;
25; 50; 100; 200 T6SS firing events per hour).

(B) Corresponding analysis of changes in relative prey abundance over simulation time-course
depending on mean T6SS firing rate. Each of the columns contains simulation sets with
increasing lysis delay from left to right. Each of the columns contains simulation set with
differing toxin lethal dose, with highest at the top and lowest at the bottom.
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based interactions. The key descriptors of the T6SS-mediated interactions are the frequency
of attack and toxin mode of action (Figure 5.17). For purposes of biophysical simulations,
T6SS toxins can be broadly characterised as lytic or non-lytic, here parameterised as having
differing delay between cell death and removal from community. Additionally, different toxins
are expected to have a different effective dose to inherent biochemical properties, and the number
of individual toxin molecules delivered in a single firing event is likely to vary due to association
with different T6SS components, as discussed in section 1.4.2. For simplicity, both of these effects
are described by a single parameter — toxin lethal dose, which is the amount of toxin allowed to
accumulate in any given prey cell before death occurs. All T6SS firing events that geometrically
intersect a prey cell are assumed to deliver a fixed amount of given toxin; therefore, the lethal
dose of toxin can be interpreted as the number of T6SS hits needed to kill an individual prey cell.
The key characteristic of the attacker populations behaviour is described by changes in the mean
T6SS firing rate, and it is assumed that the whole of the attacker population is participating in
active competition. Variations in these parameters, such as having differing delay between cell
death and lysis as well as differences in toxin lethal dose, demonstrates how the specific toxin

mode of action impacts the competitive outcome at the whole population scale (Figure 5.16).

We used a systematic exploration of the parameter space describing the firing frequency of
T6SS and the toxin mode of action to better understand the specific limiting factors determining
the outcome of T6SS-mediated competition. For example, increased T6SS firing rate results in
more effective prey killing, but the overall extent of prey elimination is determined by the effective
dose of the toxin and the ability to lyse dead prey cells (Figure 5.17 A). Toxins that are effective
at low doses (i.e. 1 or 5 T6SS hits) can enable effective prey elimination by attacker populations
with a low T6SS firing rate (Figure 5.17 B lower rows) and additional increases in the amount
of toxins delivered provide little to no additional competitive advantage. Highly lytic toxins
enable near complete prey elimination if delivered at a sufficiently high rate, while a gradual

increase in the delay between prey death event and lysis results in a protective effect (Figure
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5.17 A and B). This matches observations described in previous work (684). If a high toxin
load is reacquired for prey killing, the toxin lysis rate is no longer the key competition limiting
factor (Figure 5.17B upper row). When a substantial amount of toxin needs to accumulate for
prey elimination to occur, the specific mode of toxin action appears to be less important than
delivering high amounts of the toxin. Similarly, when toxins are mainly non-lytic, decrease in
the toxin effective dose has only a minor effect and the overall competition outcome is limited
by the attacker firing rate (Figure 5.17B last column). An additional point of note is that
doubling the T6SS firing rate does not result in doubled overall impact. As T6SS killing is
highly localised, other factors such as the population geometry and, more specifically, ability to
make direct contact with susceptible prey bacteria plays a significant role in determining the

population level competitive outcome.

5.5.2 P. aeruginosa H1-T6SS-typical non-homogeneous firing behaviour is

consistent with the ability to proficiently out-compete prey bacteria

To further corroborate our simulation results with mixed macrocolony experiments, a
set of HI-T6SS toxin-mediated competition outcomes in different genetic backgrounds were
selected. Figure 5.18 demonstrates a direct comparison of single-toxin-mediated competition
in a set of strains with incrementally increasing T6SS activity levels - WT, ArsmA, AretS,
and ArsmAArsmN. A subset of toxins with different potency was selected from figure 5.5 -
Tsel, Tse3, Tse2, and Tsed - ranging in relative toxicity from the least to the most potent,
respectively. The delivery of the pore-forming toxin Tse5 (597) results in restriction of prey
expansion in the WT background and in strains with higher H1-T6SS activity such as AretS
or ArsmAArsmN prey almost entirely eliminated (Figure 5.18 A). Delivery of the ADP-
ribostransferase toxin Tse2 (599) does not result in sensitive bacteria growth restriction in
WT context, but an effect is notable in ArsmA, AretS, and ArsmAArsmN strains. In case

of peptidoglycan muramidase Tse3 (584) prey growth restriction appears to necessitate an even
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Figure 5.18: T6SS toxin killing efficacy increases with elevation in T6SS activity.
(A) Whole colony fluorescent microscopy image of T6SS sensitive strain distribution within
colony a mix of T6SS+ parental strain. Corresponding fluorescent channel composite images
showing toxin-sensitive bacteria in red and T6SS+ parental strain in green. Strains sensitised
to individual H1-T6SS toxins in each of the columns in the following order: Tsel, Tse3,
Tse2, and Tse5. Each row contains strains with different regulatory background in following
order of ascending H1-T6SS activity: WT, ArsmA, AretS, and ArsmAArsmN. Strains contain
constitutively expressed fluorescent proteins, prey labelled with mCherry (red) and attacker
with sfGFP (green). All bacteria mixed at 1:1 ratio, inoculum ODggp = 1.0, grown for 48h at
37°C on LB with 2% (w/v) agar.

(B) Representative simulation output of a mix of sensitive (red) and T6SS+ attacker (green)
bacteria populations. Competition outcomes depending on different toxin lysis rate and changes
of the fraction of the attacker population actively engaging in T6SS firing.

(C) Relative prey abundance over simulation time-course depending on differences in toxin lysis
rate and fraction of attacker population engaging in T6SS firing, each of the plots corresponds
to a column from panel B. (Toxin lethal dose = 5, initial seeding density = 1.0, mean +SD of
n=10)
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higher toxin dose, as competitive advantage can only be observed in AretS and ArsmAArsmN
strains. Simultaneously independently of the toxin dose delivered, in some cases, action of
an individual effector will not result in a notable impact on prey expansion, as illustrated by
peptidoglycan amidase Tsel (584). This gradually differentiable change in competitive outcome
can be directly compared with the theoretical model outcomes. Figure 5.18 shows how T6SS-
dependent competition is affected by both attacker T6SS activity levels and toxin mode of
action.

In our experiments assessing TssB1 sheath assembly dynamics (Figure 4.6), we noticed that
even in the case of high secretion activity and killing proficiency at population scale, as in the case
of ArsmAArsmN strains, single cell analysis shows that only a quarter of the population actively
participates active H1-T6SS firing (Figure 4.6 B). Therefore, we decided to simulate whether in
cases where only fraction of the population actively participates in T6SS-mediated competition,
a population-level competitive advantage is still observable. Comparing competition outcomes
in mixtures where all or only 50% of the attacker population participate in the firing of T6SS
showed that both can restrict prey growth to the same extent independently of toxin lysis
ability (Figure 5.18 B and C). Reduction of the actively firing population to 25% will maintain
approximately 80% of the maximum competitive advantage, while further decrease in the fraction
of the population actively firing T6SS will result in gradual loss of the competitive advantage.
We could thus conclude that non-homogenous T6SS firing by attacker population observed at
single-cell level is consistent with the observations from whole mixed colony experiments, where

these same strains proficiently kill sensitive prey bacteria.
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5.6 Discussion

T6SS is a tool that can be utilised for inter-bacterial and bacteria-host interactions mediated
through contact-dependent delivery of effector proteins. Analysis of currently available genome
sequences show that genes encoding T6SSs are found in 20 to 30% of Gram-negatives (509,
510, 454). Additionally, it is not uncommon to find multiple distinct T6SSs encoded within the
genome of a single species, with as many as 6 found in Burkholderia sp. (752). The complexity
extends even further when it comes to effectors delivered by these systems. One of the best
studied T6SS model systems is found in V. cholera and delivers 3 antibacterial toxins (580),
while in other bacterial species such as Serratia marcescens it delivers at least 8 experimentally
validated antibacterial and antifungal effectors (753, 514). Here, we have tackled the question
of P. aeruginosa toxin multiplicity through a comprehensive and systematic analysis of the
contribution of individual toxins to bacterial competition. We did this by comparing the impact
of different toxic effectors and how competition efficacy is improved upon increase in the toxin
load delivered. This was done using a mixed macrocolony assay that allows to assess how delivery
of different toxins impacts sensitive lineage distribution within communities. By complementing
mixed macrocolony experiments with theoretical simulations, we also addressed in what scenarios

increase in T6SS toxin delivery rate provides an added competitive benefit.

5.6.1 Increase in T6SS firing results in improved killing

P. aeruginosa T6SS expression and activity is non-constitutive and each of the systems is
activated only under specific conditions. A key regulator of T6SS expression and activity is the
Gac-Rsm cascade, which, as part of modulating the transition to biofilm lifestyle, gradually
increases the activity of the three T6SSs. Through the investigation of the impact of the
Gac-Rsm cascade on H1-T6SS activity, it became apparent that even in cases of highly T6SS
expressing and active AretS and ArsmAArsmN strains only a fraction of the population

participates in active T6SS sheath assembly and firing (Figure 4.6). Nevertheless, both of these
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strains are able to restrict toxin sensitive prey from expanding within populations. We further
corroborated these observations using biophysical simulations that allowed us to confirm that
attacker population where only a fraction of the population participates in T6SS-dependent
attack is able to effectively eliminate toxin-sensitive prey (Figure 5.18). What is notable is
that if only half of the population engages in active T6SS attack, prey growth is restricted to
an extent comparable the case where the entire population is involved, and nearly 80% of the
competitive advantage is attained by populations in which only 1 in 4 bacteria participate in
active killing (Figure 5.18 C). A speculative explanation compatible with this observation is that
this would be overall more cost effective. As some energetic investment is sufficient to provide
most of the competitive benefit, there is no further evolutionary drive to further increase the
T6SS attack rate. However, when comparing different strains of Gac-Rsm mutants, an increased
T6SS activity does appear to result in a higher number of toxins being able to spatially restrict
sensitive prey growth, as best illustrated by Figure 5.18A. Theoretical analysis of the factors
determining T6SS-mediated competition outcome shows that although an increase in T6SS firing
rate provides an additional competitive benefit, the main determinant of overall competition
efficacy is the toxin mode of action (Figure 5.17 and (684)). Another point supporting the
idea that increased T6SS firing does not necessarily translate into improved killing are the
observations looking at ApppA strains. Loss of function pppA mutants display constitutive
H1-T6SS firing, but do not appear to be measurably more effective when it comes to sensitive
prey bacteria growth restriction within the context of whole mixed macrocolonies (Figure 5.10).
Instead, the main determinant of the overall competitive outcome appears to be the toxin mode

of action (Figure 5.17).

5.6.2 Differing toxin biochemical activity - importance of lytic toxins

Even though T6SS-associated toxins are highly varied in their specific biochemical function,

they can be categorised into two broad classes by their impact on the target - lytic or
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bacterostatic. Although this classification may be simplistic and most toxins exist on the
spectrum between the two, this assumption allows us to make broad interpretations about
general ecological rules on when it becomes advantageous to engage in direct bacterial
competition. Lytic toxins, T6SS-dependent or delivered through other means, are able to cause
disintegration of the target cell and this provides an opportunity to gain contact with a new
susceptible prey cell (684). Toxins that disrupt the integrity of cell wall, through the degradation
of peptidogycan or membrane as well as the formation of ion permeable pores are likely to result
in rapid lysis of the target bacteria. Comparative analysis of H1-T68SS toxins showed that the two
most potent toxins are pore forming Tse2 and Tseb, but surprisingly peptidoglycan hydrolases
Tsel and Tse3 are amongst some of the least potent toxins delivered by the system (Figure 5.5).
Similarly, H2-T6SS-dependent peptidoglycan hydrolase AmpDh3 is one of the toxins that did
not appear to provide competitive advantage under any of the conditions tested in this study
(Figure 5.12 and 5.13). This is especially surprising as other comparative studies have positioned
peptidoglycan hydrolases as a generally highly effective toxin class (754, 584, 358, 582). Tsel has
been identified as one of the most potent toxins in interspecies competition, being the specific
effector that causes rounding of V. cholera cells (564) and is also notable for being able to
degrade peptidoglycan of Gram-positive B. subtilis (661). This suggests that the insensitivity
to Tsel and Tse3 action could be specific to its target being P. aeruginosa. An existing example
of evolved non-specific immunity against P. aeruginosa T6SS attack is A. baumannii use of the

peptidoglycan editing enzyme RacK, that provides protection against T6SS attack (647).

Amongst the P. aeruginosa PAO1 H2-T6SS-associated toxins is a set of 5 phospholipases
(40) with distinct specific catalytic targets and mechanisms of action (Table 5.1). In comparative
toxin potency analysis, these phospholipases range from some of the least to the most effective
effectors. Tled is amongst the most potent of H2-T6SS toxins, and both Tle4 and P1dB also
provide a measurable competitive advantage in ArsmA regulatory context (Figure 5.12), while to

detect the impact of Tlel and PIdA use of AretS genetic context with higher system activity was
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needed (Figure 5.13). Overall, phospholipase effectors are distributed over the entire comparative
potency spectrum, this likely being a result of differences in the specific catalytic properties or
enzymatic targets. Notably the most potent of the H2-T6SS toxins were effector of unknown
function PA5264 and nuclease TseT (559) (Figure 5.12). Simultaneously H1-T6SS nuclease Tse7
(552) is one of the comparably less potent toxins (Figure 5.5). This comprehensive analysis
reveals that broad sweeping predictions about toxin potency may be useful when identifying
more general rules of engagement within competition, but may be less useful when making
predictions surrounding effectiveness of individual toxins, as this is likely to be more dependent

on specific context.

5.6.3 Toxin synergy

Both H1- and H2-T6SS are associated with delivery of numerous toxic effectors, but it is not
entirely clear whether all of these effectors are delivered at once or whether killing at a highly
local scale is the result of the action of an individual toxin. Previous studies looking at the
expression of both core and orphan T6SS gene clusters appear to be co-regulated (723, 728) and
therefore expressed under the same conditions. A factor that likely limits co-delivery is individual
effector linkage with particular T6SS components. Cargo effectors can associate with Hep and
toxin-filled Hep rings make up the internal barrel of the T6SS sheath structure (556, 555). Hep
is the most abundant of the T6SS proteins (755) and makes up the spear-like structure that
exits a firing cell and enters neighbouring cells. It has also been shown that Hcp is transferred
between cells in quantities sufficient to complement the absence of Hep in the recipient cell (540).
Therefore, it stands to reason that a potentially large number of Hep-associated toxin molecules
can be delivered to a target cell, and no limitation to the multiplicity of the Hcp-associated
effectors being loaded within sheath at any one time is apparent. Alternatively, effectors can
be associated with VgrG or PAAR proteins, both through direct binding or adaptor-mediated

binding or as evolved domains that are a part of the effector (558, 559, 756). Each functional
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T6SS spear will be topped with a VgrG trimer and a single PAAR protein (527, 538). Each
of the 3 T6SSs in P. aeruginosa has a single and specific associated Hep protein, which in the
case of Hep2 is encoded by 3 sequence conserved genes - hepA (PA1512), hepB (PA5267) and
hepC (PA0263) (Figure 1.20). Unlike with Hep, both H1- and H2-T6SS have multiple associated
PAAR and VgrG proteins (Figure 1.20). Individual effectors have been shown to associate with
specific PAAR and VgrG proteins (553) and PAAR and VgrG protein combinations are not fully
interchangeable (592, 553), so this places an overall theoretical limit on the possible co-delivered
toxin combinations possible. What is notable from the comprehensive analysis of individual toxin
efficacy here is that association with delivery by Hep, VerG or PAAR does not link with increased
or decreased ability to eliminate sensitive prey growth. Hcp associated effectors have the highest
theoretical potential to be delivered in large quantities, and while the Hcpl associated effectors
Tse2 and Tse4 are highly effective, Tsel and Tse3 are some of the least potent H1-T6SS effectors.
Furthermore, Hcp has been shown to provide protection against toxic effectors if the two are co-
expressed, but presence of compatible Hep clearly is not sufficient to provide protection against
Tse2 or Tse4 impact in the absence of cognate immunity genes (Figure 5.5). Simultaneously,
the most potent of the H1-T6SS effectors is pore forming Tseb, which contains a N-terminal
PAAR domain (550, 551). This means that only a single effector molecule will be injected at
any one time. Similarly, VgrGla has been associated with delivery of both Tse6, a cytoplasmic
acing NAD(P)+ degrading hydrolase (121) which is one of the relatively more effective H1-
T6SS toxins. While VgrGla associated Tse8 (557) is one of the toxins that failed to show any
detectable killing independently of the doses delivered or competition growth conditions (Figures
5.5, 5.10 and 5.8). Regarding evolved T6SS effectors that contain both structural and effector
domains, such as VgrG2b or PAAR containing Tseb (550, 551), delivery of other effectors is likely
to exclusively co-occur with these effectors. For example, VgrG2b contains a C-terminal toxin
domain, but is also associated with delivery of lipase Tle3, peptidoglycan hydrolase AmpDh3

and common good effector Azu (358, 612, 625, 587). Therefore, when Tle3 or AmpDh3 are

219



injected into prey bacteria, these toxins will co-occur with VegrG2b, similarly loss of VgrG2b
would interfere or entirely prevent delivery of these effectors.

A potential advantage of using a large set of toxins could be a more “energy efficient” mode
of T6SS attack. If a single T6SS injection delivers a set of toxins with varied biochemical targets,
then it stands to reason that the prey is less likely to have evolved immunity to every single one.
Additionally, if the toxins delivered act synergistically it is possible that overall fewer firing events
are required. In this study, we observed a striking example of toxin synergy, where the combined
use of two peptidoglycan hydrolases enables effective prey growth restriction. When ArsmA
bacteria were individually sensitised to Tsel or Tse3 and mixed with T6SS+ parental strain, no
consistent spatial restriction is observed. If a further step is taken to sensitise ArsmA to both
Tsel and Tse3d and the same experiment is performed, the growth of the toxin sensitive strain is
restricted to only the central region of the colony (Figure 5.7). Tsel is peptidoglycan amidase
and its enzymatic target is peptidoglycan cross-links, while Tse3 is a muramidase that cleaves PG
backbone. Although delivery of Tse3 does not appear to provide competitive advantage within
context of WT or ArsmA strains, Atse3tsi3 are growth restricted in AretS and ArsmAArsmN
context (Figure 5.5). The contribution of Tsel becomes apparent only when combined with
Tse3. This suggests that disruption of peptidoglycan backbone has a potentially more severe

phenotype than cross-links.

5.6.4 Changes in growth conditions impact T6SS-mediated competition

efficacy

Similarly as T6SS expression varies under different growth conditions, it stands to reason
that competition outcomes are subject to the specific environmental conditions. Among the
effectors delivered by T6SS are not only toxins, but also common good effectors that have the
potential to help cope with nutritional limitations. These are proteins secreted by T6SS and

aid in sequestering metal ions from the environment and three of these have been described
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in P. aeruginosa to date - Azu, ModA and TseF (501, 625, 169). Furthermore, cells could
be more or less vulnerable to action of specific toxin action depending on the specific growth
conditions. Here we tested whether NAD(P)+ metabolism targeting Tse2 and Tse6 or protein
synthesis disrupting Tse8 could be more impactful under nutrient limited conditions, but such
effect was not detectable (Figure 5.8). But what this experiment allowed us to validate is that P.
aeruginosa still produces and kills competitors using T6SS under nutrient limitation. This is an
important aspect for T6SS-dependent interactions, as multiple literature examples linking T6SS-
mediated killing as part of active predatory strategy have been shown (757). A notable feature
of P. aeruginosa H2-T6SS is preferential expression when the growth temperature is lowered
from 37°C to 25°C (723). This observation is further reinforced by experiments performed here

where H2-T6SS toxin mediated killing was only observable at 25°C (Figure 5.12).

5.6.5 Summary

P. aeruginosa T6SS delivers a cocktail of varied antibacterial toxins. One of the questions
that emerges from this observation is why such multiplicity can be observed. Here, a systematic
comparative toxin potency analysis was performed to assess the contribution of individual T6SS
effectors in bacterial competition. We observed that the action of a single toxin can be sufficient
to restrict spatial expansion of sensitive prey bacteria. Although low T6SS activity can be
sufficient to prevent the expansion of prey beyond the inoculum area, a gradual increase in toxin
dose delivered results in more toxins having a noticeable impact on prey growth and almost

complete elimination of sensitive bacteria.
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Chapter 6

Prey-attacker contact assortment
determines T6SS mediated

competition outcome

6.1 Introduction

Pseudomonas aeruginosa uses Type VI secretion system (T6SS) to deliver toxic effectors to
adjacent microbes and compete for space within a biofilm niche. As we show in the chapter 5,
the effectiveness of the T6SS attack depends on the delivery of toxic effectors. P. aeruginosa
encodes more than 20 antibacterial toxins that vary between strains (Table 1.1). These toxins
are varied in biochemistry and in cellular targets, in addition, a single injection of T6SS is
likely to deliver a mixture of different ones. Although a prey bacteria may evolve defences
against the action of few toxins, it appears somewhat unlikely that it would be possible to
maintain specific defences against every single toxin within a large multiplicious set. Therefore,
prey bacteria have evolved some more universal defence mechanisms that protect against T6SS
attacks in general (650). T6SS defence mechanisms that are not dependent on specific immunity

proteins include stress response-related damage repair (552, 356) and protection through spatial

222



separation (687, 695, 684).

T6SS-dependent competition relies on the bacteria from prey and attacker populations
making direct cell-cell contact. This is due to the fact that most T6SS effectors lack intrinsic
cell entry properties and therefore require direct delivery to the target cell (758, 351). Impact of
cell-cell contact on T6SS and contact dependent inhibition (CDI) have been explored before and
community architecture has been shown to impact the competitive outcomes (683, 684, 700).
These studies have shown that one of the challenges for T6SS-mediated attacks is prior prey
establishment (689, 687), where part of the existing resident population is able to shield others
within the niche. This protection resulting from the accumulation of cell debris is termed the
"corpse barrier" (684, 698). Here, we use a combination of biophysical simulations and the
experimental setup established in the chapter 5 to address how the local population intermixing

impacts competition at the whole community scale.

A distinct factor that impacts both the global community architecture and local cell-cell
contacts is the amount of exopolysaccharides (EPS) present in biofilms. EPS production is
known to have an impact on the structure of bacterial communities across a wide range of
species. In the case of E. coli curli fibres and cellulose are responsible for the development
of macroscopic wrinkly phenotypes (759), while B. subtilis colony wrinkling is a result of
spatiotemporal differences in gene expression and matrix component production (760). The
production of extracellular matrix by B. subtilis has been shown to provide protection from
Pseudomonas chlororaphis T6SS attacks and promote co-existence while colonising plants (660).
Rugose or wrinkled colony variants are also seen in V. cholera isolates and result from increased
Vibrio polysaccharide (VPS) production (761, 762). The presence of VPS and the biofilm matrix
protein RbmA have been shown to protect from same-species and exogenous T6SS attacks
(264, 763). P. aeruginosa clinical isolates also contain phenotypically distinct sub-populations
termed rugose small-colony variants as a result of increased Pel and Psl production (61, 297, 328).

This phenotype can be a result of a variety of pathoadaptive mutations, but is often seen to be the
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result of increased c-di-GMP production and disruption of Gac-Rsm or associated regulatory
cascades (764, 765, 766, 68). Persistence of P. aeruginosa lineages with these mutations is
favoured, as the bacteria are better suited for survival in infection context, this including both
host-pathogen and interactions with other organisms within the niche (67, 274). As we discussed
in the chapters 3 and 4, P. aeruginosa T6SS expression and activity is modulated by both the
Gac-Rsm cascade and ¢-di-GMP. Therefore, both EPS production and T6SS activity appear
to be co-regulated in P. aeruginosa. A question of interest for this study are how changes in
P. aeruginosa own EPS production impact the strain distribution in whole macrocolonies and

what are the consequences for T6SS-mediated competition.

Another factor that impacts both the overall community architecture and local organisation
is motility. Within the context of P. aeruginosa biofilms, type IV pili (T4P) have been shown to
contribute to both adhesion and motility (30). T4P are proteins fibres extending from bacterial
surface, that are used for both cell-cell adhesion and cell-surface adhesion (30, 205). Both
of these functions are mediated trough the same mechanism — dynamic pili polymerisation
and de-polymerisation that allows bacteria to exert force against the object that it adheres to
(203, 206). When T4P adhere to substrate, this same mechanism is used to propel bacteria
across the surface through a type of motility termed “twitching” (30). Both aggregation and
active intermixing are factors that influence bacterial community organisation and therefore are
likely to have implications on localised interactions. A recent study by (767) explores how T4P-
mediated spatial segregation influences Neisseria cinerea T6SS-dependent competition. In case
of Neisseria T4P appear to mediate specific adhesion dependent sorting, that results in non-
piliated cell expulsion from the community (768, 769). Subsequently, this spatial segregation
results in protection from T6SS-dependent killing (767). Here, we address how T4P impacts P.
aeruginose community organisation and see a distinct effect, where T4P is used primarily as a
motility device. P. aeruginosa used T4P to actively intermix on both a local and global scale,

and to expand across surfaces. Consequently we observe that loss of T4P leads to impairment
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in P. aeruginosa T6SS toxin-dependent competition efficacy and observe how increased motility
can aid with escape from contact-based killing.

The chapter 5 of this thesis focuses on how T6SS-dependent competition impacts sub-
population distribution in mixed microbial communities. The focus is placed on impact of
different T6SS toxins and how increase in T6SS activity results in gradual decrease in relative
prey bacteria abundance. To modulate T6SS activity, we use strains with mutations within
Gac-Rsm cascade, here we address how these mutations impact whole colony morphology. EPS
and changes in motility influence community morphology and how this impacts T6SS mediated
competition. Additionally we systematically assess how decrease in local contact intermixing
resulting from loss of T4P interferes with T6SS mediated killing, as well as assesses how toxin
sensitive prey can used T4P mediated surface motility to escape T6SS attack.

We aim to address the following questions:

How disruption of Gac-Rsm regulatory cascade at different points impacts P. aeruginosa

community organisation.

e How local contact assortment impacts T6SS-dependent competition outcomes.

e How loss of EPS impacts community organisation and T6SS-dependent competition

outcomes.

e How loss of T4P impacts community organisation and T6SS-dependent competition

outcomes.
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6.2 Results

6.2.1 Inoculum composition determines the number of prey-attacker contacts

within macrocolony and subsequent survival of T6SS sensitive prey

The most important prerequisite for T6SS-dependent killing is the formation of contact
between bacteria from prey and attacking populations. Independently of how effective a toxin is
at eliminating prey bacteria and independently on the T6SS firing frequency, these interactions
are dependent on the T6SS wielding bacteria making contact with prey. If there is no contact
between populations, no killing can occur, and conversely, the more contact between populations,
the more effective killing can be expected to be. Here, a systematic approach using both
biophysical simulations and a comparable experimental system is used to address how changes

in local contact assortment influence T6SS-mediated competition.

Two straightforward approaches for manipulating inter-population contact assortment exist
in the context of mixed macrocolony experiments. One is to manipulate the proportion of the
competitors within the inoculum mix and the other is to adjust the starting population density.
A study by (700) addresses how the competitive outcome in the context of mixed macrocolony
is determined by the spatial configuration of individual bacterial cells at the point of population
establishment. The main takeaways are that access to free space is a key factor determining
whether a bacterial lineage is able to survive. Additionally, populations that arise from low
density in founder cell inoculum are subject to more variation in the outcome of competition
and spatial separation appears to be protective in active competition mediated both by diffusible
and contact-based mechanisms (700, 683, 576, 416). Here these approaches are taken to more
directly investigate how aspects such as spatial segregation prior establishment influence the
overall competitive outcome. And to establish how aspects such as increased local intermixing
influence T6SS competition specifically and how these observations could be generalised to

all contact-based bacterial competition systems. Additionally, this systematic investigation of
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changes in competition effectiveness changes resulting from manipulation of inoculum density
provides a valuable reference point that can later be used to comparatively investigate how other

factors such as changes in motility influence competition outcome.

6.2.1.1 Inoculum density and strain ratio determines local contact assortment

To explore how the inter-population contact assortment is affected by density and strain
ratio in the starting population a set of theoretical simulations without T6SS interactions was
used (Figure 6.2). In the context of these biophysical simulations set up here, the movement
of bacteria is the result of neighbouring bacteria physically pushing adjacent cells and this
movement being opposed by viscous drag (770). Both changes in inoculum density and
initial strain mixing ratio are factors that affect whether individual bacteria are preferentially
surrounded by one of the species in the mix or whether sub-populations are highly locally

intermixed.

Local sub-population distribution

Intermixed Segregated
- Attacker

Ko ML e

Figure 6.1: A schematic showing locally intermixed and spatially segregated
communities.

Depiction of locally intermixed bacterial populations on the left and spatially segregated
populations on the right.

Upon the establishment of a dense community departure from a 1 to 1 mixing ratio and
decrease in inoculum density, both result in a gradual decrease in local contact assortment (6.2
A and B), but the two approaches have distinct effects on population time resolved dynamics.
A decrease in the initial bacterial density will result in a smaller overall population at a given
time point and a delay before the establishment of a dense community (Figure 6.2 C and D)

while changes in initial mixing ratio will not affect the overall growth dynamics in the absence
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Figure 6.2: Inoculum composition determines prey/attacker population contact
assortment within macrocolony.

(A) Representative simulation outputs showing changes in species distribution resulting from
variation in initial density and mixing ratio of cells from two populations.

(B) Changes in localised agent intermixing as interspecies contact assortment resulting from
variation in initial density and mixing ratio of cells in simulation setup.

Time resolved changes in interspecies contact assortment are determined by both inoculum
density and initial ratio of strains in the mix. (C) and (F) Total number of cells over simulation
time-course. (D) and (G) Total number of contact cells within 2D plane over simulation time-
course. (E) and (H) Interspecies contact assortment over simulation time-course (C), (D), and
(E) Effect of variation in initial density. (F), (G), and (H) Effect of variation in species mixing
ratio. (No T6SS interactions, mean +SD of n=5)

of competition (Figure 6.2 F and G). Once dense community is established, an individual cell
forms an average of 5.53 contacts in 2D plane. The contact assortment index indicates the level

of local intermixing of sub-populations (Figure 6.1); upon an increase in the initial bacterial
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density, the contact assortment index tends towards 1, indicating a high number of interspecies
contacts, while the decrease in seeding density allows for initial sub-population establishment
results segregation with fewer interspecies contacts (Figure 6.2 A, B, and E). The number of
interspecies contacts formed is also influenced by the proportion of prey to attacker in the
inoculum mix, with the 1 to 1 mixing ratio resulting in the highest contact assortment and
with gradual decrease in contact assortment as species mixing ratio in initial population departs
from 1 to 1. Independently of inoculum composition, the contact assortment will gradually
decrease during later population expansion where most of the growth occurs through further
clonal expansion at the outer edge of a colony (Figure 6.2 E and H).

In conclusion, changes in the bacterial density within the establishment population impact
not only species contact assortment, but also the overall population establishment dynamics.
Using this approach, impacts of prior population establishment and attacker population’s ability
to clear and actively invade pre-established prey can be investigated. Although maintaining
1 to 1 strain ratio enables easier measurement of changes in competitive outcome assessed
experimentally, changing this mixing ratio allows to more directly pinpoint impact of changes
in contact assortment (Figure 6.2 F, G, and H). As the competitor mixing ratio departs from
1 to 1 (or 50%) a directly proportional drop in the contact assortment is seen (Figure 6.2 B
and H). Next, we used both experimental and theoretical competition, to see how changes in

prey-attacker contact assortment impact T6SS-mediated competition.

6.2.1.2 Effectiveness of T6SS killing is determined by the initial bacterial seeding

density

The prior establishment or creation of spatial separation is one of the immunity-independent
mechanisms that bacteria employ to protect from T6SS (687, 695). To address how prior
establishment mediated spatial population segregation impacts P. aeruginosa T6SS-dependent

competition, we combined biophysical models with experimental data of toxin Tseb-mediated
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competition using a set of Gac-Rsm mutant strains with gradually modulated T6SS activity
levels (Figure 5.18). Theoretical modelling here is an extension of the work described in
the chapter 5.5 of this thesis. The simulations describe interactions between two bacterial
populations that grow on a surface in two dimensions. One of the populations is sensitive
to killing by T6SS, while the other is parameterised to fire T6SS in random directions at a
previously specified frequency. After T6SS firing occurs, all of the T6SS "needles" intersecting
prey bacteria are accounted for, if a prey bacteria has received more T6SS "hits" than it can
tolerate then prey death occurs. The number of T6SS hits (or the toxin dose) required to kill
a prey bacteria and the time delay between prey death and complete lysis are parameterised to
describe both highly lytic and non-lytic toxins, as well as highly potent and less potent toxins.
The impact of different toxin mode of action and T6SS firing behaviours is addressed in more

detail in chapter 5.5 of the thesis.

We used theoretical simulations to assess how changes in inoculum density impact
competition mediated through both highly lytic or non-lytic toxins (Figure 6.3). Theoretical
modelling shows that decrease in initial cell density results in gradual increase in prey survival
(Figure 6.3 A and B). The degree of restriction in prey growth is directly proportional to the
attacker population’s T6SS firing rate. The ability to entirely eliminate the prey population
rather than just spatially restrict prey population is determined by the type of toxin used,
lytic toxins enable the removal of any pre-established prey cells, as the susceptible population
is eliminated even in cases of low initial density, i.e. ODgooequivatent=0.25 (Figure 6.3 A). The
scenario differs if competition is mediated through entirely non-lytic toxins (Figure 6.3 B),
if sufficiently high amounts of a toxin are delivered, clear prey killing can be seen, but no
clearance of the dead bacteria occurs. In a scenario with the highest inoculum density, i.e.
ODgo0equivatent=4.0, dead prey cells are seen in the initial placement area, while if the inoculum
density is halved, prey population segments are allowed to expand in the outer regions of the

colony, as bacteria in the centre of the segment are protected by a barrier of dead kin, this
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Figure 6.3: Theoretical modelling shows that decrease in founding population density
allows for toxin sensitive bacteria survival.

Representative simulation outputs showing how decrease in initial bacterial density promotes
prey (red) survival within a mixed population. Competition outcomes depending on attacker
populations (green) mean T6SS firing rate within context of highly lytic toxins (A where toxin
lethal dose = 5, lysis delay = 3 min) or non-lytic toxins (B where toxin lethal dose = 5).
Changes in prey (red) and attacker (green) population distribution at the simulation endpoint
shown subject to variations in initial population density (ODgoo,,,;yq1n: = 4-0; 2.0; 1.0; 0.5; 0.25)
and mean attacker firing rate (5; 25; 50; 100; 200 firing events per hour). Decrease in initial
bacterial density promotes prey survival independently of the type of toxin employed, with
increase in T6SS attack rate directly correlating with decreased abundance of prey bacteria.
The spatial distribution of remaining prey in cases of effective competition being determined by
the type of toxin used.

protective effect has previously been termed a "corpse barrier" (684) (Figure 6.4).

To confirm the protective effects of prior prey establishment experimentally, we setup
a mixed macrocolony experiments using the H1-T6SS toxin Tseb. We chose this toxin as
comparative analysis in the chapter 5 established that it is the most potent of H1-T6SS associated
antibacterial effectors. The bacterial density within the inoculum was varied between O Dggg
0.001 to 1 (Figure 6.5 A and B). We also used strains with mutations in the Gac-Rsm cascade for
competition setup with differentiated T6SS firing rates. In chapters 4 and 5, we established that
WT, ArsmA, AretS, and ArsmAArsmN mutant strains show gradually elevated T6SS activity,

and this allows us to match the firing T6SS firing rate in simulation parameter space.

We observed that at the highest initial density, i.e. ODggp=1, the prey does not expand
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Figure 6.4: Schematic showing protective effect provided through "corpse barrier".
Diagram showing competition population development over time. Bacteria in green are in a
contact-dependent manner killing bacteria in red. On the right, competition occurs trough use
of a lytic toxin, that enables immediate removal of dead prey bacteria allowing access to further
prey population and resulting in gradual complete elimination of red population. On the left,
competition occurs through non-lytic toxins. Although attacking population is able to kill most
of the prey bacteria, dead bacteria are not removed and form a protective barrier. This "corpse
barrier" shield remaining prey bacteria from killing and enables persistence.

if the colony is made up of strains with the highest H1-T6SS firing activity (AretS and
ArsmAArsmN), while a small amount of bacteria grew in the outer colony regions when attacker
populations T6SS activity was relatively low (WT and ArsmA strains). In bacterial colonies
established from sparsely distributed bacteria, i.e. ODggg = 0.001, sensitive bacteria appear
to be present at comparable frequencies independently of the attacker’s T6SS activity status,
even in the context of the high H1-T6SS activity of AretS and ArsmAArsmN mixes, prey
bacteria are highly abundant (Figure 6.5 A and B, lower lines). This is a scenario comparable
to simulation outcomes evaluating impact of non-lytic toxins on established populations, where
prior establishment plays a more notable role in determining the extent of prey survival rather
than further increasing the frequency of T6SS attack, where doubling the toxin injection rate is

of little added benefit (Figures 6.3 and 6.5). It is also notable that surviving prey bacteria will
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be preferentially found in the colony central region, emphasising that true complete clearance

of existing sensitive bacteria is more challenging than hindrance of further expansion.
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Figure 6.5: Low inoculum density allows for establishment and survival of toxin
sensitive prey. Tseb mediated competition outcomes in context of strains with differing T6SS
activity levels of populations inoculated from different initial density. Representative images
of 48h old mixed colonies of Tseb sensitised bacteria (red) in competition with T6SS+ (A) or
T6SS- parental strain (B) of the same regulatory background (green). Mixed bacterial colonies
of WT, ArsmA, AretS, and ArsmAArsmN strains in different columns and altered inoculum
densities in different rows. First set of images shows prey distribution only and second set shows
corresponding fluorescent channel overlay of both prey and attacker populations. Stains lacking
tssB1, tssB2, and tssB3 genes used for negative control mixed colony setup (B). Strains contain
constitutively expressed fluorescent proteins, prey labelled with mCherry (shown in red) and
attacker with sfGFP (shown in green). Isogenic bacterial strains tagged with mCherry (red)
and sfGFP (green) fluorophores were mixed at 1 to 1 ratio and after adjusting inoculum density
(ODggp = 1.0; 0.1; 0.01; 0.001) spotted on LB agar, images of whole macrocolonies acquired
after 48h incubation at 37°C on LB with 2% (w/v) agar.
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6.2.1.3 Effectiveness of T6SS killing is determined by the initial prey-attacker cells

ratio

Manipulation of relative strain abundance during the experiment set-up allows to directly
change the extent of local inter- vs intra-population contact formation without affecting the
overall population growth dynamics (Figure 6.2). Manipulation of the ratio of prey to attacker
is also a commonly used methodological optimisation approach when conducting competition
assays to investigate T6SS, CDI, or other contact-based and contact-independent bacterial
interactions (683, 684, 416). Here, the direct impact of increased prey-attacker contacts
formation on the outcomes of T6SS-dependent killing is addressed in a manner similar to the

above investigation on the protective role provided by prior prey establishment.

Theoretical simulations were once again used to specifically address the extent of protection

Mean T6SS firing rate (h1)

Prey : Attacker
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Figure 6.6: Decrease in inter-population contacts protects T6SS sensitive prey. A set
of representative simulation outputs showing how changes in competition lineage ratio within
initial population affect prey (red) survival. Impact of competition mediated through fast lysing
toxins (lethal dose = 5, lysis delay = 3 min) delivered at different rates (5; 25; 50; 100; 200 firing
events per hour).
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Figure 6.7: Decrease in inter-population contacts protects T6SS sensitive prey.

Tseb mediated competition outcomes in context of strains with differing T6SS activity levels.
Each of the columns correspond to WT, ArsmA, AretS, and ArsmAArsmN regulatory
background strains in the given order. Sowing a set of individual fluorescent channel images of
prey distribution only (in red) and fluorescent channel overlay images of both prey in a mix with
T6SS+ (B) and T6SS- (D) parental strains. Each of the rows contains a set of representative
images of colonies set up with a different prey to attacker ratio in the inoculum. Isogenic
regulatory background prey to attacker strains mixed at the following ratios from the top row:
1:1, 2:1, 3:1, 5:1, 10:1. Showing 1 representative colony of a set of 3 biological repeats.

Strains tagged with constitutively expressed fluorescent proteins, prey labelled with mCherry
(red) and attacker with sfGFP (green). Inoculum density ODgop = 1.0, with prey to attacker
mixing ratio as specified, spotted on LB agar, images of whole macrocolonies taken after 48h
incubation at 37°C on LB with 2% (w/v) agar.

provided by the reduction in local contact assortment (Figure 6.6). As the prey-to-attacker
proportion in inoculum departs from 1 to 1 towards 10 to 1, a gradual increase in prey survival
can be observed, with effect remaining proportional to attacker T6SS firing proficiency (Figure
6.6). This is also supported experimentally using Tse5-dependent competition and Gac-Rsm

mutant strains with incrementally differing H1-T6SS activity levels (Figure 6.7). When the
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species ratio is 1:1, prey bacteria are readily growth-restricted in all genetic backgrounds.
However, the attacker advantage is progressively lost as the relative prey abundance in inoculum
increases, with only the highest T6SS activity strains (ArsmAArsmN) strains being able to
spatially restrict sensitive prey expansion in a scenario where inoculum contains 10 toxin sensitive
bacteria for every cell in the attacker population. Furthermore, while ArsmAArsmN strain
competition results in near total prey elimination if bacteria are mixed at 1:1 ratio, large amounts
of sensitive bacteria are present at the inoculum region when mixed at 5:1 or 10:1 ratio (Figure 6.7
B). To test whether this same approach would enable detection of single toxin-mediated killing
by toxins that appeared otherwise ineffective at prey growth restriction we set up an experiment

where Tsel sensitive bacteria (AretS Atseltsil) are mixed with increasing amounts of toxin

AretS Atseltsil

T6SS + T6SS -

Prey : Attacker

1:1

1:2

1:3

1:5

Figure 6.8: Increased opportunity for toxin injection does not ensure improved
killing. A set of mixed macrocolonies of Tsel sensitive prey (AretS Atseltsil) in presence
of T6SS+ (AretS) or T6SS- parental strain (AretS AtssB1 AtssB2 AtssB3). Showing both
individual fluorescence channel images of toxin sensitive prey (red), attacker population (green)
distribution, and the corresponding fluorescent channel overlay images. Assessing how increasing
relative amount of attacker bacteria within the mix impacts Tsel sensitive prey strain spatial
distribution. From upper row prey to attacker population ratio in the inoculum mix is as follows
- 1:1; 1:2; 1:3; 1:5. Showing 1 of 1 test competition outcome.

Strains tagged with constitutively expressed fluorescent proteins, prey labelled with mCherry
(red) and attacker with sfGFP (green). Inoculum density ODgop = 1.0, with prey to attacker
mixing ratio as specified, spotted on LB agar, images of whole macrocolonies taken after 48h
incubation at 37°C on LB with 2% (w/v) agar.
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carrying parental strain (AretS). We chose Tsel-dependent competition, as this peptidoglycan
hydrolase appeared to be unable to restrict the growth of prey bacteria in any of the assays
conducted in Chapter 5. As seen in Figure 5.18, isogenic Tsel mediated T6SS competition in
mixed colonies of 1 to 1 prey to attacker mix did not result in consistent prey growth spatial
restriction independently of the strain regulatory context. Skewing the competition in a manner
where any sensitive bacteria is exposed to a higher number of cells capable of delivering T6SS
injection carrying Tsel by adjusting prey-attacker ratio to 1 to 5, only slight increases in T6SS-
dependent spatial restriction can be seen in the outer colony region, while the abundance of prey
bacteria in the central colony region is unaffected (Figure 6.8). This further emphasises that
adequate prey-attacker mixing is essential for success of contact-based competition, the overall
limiting factor remains bacterial ability to deliver a potent toxin.

In summary, as T6SS-mediated competition is entirely dependent on prey and attacker
populations making close contact, bacterial distribution at the local scale will have a notable
impact on the overall competitive outcome. T6SS killing will be most effective when populations
are highly intermixed, while spatial segregation through prior establishment provides universal
protection against contact-dependent killing. Additionally, if a prey bacteria is exposed to
a higher number of T6SS wielding attackers, this provides additional opportunities for toxin
injection to occur, but it appears that the specific toxins employed remain the competition

limiting factor.

6.2.2 Lineages in mixed macrocolonies formed by gac-rsm mutants show

different levels of intermixing

The Gac-Rsm regulatory cascade modulates P. aeruginosa T6SS activity as part of a
broader planktonic to biofilm lifestyle switch involving changes in expression of hundreds of
genes. Among direct and indirect regulatory targets are genes related to motility, adhesion,

polysaccharide production (122, 123, 131). Alteration in the expression of biofilm formation
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associated genes is known to impact the overall architecture of bacterial communities (328).
Therefore, we decided to assess how disruption of Gac-Rsm regulatory cascade impacts sub-
population organisation within mixed macrocolonies. Subsequently, this study will be expanded
to assess how specific phenotypic features under control of Gac-Rsm cascade, specifically Type
IV pili-dependent motility and EPS production, impact community organisation and T6SS-

dependent competition.

The bacterial lineage distribution within mixed macrocolonies is subject to both inoculum
composition and specific growth conditions, as discussed in chapter 5. The above simulation
set in Figure 6.2 shows how decrease in inoculum population density reduces sub-population
intermixing. Here, we tested how lineage distribution within mixed communities consisting of
isogenic strains changes subject to variation in initial population density (Figure 6.9). For
this we used a P. aeruginosa strain set with mutation at different points in the Gac-Rsm
cascade - WT, ArsmA, AretS, and ArsmAArsmN. The extent of lineage intermixing in the
central region of the colony decreases as the overall bacterial density in inoculum is lowered
from ODggo=1.0 to 0.001 (Figure 6.9 B). In colonies established from low density inoculum, i.e.
ODgpp=0.001, distinct monoclonal patches can be seen in the colony central region (Figure 6.9
A, C, and D, last columns). This lineage spatial segregation is reflected by increased relative
fluorescent signal variation (Figure 6.9 E, last column) and corresponding decrease in population
intermixing measured in the central colony region (Figure 6.9 B). This spatial segregation in
colonies established from sparse initial populations is a result of individual bacteria being able
to form monoclonal micro-colonies before encountering adjacent populations and shows that
once establishment has occurred, adjacent lineages will not fully intermix. Communities that
are initially dense, i.e. inoculum ODgyy=1.0, appear to be consistently more intermixed once
established (Figure 6.9 B and F), this observation directly matching with simulation outcomes

(Figure 6.2).

Within the context of surface-based macrocolony growth setup, once a community is
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established in the inoculum zone most of the further growth proceeds through lateral expansion.

Only bacteria at the very edge of the community are able to expand into adjacent empty space,
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Figure 6.9: Colony morphology is determined by strain regulatory background and
bacterial density in inoculum.
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Figure 6.9 (previous page): Colony morphology is determined by strain regulatory
background and bacterial density in inoculum. (A) Set of representative fluorescence
composite images of mixed bacterial colonies of WT, ArsmA, AretS, and ArsmAArsmN strains
with altered inoculum densities. Isogenic bacterial strains tagged with mCherry (red) and
sfGFP (green) fluorophores were mixed at 1 to 1 ratio and after adjusting inoculum density
(ODgop = 1.0; 0.1; 0.01; 0.001) spotted on LB agar. Images of whole macrocolonies taken
after 48h incubation at 37°C show 2 morphologically distinct regions - highly mixed inner
region corresponding to inoculum zone and an outer region where spatial segregation of the
sub-populations is apparent. Representative images of 3 biological replicates shown, with
the corresponding individual fluorescence channel images in panels (C) and (D). (B) Mean
relative sub-population intermixing measurements of the colony central and outer regions for
the corresponding images. Increase in fluorescence signal variance and decreased intermixing
are indicative of sub-population segregation in outer colony regions. Spatially resolved relative
mean signal intensity + SD of individual fluorescence channels (E) and relative intermixing (F)
are calculated for circular sections taken at increasing distance from colony central point.

and this leads to formation of segmented outer colony edge. Sub-population segregation and
corresponding decrease in bacterial intermixing in outer colony regions is a subject both to
changes in inoculum density and strain genetic context, with AretS and ArsmAArsmN mutant
strains forming communities that are less locally intermixed. In addition to this, morphology
of whole colonies is subject to disruption in Gac-Rsm regulatory cascade, with both AretS
and ArsmAArsmN strains producing smaller more aggregative colonies (Figure 6.9). The likely
reasons for this phenotypic shift towards aggregation being Gac-Rsm mutation mediated changes

in biofilm formation.

6.2.3 P. aeruginosa EPS impact on strain distribution in macrocolonies

6.2.3.1 Loss of EPS has minor impact on mixed macrocolony structure.

To study how loss of EPS impacts P. aeruginosa community organisation in mixed
macrocolonies, we constructed a set of strains that are unable to produce Pel or Psl, by removing
both pelA and psIBCD genes (61, 771). As P. aeruginosa PAOL1 is a low alginate producing
strain (273), loss of Pel and Psl effectively renders these strains as EPS free mutants. Then to
observe how this affects the distribution of bacterial lineages within the community, we tagged

both EPS+ (AretS) and EPS- (AretSApelAApsIBCD) strains with constructively expressed
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mCherry (in red) or sfGFP (in green) fluorophores and subsequently used these strains to set up
mixed macrocolony experiments (Figure 6.10). Similarly as above, mixed macrocolonies were
inoculated from bacterial mixes ranging in density from ODggg = 1.0 to 0.001. In the cases of
both EPS+ with EPS+ (Figure 6.10 A first set) and EPS- with EPS- (Figure 6.10 A fourth
set), both red and green tagged lineages are equally intermixed, with further sub-population
segregation occurring as inoculum density is gradually decreased. The equal distribution of
lineages within these communities is expected, as both of the strains within the set are entirely
isogenic, aside form the fluorescent tag. Unexpectedly, the mixed macrocolonies containing
both EPS+ and EPS- strains show only minor impact on the lineage distribution within
community, with the EPS- strains appearing to take up slightly increased area of the colony
(Figure 6.10 second and third columns). Altrough, further assessment would be needed to
pinpoint mechanistic reason behind the changes in population distribution, likely explanations
are changes in the cell-cell adhesion resulting from the loss of EPS or an indirect impact stemming
from changes in motility. Although only minor impact of loss of EPS on the sub-population

distribution was seen, we proceeded to test how this would impact T6SS-mediated competition.

EPS + EPS -

EPS + EPS - EPS + EPS -

Initial OD

1.0

0.1

0.001

Figure 6.10: Loss of EPS has minor impact on sub-population distribution within
bacterial macrocolonies. Mixed macrocolony communities made up of off EPS+ (AretS)
and EPS- (AretS ApelA ApsiBCD) bacterial strains tagged with mCherry (red) and sfGFP
(green) fluorophores. Showing both individual fluorescent channel and overlay images for mixes
of EPS+ and EPS+ strains in the first column, deferentially tagged EPS+ and EPS- mixes in
the middle 2 image sets, and EPS- and EPS- strains in the forth column.
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Changes in EPS production have been shown to impact T6SS mediated competition in V.
cholerae, E. coli, Klebsiella and other bacterial species (264, 560, 650). Although the exact
mechanistic details behind EPS dependent protection from T6SS attacks are yet to be fully
elucidated, the simplest proposed mechanisms could be changes in cell-cell adhesion or presence
of EPS resulting in increased distance between cells, preventing T6SS injection. To test how
loss of EPS would impact P. aeruginosa T6SS-mediated competition within mixed macrocolony
context, we constructed mutants sensitised to the HI1-T6SS toxin Tseb, in both EPS+
(AretSAtseStsi5:mCherry) and EPS-  (AretSApelAApsiIBCDAtse5tsi5::mCherry) genetic
context. These strains were labelled with constitutively expressed mCherry (shown in red)
and competed these with both EPS+ (AretS::sfGFP) and EPS- (AretSApelAApsiBCD::stGFP)
parental strains. These competitions were carried out within populations with initial bacterial
densities ranging from ODggg = 1.0 to 0.001, in order to better capture minor changes in relative

competitive fitness (Figure 6.11).

As seen in the section 5, strains sensitised to Tseb are restricted from growth when in a

mix with T6SS+ parental strain. Here we observe that this prey growth restriction occurs

AretS Atsei5 EPS + EPS -

AretS EPS + EPS - EPS + EPS -

Initial OD

1.0

0.1

0.01

0.001

Figure 6.11: Loss of EPS has minor impact on Tse5-dependent competition. Assessing
impact of prey and attacker population EPS status impact on the H1-T6SS toxin Tseb mediated
competition outcome. Mixed bacterial macrocolonies of Tseb sensitised prey bacteria (AretS
Atsedtsi5) in red (mCherry) in presence of T6SS+ attacker population. For both (A) and (B)
bacteria were mixed at 1 to 1 ratio and after adjusting inoculum density (ODggp = 1.0; 0.1;
0.01; 0.001) spotted on LB with 2% (w/v) agar, images of whole macrocolonies taken after 48h
incubation at 37°C.
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independently of the EPS status of the attacker population. The prey bacteria being mainly
detectable within the colony central region and prey abundance increase when competition
occurs in initially sparse community (Figure 6.11 B, ODgyp=0.01 or 0.001). Within the context
of EPS- prey and EPS+ attacker mix, a slight increase in abundance of toxin sensitive bacteria
is seen, suggesting a potential impairment in the delivery of T6SS by the EPS+ attacker (Figure
6.11 third image set). Comparing this to the mixed colonies where populations are not engaged
in active T6SS competition, a similar increase in abundance of EPS- lineages in presence of EPS+
strains can be seen (Figure 6.10 second and third image set). This suggests, that although a
slight competitive advantage between the two strains can be seen, these results do not show

clear EPS-mediated protection during T6SS competition. This is further emphasised when

[v2]

T6SS + T6SS - C T6SS + T6SS -

>

T6SS + T6SS -

ArsmA ArsmA ArsmA

ApelA ApsIBCD

Arets  DretS drets  AretS

Arsma ArsmA ArsmA ArsmA
ApelA ApsIBCD DpelA ApsIBCD rsm,

DpelA BpsIBCD BpelA ApsIBCD

Figure 6.12: Loss of EPS has minor impact on P. aeruginosa T6SS-dependent
competition. Images of mixed macrocolonies of strains sensitised to Tseb (AretS Atsestsis)
(A), P1dB (ArsmA ApldBtli5b,—3) (B), or TseT ArsmA AtseTtsiT (C) toxins in red (mCherry).
In competition with the corresponding T6SS+ and T6SS- parental strains. To asses impact
of EPS in otherwise isogenic T6SS toxin mediated competition, each of the panels contains
individual red channel images showing toxin sensitive prey distribution in presence of T6SS+
(left) or T6SS- (right) attacker strain in the upper two rows. Corresponding overlay images
showing distribution of both toxin sensitive prey (in red) and T6SS attacker population in
green (sfGFP) shown in the lower two rows. Attacker populations with active T6SS used in
competition shown on the left and T6SS- (AtssB1 AtssB2 AtssB3) on the right. Each of the
four image panels contains mixes of EPS+ and EPS- (Apeld ApsiBCD) strains, with EPS+
prey in the upper lane and EPS- upper in the lower lane, while mixes in the first column contain
EPS+ attacker strains and mixes in the second column contain matching EPS- strains. Bacterial
inoculum mixes of ODggp=1.0 (B), 0.1 (A), or 0.001 (C) used in competition set-up. H1-T6SS
toxin (Tseb) mediated competition conducted on LB with 2.0% (w/v) agar at 37°C for 48h,
while H2-T6SS toxin (P1dB and TseT) mediated competition conducted on LB with 1.2% (w/v)
agar at 25°C for 48h. 1 of 1 colony test images shown for the mixed colonies containing EPS-
strains, consistent relative fluorescent channel brightness within image sets, while colonies shown
are not to scale.
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Tse5 sensitive strain (AretS ApelA ApsiIBCD Atsebtsi5) cultured in presence of T6SS- parental
strains with and without EPS (Figure 6.12 A), where a similar trend in prey abundance is seen.

As H1- and H2-T6SSs are active under different growth conditions, have distinct dynamics
and toxin repertoire, we next chose to test impact of removal of EPS on H2-T6SS toxin
mediated competition. For this we chose phospholipse effector PldB and seemingly the most
effective of the the H2-T6SS toxins - nuclease TseT. We conducted both of these competition
using ArsmA regulatory background strains, as both of these toxins can be used to effectively
restrict sensitive prey growth in this regulatory context (Chapter 5). In case of PldB-mediated
competition, both EPS+ and EPS- prey strains appear to be slightly less abundant in presence
of T6SS+ EPS- attacker strain (ArsmA ApelA ApsIBCD) (Figure 6.12 B). While in case of
TseT-mediated competition (Figure 6.12 C), survival of EPS- prey population seems to be
favoured independently of attacker populations T6SS activity status. Taken altogether, these
results suggest that although loss of Pel and Psl does impact sub-population distribution within
context of mixed macrocolonies, this does not translate into clear impact on P. aeruginosa

T6SS-mediated competition.

6.2.4 Type IV pili impact on bacterial intermixing

6.2.4.1 GGac-Rsm cascade mutants display decreased motility

Details surrounding regulation by Gac-Rsm cascade are described in chapter 1.2.3. Among
the regulatory targets of RsmA /RsmN are motility genes encoding both flagella and type 4 pili
(T4P) (122). Comparative analysis of Gac-Rsm mutant strains show graduated impairment in
twitching and swimming motility (Described in more detail in chapter 1.2.4) as well as distinct
swarming phenotypes (Figure 6.13). Regarding T4P-mediated surface twitching motility (Figure
6.13 A), ArsmA, AretS and ArsmAArsmN mutants all showed a significant impairment in
surface colonisation (Figure 6.13A). Especially notable is ArsmAArsmN mutant strain that

shows about 90% reduction in relative attachment area, with phenotypic impairment to this
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Figure 6.13: Disruption of Gac-Rsm cascade results in impairment in both T4P and
flagella dependent motility.

Comparative analysis in the relative twitching (A), swimming (B) and swarming motility of
Gac-Rsm mutants compared to WT. (A) Showing images comparing strain twitching zones as
seen by crystal violet staining and corresponding quantification of the relative twitching zone
area, using T4P- mutant (ApilA) as negative control. (Mean + SD of n=5 biological repeats)
(B) Relative changes in swimming area as measured through agar based swimming assay. Using
flagella-less (AfliC') mutant as negative control. (Mean 4+ SD of n=3 biological repeats) ANOVA
in combination with Tukey’s test used for statistical testing in panels (A) and (B), with "**"
designating p<0.05.

(C) Changes in agar surface swarming assay pattern subject to mutations in Gac-Rsm cascade
and loss of T4P or flagella as assessed on minimal (M8 with glucose as carbon source) or nutrient
rich media (LB agar) surface.

extent being somewhat visually apparent. Regarding flagella-mediated swimming motility
(Figure 6.13 B), only rsmArsmN strain shows a significant reduction in relative swimming area
to approx 45% of WT. Dependent both on flagella and T4P swarming is a coordinated group
movement on viscous surfaces (180, 772, 181). Assessment of different swarming phenotypes is
somewhat more complex, due to high phenotypic sensitivity to the exact growth conditions. Here
comparative swarming screen on both minimal and nutrient rich media surfaces was performed
(Figure 6.13 C). P. aeruginosa PAO1 WT is known to form some branching dendrite structures
(773) and same is observed here, while loss of flagella (AfliC) results in bacteria being unable to
expand on surface. Mutations in Gac-Rsm pathway have an impact on the swarming phenotype,

but interpretation of this is not straightforward. ArsmA, AretS and ArsmAArsmN mutant
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strains appear to have lost characteristic dendrite structures, but this does not necessarily result
in a smaller area being occupied, as in the case of AretS. It is also notable that ArsmAArsmN
mutant strain entirely fails to expand when grown on minimal media suggesting that deletion
of both rsmA and rsmN results in growth defect, while under nutrient rich conditions same
strain is able to expand to a comparably larger area than WT or ArsmA strains (Figure 6.13
C). Taken together, this confirms that the disruption of the Gac-Rsm cascade has an impact on
P. aeruginosa motility and this is likely to be one of the factors contributing to the changes in

the mixed macrocolony morphology observed in Figure 6.9.

6.2.4.2 Loss of T4P results in decreased strain intermixing at both single-cell and

whole-colony scale

T4P are adherent protein fibres protruding from the bacterial cell surface, these pili are
dynamically assembled and disassembled and this allows bacteria to exert force against the
object it adheres to. The use of this single mechanism allows T4P to mediate both aggregation,
in cases where pili mediate cell-cell interactions, and surface motility, in case of pili-surface
adhesion. Both bacterial aggregation and active surface motility are factors that impact the
mixing of bacterial populations at a local and a whole population scale in distinct ways. To assess
how loss of T4P impacts P. aeruginosa lineage spatial organisation we engineered T4P defective
strains by deleting pilA - a gene encoding the mayor T4P pilin, rendering these bacteria non-
motile (Figure 6.13A). P. aeruginosa loss of TAP (ApilA) results in reduced strain intermixing at
single-cell scale (Figure 6.14). In the population made up of differentially fluorescently labelled
T4P mutants, single lineage clusters are observable within colony central region and clear clonal
expansion lineages can be seen at the population expansion front. Under the same conditions
T4P+ cells appear more intermixed, as individual bacteria from one strain are mostly surrounded

by members of the other population.
The loss of T4P also impacts the structure of the population as a whole. As seen at single
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Figure 6.14: Loss of T4P results in reduced local intermixing at single-cell scale.
T4P+ (AretS) and T4P- (AretS ApilA) bacteria distribution while grown in the interface
between LB agar and cover glass. Mixes of isogenic strains with distinct mCherry and sfGFP tags
show that loss of T4P results in bacteria localising in monoclonal clusters, while T4P-+ strains
appear comparably intermixed in both colony central region and at the laterally expanding
growth front. Both single fluorescent channel and corresponding image overlays shown.

cell scale P. aeruginosa growth on surface is not entirely dependent on expansion through
physical interactions but also involves active intermixing using T4P (Figure 6.14). At a scale
of whole bacterial communities T4P- strains form smaller colonies (Figure 6.15). Similarly, to
ArsmAArsmN mutants (Figure 6.9), outer laterally expanding macrocolony regions of ApilA
mixed colonies are reduced in size and sub-populations appear to form defined segments even
in colonies established from high density inoculum (Figure 6.15). This reduction in bacterial
ability to expand on rigid agar surfaces or to intermix when grown in interface between media
agar and cover glass suggest that P. aeruginosa uses T4P to both actively intermix locally and

to expand the population overall.
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Figure 6.15: T4P mediate P. aeruginosa lineage lateral expansion on surfaces. Mixed
bacterial macrocolonies of T4P+ (ArsmA) and T4P- (ArsmA ApilA) mutant strains tagged
with constitutive mCherry (red) and sfGFP (green) tags. Showing single fluorescence channel
and overlay images of T4P+ and T4P+, T4P- and T4P-, T4P- and T4P+ mixed colonies,
displayed to scale. Strains mixed at 1 to 1 ratio and after adjusting inoculum density (OD =
1.0; 0.1; 0.01; 0.001) spotted on LB with 2% (w/v) agar and incubated at 37°C for 48h before
imaging.

6.2.4.3 Surface growth and active intermixing promotes H1-T6SS sheath assembly

and firing

P. aeruginosa H1-T6SS is a retaliatory/ response firing system, meaning that sheath
structures are often assembled in response to a prior injection. P. aeruginosa uses
TagPQRS-PpkA-PppA pathway (further described in Chapter 1.4.4) to sense exogenous T6SS
injections and subsequently positions membrane and baseplate complex such that further T6SS
assembly/firing events are directed towards the site of injection. Such retaliatory firing events
can also be triggered by T6SS injections from kin cells and are termed "duelling" (564).

As H1-T6SS activity is promoted by kin cell T6SS injection, we reasoned that the firing
activity of the system would likely be increased when bacteria are grown on a surface where
they are in contact with each other rather than in liquid media. To test this, we used a strain
with fluorescent tagged sheath proteins (tssB1:mScarlet-I), that allows for assessment of T6SS
dynamics at single cell resolution. To examine the sheath dynamics of P. aeruginosa growing

on the surface at single cell resolution a set-up was used where bacteria are spotted on LB agar
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pad, once the inoculum is dried, the agar pad is inverted onto a microscopy dish with cover-glass
bottom. By further culturing this bacteria T6SS sheath dynamics of bacteria grown on surface

can be assessed.

Figure 6.16 compares both H1- and H2-T6SS sheath abundance in liquid culture and bacteria
grown on agar surface and an inverse effect is observable. A comparably much higher number of
cells with TssB1-sfGFP sheath structures are seen when bacteria are grown on the surface. In
case of TssB2-sfGFP sheaths, the opposite is the case, as reported by (547) bacteria sampled from
liquid culture will often contain multiple H2-T6SS sheaths forming "zebra' like pattern. When
the same bacterial strain was assessed in this study when bacteria was grown on agar surface
as described above, only few of the bacteria assembled sheath structures. These observations
confirm that increased cell-cell contact likely contributes to T6SS activity in case of retaliatory
systems, as seen with H1-T6SS. The reasons behind relatively lower H2-T6SS activity are less
obvious, but a possible explanation could be differences in the overall physiology and growth

dynamics of bacteria on surface and liquid culture.

An additional factor to be considered for bacteria that grow on a surface is the extent of
active intermixing that occurs and how this impacts firing dynamics of retaliatory T6SSs. Figure
6.16 illustrates a scenario, where H1-T6SS sheath firing is increasingly propagated if bacteria
are motile and actively intermix with kin cells. Time series in Figure 6.16 captures a cluster
of bacteria where initially no active H1-T6SS sheath assembly is observable, but some the cells
appear to be actively moving on growth surface. At 79s mark a fluorescent foci can be observed
indicating start of a T6SS sheath assembly within the cell highlighted in white. The sheath is
fully assembled and a firing event towards cell in yellow has occurred at 85s mark, subsequently
a "response" sheath assembly occurs in the cell in yellow and another T6SS sheath is reassembled
in the initial "trigger" cell, while simultaneously both of these bacteria move relative to each
other. At time point 125s bacteria in yellow can be seen to have "triggered" a response sheath

assembly event in bacteria in blue, while at time point 159s cell in white appears to have triggered
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Figure 6.16: Contact with kin cells and active intermixing promotes assembly and
firing of H1-T6SS sheaths. (A) HI1-T6SS and H2-T6SS sheath abundance in compared
between growth in liquid culture and on agar surface. H1-T6SS sheath abundance measured in
ArsmAApppAtssB1:sfGFP strain, grown on agar surface at 37°C for 4h or in liquid culture until
mid-exponential phase. H2-T6SS sheath abundance measured in ArsmAtssB2:sfGFP growing
at 25°C on surface for 4h or in liquid culture at 25°C for 18h. (B) H1-T6SS sheath "duelling'
dynamics over time in actively mixing bacterial cluster. Dynamics of sheath assembly in PAK
AretStssB1:mScarlet-1 strain grown for 3.5h at 37°C on LB agar surface.
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a response firing event from bacteria in purple. These time-lapse snapshots illustrate how in a
scenario where bacteria are actively moving H1-T6SS sheath firing is propagated through the
same mechanism that would lead to kin cell "duelling" in a static bacteria population. Overall
this indicates that active bacterial intermixing contributes to propagation of active H1-T6SS

firing within clonal populations of sister-cells.

6.2.4.4 Loss of T4P interferes with P. aeruginosa T6SS-dependent competition

As T6SS competition relies on an attacker being able to establish contact with toxin-sensitive
prey bacteria, we decided to test how loss of ability to actively intermix and expand on surfaces
impacts T6SS-mediated killing in a whole colony context. To do this, we chose to test the
impact of the loss pili on both H1-T6SS-mediated and H2-T6SS-mediated competition using the
most potent toxin from each of the systems, Tseb and TseT. This competition was conducted
using ArsmA strains as both Tseb and TseT show a consistent ability to spatially restrict prey
growth, while unlike AretS or ArsmAArsmN, ArsmA colonies are not obviously aggregative and
show only minor twitching impairments, thus providing an opportunity for the best differential
between T4P+ and T4P- competition. In case of T4P+ strains, growth of TseT-sensitive bacteria
was entirely restricted in colonies with high density inoculum, i.e. ODggo= 1.0 or 0.1, while at
lower densities small amounts of prey were present in the colony central region (Figure 6.17 A).
In contrast, in competition between two T4P- prey and attacker strains, TseT-sensitised bacteria
were detectable in colonies with higher inoculum density. In cases of competition at low inoculum
densities, i.e. ODggo= 0.001 or 0.01, where prey bacteria have an opportunity to establish
before encountering population delivering TseT, competition using T4P- strains shows little to
no spatial restriction, while within T4P+ strain context prey growth is readily restricted. In
context of Tseb-mediated competition similar observations can be made, at comparable inoculum
densities colonies consisting of T4P+ strains appear to be more conducive to T6SS-dependent

sensitive prey growth restriction than comparable T4P- communities (Figure 6.17 B). Clear Tse5-
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mediated killing is observable at all inoculum densities in T4P+ colonies, while Tseb delivery
appears to have only minor effect in T4P- context. This indicates that ability to actively
intermix using T4P is contributing to P. aeruginosa contact mediated killing proficiency and
is used to at least in part overcome the defence provided by spatial segregation resulting from

prior establishment.

ArsmA AtseTtsiT ArsmA ApilA AtseTtsiT
ArsmA ArsmA AtssBl1tssB2tssB3 ArsmA ApilA ArsmA ApilA AtssBitssB2tssB3
Initial OD
1.0
0.1
0.01
0.001
ArsmA Atse5tsi5 ArsmA QpilA Atse5tsi5
Initial 0D ArsmA ArsmA AtssB1tssB2tssB3 ArsmA ApilA ArsmA ApilA AtssBitssB2tssB3
nitial
1.0

0.1

0.01

0.001

Figure 6.17: Loss of T4P negatively impacts P. aeruginosa T6SS-mediated killing.
Assessing effectiveness of H1-T6SS (A) and H2-T6SS (B) toxin mediated killing in mixed
macrocolony communities made up of off T4P+ (ArsmA) and T4P- (ArsmA ApilA). Prey
bacteria sensitised to TseT (ArsmAAtseTtsiT) (A) or Tseb (ArsmAAtsestsis) (B) in tagged
with mCherry (red) and attacker population with sfGFP (green) fluorophores. Both single
fluorescent channel and corresponding composite images. For both (A) and (B) bacteria were
mixed at 1 to 1 ratio and after adjusting inoculum density (ODggp = 1.0; 0.1; 0.01; 0.001)
spotted on LB agar, images of whole macrocolonies taken after 48h incubation at 25°C for TseT
competition and 37°C for Tse5 competition. Showing 1 of 1 test images for panel A and panel
B pili mutant strain competition. Showing representative images of 3 biological replicates for
the ArsmAAtse5tsi5 prey competition.
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6.2.4.5 Toxin sensitive prey strains use T4P to escape immobile attacker

population

The loss of T4P is detrimental to the P. aeruginosa ability to eliminate T6SS sensitive prey in
an otherwise isogenic context (Figure 6.17). Strains lacking pilA form smaller colonies, indicating
that the impairment in surface motility interferes with the expansion of the population on the
rigid surface of agar specifically (Figure 6.15), as this strain remains able to expand proficiently
on surfaces under swarming conditions (Figure 6.13 C). In mixed colonies containing both T4P-+
and T4P- strains, bacteria lacking T4P are present in the inoculum region and the laterally
expanding colony edge is exclusively occupied by T4P—+ strains and the overall size of the colony
is comparable to T4P+ colonies (Figure 6.15). This sub-population distribution is consistent
with the observation that T4P are likely the primary P. aeruginosa mode of active expansion
within the context of macrocolony assay as only the motile (T4P+) populations are able to
expand in the outer colony regions.

Within a mixed community containing both T4P+ and T4P- strains these sub-populations
appear to spatially segregate (Figure 6.15), therefore we tested how this reduction in sub-
population intermixing impacts P. aeruginosa T6SS-mediated killing. For this we chose two
H1-T6SS toxins, Tse3 and Tseb, as well as two H2-T6SS toxins, PldB and TseT, using this
approach we were able to test the impact of toxins of different potency, as delivered by two
different systems in competition that occurs in distinct growth conditions. A similar scenario
emerges independently of the toxin used or the T6SS system delivering it, when the mixed colony
is made up of pili defective prey and attacker strains, prey growth appears to be less restricted
than in cases of T4P+ competitors (Figure 6.18). If T4P- toxin sensitive bacteria are grown
in presence of T4P+ attacker population, T6SS-dependent growth restriction is observable. In
both P1dB and TseT mediated competition, T4P- prey grown in presence of T4P+ attacker is
almost entirely eliminated, with the exception being that the prey bacteria appear to survive at

the very edge of the inoculum spot (Figure 6.18 C and D). It is known that as a result of the
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Figure 6.18: Toxin sensitive prey bacteria can escape H1- and H2-T6SS attack using
type IV pili.

Images of mixed macrocolonies of strains sensitised to Tse3 (ArsmA Atse3tsi3) (A), Tseb
(ArsmA Atsedtsi5) (B), PIdB (ArsmA ApldBtlisb;_3) (C), or TseT ArsmA AtseTtsiT (D)
toxins in red (mCherry). In competition with T6SS+ (ArsmA) and T6SS- (ArsmA AtssB1
AtssB2 AtssB3) parental strains with and without functional T4P aiming to asses impact of
T4P in otherwise isogenic individual T6SS toxin mediated competition. Each of the panels
contains individual red channel images showing toxin sensitive prey distribution in presence of
T6SS+ (left) or T6SS- (right) attacker strain in the upper two rows. Corresponding overlay
images showing distribution of both toxin sensitive prey (red) and T6SS attacker population in
green (sfGFP) shown in the lower two rows. Attacker populations with active T6SS (ArsmA)
used in competition shown on the left and T6SS- (ArsmA AtssB1 AtssB2 AtssB3) on the
right. Each of the four image panels contains mixes of T4P+ and T4P- (ApilA) strains, with
T4P+ prey in the upper lane and T4P- upper in the lower lane, while mixes in the first column
contain T4P+ attacker strains and mixes in the second column contain T4P- strains. Bacterial
inoculum mixes of ODgyp=1.0 used in competition set-up. HI1-T6SS toxin (Tse3 and Tseb)
mediated competition conducted on LB with 2.0% (w/v) agar at 37°C for 48h, while H2-T6SS
toxin (P1dB and TseT) mediated competition conducted on LB with 1.2% (w/v) agar at 25°C for
48h. 1 of 1 colony test images shown for the mixed colonies containing T4P- strains, consistent
relative fluorescent channel brightness within image sets, while colonies shown are not to scale.
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microfluidics phenomenon termed “coffee ring effect” bacteria aggregate at the edge of a fluid
droplet (749, 702), therefore a possible explanation for prey survival at the edge of inoculum
spot seen here is that the T4P+ cells remain unable to intermix with a dense non-motile T4P-
population and this results in subsequent failure to eliminate sensitive bacteria.

When evaluating the contribution of T4P within mixed macrocolonies of bacteria interacting
through T6SS, the most striking outcome can be observed when T4P+ toxin sensitive prey strain
is mixed with T4P- attacker population (Figure 6.18). T4P-defective attacker populations
(ArsmA ApilA) remain capable of eliminating prey in the colony central region to the same
or potentially slightly higher extent than their T4P+ counterparts (Figure 6.18), but toxin
sensitive prey is able to escape and grow in the colony outer edge to the same extent as
in absence of T6SS-mediated attack. The T4P-mediated escape from prey occurs even in
the case of highly effective toxins, such as illustrated by ArsmAAtseTtsiT prey growth in
presence of ArsmAApilA attacker population. These experimental observations position T4P as
a complementary tool in P. aeruginosa contact-based competition, where the ability to actively
intermix and form contacts between prey-attacker populations aids attacking bacteria, while
prey bacteria population benefits from ability to "run away" from an attacker that is slower to

expand.
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6.3 Discussion

6.3.1 Gac-Rsm cascade modulates gradual changes in whole community

structure

T6SS is only one of many tools that P. aeruginosa uses to compete for existence within
a niche. The use of T6SS for host interactions, bacterial competition, or nutrient acquisition
is part of a far broader lifestyle shift. P. aeruginosa possesses 3 T6SS systems and, rather
than constitutively expressed and assembled, each of these systems is activated under specific
conditions. As explored in chapters 3 and 4, all three T6SSs are under the control of the Gac-
Rsm regulatory cascade, and disruption of network functionality results in a graduated increase
in T6SS activation. In chapter 5 we show how this translates into what could be considered a
dose-response in increased competitive fitness (Figure 5.18). Although P. aeruginosa T6SS is
under the control of the Gac-Rsm cascade, this cascade is in no way specific for regulation
of T6SS alone. Gac-Rsm cascade together with c-di-GMP-mediated regulation introduces
what has been characterised as planktonic/biofilm lifestyle switch involving changes in the
expression of virulence factors, motility devices, LPS, and extracellular matrix substances
(100, 1). Similarly, as disruption in Gac-Rsm cascade results in gradual elevation in T6SS
expression and activity, here we see that these same strains appear to display incremented
phenotypic variation in motility and aggregation (Figure 6.13) leading to communities made
up of these strains differing in lineage organisation within communities and overall aggregation
(Figure 6.9). When evaluating the impact of T6SS-mediated interactions in P. aeruginosa it
becomes increasingly important to consider what compounding effects influence the competition
for space. The previous sections have addressed the specifics of modulation of T6SS firing
and the contribution of various toxins; here, broader T6SS-nonspecific competition aspects are

considered.

We consider how changes in the composition of the founding community affect T6SS-
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mediated competition. We comprehensively assess how prior establishment provides protection
to toxin-sensitive prey populations and to what extent this can be overcome by active
intermixing. Additionally, this study is the first demonstration of how T4P-mediated motility
aids in contact-based prey killing and how the use of twitching motility allows for sensitive prey

escape even in cases of highly efficient killing.

6.3.2 Local contact assortment is a key determinant of population level

competitive success

T6SS-mediated bacterial competition is contact-dependent, as bacterial killing relies on toxic
effectors being injected directly into adjacently located competitors. The ability to deliver
presumably ready-to-function protein effectors directly to the site of action positions T6SS as
a highly efficient weapon. At the same time, this aspect of the system functionality makes
T6SS-mediated competition vulnerable to simple and ubiquitous defence - protection through
spatial separation (650). Not only competition through use of T6SS, but all highly local
interactions are dependent on the lineage distribution within communities and sub-population
prior establishment.

Here, through the use of both theoretical simulation and experimental mixed macrocolony
assay, we have demonstrated how aspects such as increased local contact assortment are a
key contributor in T6SS-mediated killing. As seen both by increasing inoculum density and
modulating the competitor ratio within the mix, the most effective T6SS toxin-mediated prey
growth restriction is observable when the maximum number of sensitive cells are directly exposed
to the attacker population (Figure 6.5 and 6.7). Although perhaps it is unsurprising to observe
that the success of highly local competition is reliant on establishing inter-population contacts,
it does emphasise that bacterial competitive success within complex communities is likely
dependent not only on use of efficacious direct competition tools, but also on many compounding

factors. One of the biggest challenges for T6SS-dependent niche takeover is overcoming prior
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establishment, as T6SS proficient bacterial species has to make direct contact with resident
flora for killing to occur. If sensitive prey bacteria is present in sufficient amounts, the fraction
of population directly exposed to attack may act as a shield preventing the killing of others.
Protection from T6SS through spatial separation has also been previously observed in both cases
of T6SS (687, 695) and CDI mediated competition (774, 683). This emphasises the importance of
using highly lytic toxins that enable effective removal of dead competitor cells accumulated (684).
A mechanism known to contribute to protection through spatial separation is production of EPS.
The presence of EPS has long been known to protect bacteria within biofilm community from
external biotic and abiotic stresses (259, 1), but is also emerging as a non-immunity protective

tool against T6SS attacks (650).

6.3.3 EPS impact on P. aeruginosa community structure and T6SS-

mediated interactions

A defining feature of biofilm communities is the presence of extracellular matrix (ECM)
that contains not only EPS, but also eDNA and extracellular proteins. ECM provides an
overall structural support allowing for development of microbial communities and encases the
bacteria found in the community providing protection from the environment. This also results
in increased biomass and bulk within the extracellular space, and as direct cell-cell contact
is disrupted, this has the potential to interfere with T6SS needle injections. As EPS is a
major component of ECM, impact of this on T6SS-mediated inter-bacterial competition has
been addressed in multiple prior studies. The protective role of EPS in the case of T6SS-
mediated attacks was first studied in Vibrio cholerae where Vibrio PolySaccharide (VPS)
provides protection from exogenous and near-isogenous T6SS attackers, without interfering with
the VPS producers ability to compete using T6SS (264). It was proposed that the protection is
a result of the surrounding capsule-like barrier formed by the VPS (775, 776). A more recent

study has also identified the ECM protein RmbA as having a similar protective function within
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V. cholerae biofilms (763). Another case of immunity-independent T6SS protection is seen in
E. coliy, where V. cholerae T6SS toxin injection induced expression of both osmotic-response
genes and promoted synthesis of colanic acid capsule (650). If the protection provided by EPS
is simply the result of spatial separation, bacterial genera known for the production of protective
EPS capsules such as Klebsiella (777), are of interest. Unlike most EPS seen in Pseudomonas or
Vibrio species, Klebsiella capsule consists of dense, surface attached polysaccharide layer that
provides spatial separation and therefore poses a somewhat obvious problem for contact-based
interactions. Klebsiella capsule it is known to interfere with immune complement binding and
prevent Klebsiella pneumoniae infection clearance (778). The presence of capsule polysacharides
has recently been shown to protect gut commensal Klebsiella species from exogenous T6SS
attacks (560). Unlike in the case where self-produced EPS interferes with Campylobacter
jejuni T6SS injection into red blood cells (657), Klebsiella sp. and, same as other capsular
polysaccharide producing bacteria such as Acinetobacter sp. or Burkholderia sp., remain amongst
T6SS proficient bacteria (779, 780, 781, 782, 27, 783). This shows that formation of EPS barrier
surrounding a cell, even what appears to be a formidable one as in case of Klebsiella capsule, does
not exclude bacteria from participation in contact-mediated interactions with its surroundings,

and therefore mechanism behind EPS interference with T6SS is likely somewhat more complex.

In case of P. aeruginosa, where EPS and T6SS production is co-regulated, increased
presence of EPS seems to in no way interfere with contact-mediated competition, instead these
strains are increasingly proficient T6SS killers. In P. aeruginosa PAO1, the two dominant
exopolysaccharides are Pel and Psl, whose expression is under direct control of Gac-Rsm cascade.
In the chapter 5 we showed how mutations in Gac-Rsm cascade result in graduated modulation in
T6SS activity and killing effectiveness, here we show how these same regulatory mutations lead to
graduated changes in community organisation even in absence of T6SS competition (Figure 6.9).
We observed an impact on community organisation, within the mixed macrocolony competition

setup where strains lacking EPS were able to occupy a comparatively larger area. Notably,
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this loss of EPS failed to translate in any consistent and meaningful impact on T6SS-mediated
competition (Figures 6.11 and 6.12). As the interplay between T6SS-mediated interactions
and presence of EPS appears to be widespread in other species, this was likely a result of the
nature of these exoploysaccharides. Therefore, the question comes down to how exactly EPS
affects the local bacterial community structure. Rather than simply resulting in bulk within the
extracellular space, P. aeruginosa Pel and Psl aid in cell-cell cohesion, that is likely to result
in closer packing at local scale and aggregation at whole colony level. At a level of individual
bacteria EPS aid in cell-cell adhesion, while at a level of whole bacterial communities, acting
together with eDNA and extracellular proteins, EPS provides mechanical support enabling
formation of complex mature biofilm structures (784, 246, 259, 328). Therefore, as much as
loss of EPS could reduce the amount of physical barriers that have a potential to interfere with
T6SS needles in the inter-cellular space, EPS- bacteria will not be necessarily packed closer as
a result of decrease in the specific cell-cell adhesion, and this may have additional implications

on bacterial motility (211).

6.3.4 T4P in P. aeruginosa communities - attachment, intermixing and

escape

As discussed in more detail in section 1.3.3, specific cell-cell adhesion is a requisite component
for killing using contact-dependent killing (CDI) (785). But it stands to reason that both specific
and more general adhesion would impact any bacterial interactions reliant on close contact,
this includes T6SS. Myzococcus zanthus possesses T6SS-associated antennae-like structures that
have been proposed to function in specific target binding through a mechanism resembling phage
binding specific receptor proteins (786). A study that engineered T6SS to effectively kill in liquid
culture took an approach of adding surface nanobodies that allowed T6SS+ bacteria to adhere
to specific target cells in a manner resembling CDI (787). An example of naturally occurring

specific attachment aiding in T6SS-mediated killing has been identified in Vibrio fischeri, where
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a T6SS-associated lipoprotein TasL promotes cell-cell attachment (788). Increased adhesion is
likely to result in higher number of close and prolonged contacts between adjacent bacteria,
and its somewhat apparent how this would aid in contact-dependent competition. No specific
adhesion mechanisms have been associated with P. aeruginosa T6SSs, but the contributions of

generic cell-cell adhesion and aggregation mechanisms is of interest in this study.

Cell-cell adhesion within the context of P. aeruginosa biofilms is mediated through multiple
mechanisms, including EPS components, extracellular matrix proteins, such as CdrA that links
Psl strands, or T4P-mediated direct cell-cell attachment (211, 789, 326). The role of EPS is
addressed above, while of specific interest here is T4P, a tool that bacteria use both for cell-cell
adhesion and surface-based motility, as both directly impact community structure at local and
global scale. T4P have been shown to be responsible for directed P. aeruginosa surface motility
towards and intermixing with Staphylococcus aureus (218). Here we observed that loss of T4P
resulted in bacteria growing in monoclonal clusters at single cell scale, while increase in local
mixing was observable in a bacterial lawn formed by T4P+ lineages (Figure 6.14). Motility
within community leads to lineage intermixing and this results with more individual bacteria
transiently exposed to interspecies contacts, providing more potential opportunities to deliver a
toxins through T6SS injection. A key characteristic of H1-T6SS is repeated retaliatory firing and
often rapid and repeated T6SS sheath reassembly (564). This has been shown to be a favourable
competitive strategy (576) and a consequence of inter-population contacts being transient limits
opportunities for repeated T6SS injection. Our near isogenic mixed colony experimental setup is
well suited to address how specific mechanistic changes impact the overall competitive outcomes.
When comparing T6SS toxin-mediated killing in mixed macrocolonies, loss of T4P results in
improved prey population survival (Figure 6.17). This leads to a conclusion that in the case of
P. aeruginosa, ability to actively intermix and establish contacts with prey population is a key

component of T6SS-dependent competitive success.

Here we observed pilA mutants at both single cell and whole colony scale, concluding that
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T4P aid in strain intermixing in isogenic context (Figure 6.14 and 6.15). Furthermore when
T4P+ and T4P- strains are co-cultured spatial segregation of the two bacterial populations
occurs, with only T4P+ population being able to successfully expand on growth surface. This
is somewhat unusual as a similar study assessing impact of T4P on sub-population distribution
in whole mixed colonies focusing on another bacterial species Neisseria gonorrhoeae shows the
opposite effect. In a mix of T4P+ and T4P- strains, N. gonorrhoeae lacking pili are found in the
colony outer region (768). This has been attributed to a somewhat ubiquitous adhesion-based
sorting mechanism resulting in phase separation (769). In the case of N. gonorrhoeae loss of
pili results in reduced adhesion and T4P- sub-population is expelled to the outer colony edge
(768). A previous study looking at T4P contribution to P. aeruginosa swarming has also noted
that in a mix of T4P+ and T4P- bacteria, the strains lacking pili are preferentially found at the
leading edge of a swarming population (180). Altogether it appears that both presence of T4P
and specific growth conditions play a role in determining sub-population distribution within a
bacterial community and within mixed macrocolonies T4P are a motility device used for lateral

expansion.

Within mixed community containing both T4P+ and T4P- strains sub-populations appear
to spatially segregate, therefore we tested how this reduction in sub-population intermixing
impacts T6SS-mediated killing in case of P. aeruginosa mixed colony setup. A previous study
assessing T4P impact on Neisseria cinerea T6SS-mediated killing within whole colony context
observed that in cells that lose T4P, this sub-population escaped otherwise proficient T6SS
killing through adhesion-mediated sorting (767). In this study the opposite is observed (Figure
6.18), in a mix where T4P- prey sensitive to a T6SS effector is in presence of T6SS+ attacker,
sensitive bacteria are almost entirely eliminated. The exception is that some of the prey bacteria
appears to survive at the very edge of the inoculum spot, where bacteria aggregate at the edge
of a fluid droplet due to a microfluidics phenomenon termed “coffee ring effect” (702), a possible

explanation for prey survival here being the T4P+ cell inability to intermix with a dense T4P-
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population and subsequently failing to eliminate the sensitive bacteria. In a mix where T4P+
toxins sensitive prey bacteria are in presence of T6SS+ attacker lacking T4P, the prey bacteria
are eliminated from the colony central region, but able to expand and grow in the colony outer
edge to the same extent as in absence of T6SS-mediated attack. This T4P-mediated impact on
T6SS-dependent killing in P. aeruginosa also extends to H1-T6SS and this supports the idea
that the effect observed here is likely mechanistic and universal rather than specific to the strain
or even the type of contact based killing system used. The pili impact on P. aeruginosa T6SS-
mediated interactions is consistent with T4P being used as a surface motility device. T4P are
a complementary tool that an attacking population can use to actively intermix, this leading
to a quantifiable improvement in T6SS killing. This study adds to the evidence of T4P being
an important determinant of contact-mediated competition success, with preferential adhesion
towards prey cells or surface being the factors determining population organisation within the
community, with preferential aggregation or active expansion being the two fates for T4P+
bacteria populations. This choice between aggregation or motility also determines bacterial fate
under contact-based attack, while motile prey bacteria appear to minimise interspecies contacts
and escape T6SS attacks through segregation, with two underlying mechanisms being - prey
“running” from a non-motile attacker or prey escaping through loss of T4P as the attacker cells

are no longer able to “hold onto” susceptible prey.

6.3.5 Summary

Establishment of contact between prey and attacker population is a key component
for effective T6SS-mediated competition success. Clearance of even highly vulnerable prey
populations is challenging if enough of prey bacteria are already present. Alternatively, sensitive
bacteria can survive when escaping through active motility. This also highlights that simple
increase in T6SS attack frequency or use of set of diverse and potent toxins can in some

scenarios be of little added benefit and use of complementary tools such as T4P to actively
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intermix within communities is of importance. Naturally occurring microbial communities are
highly complex and consist of tens or hundreds of species. Due to the high complexity of the
these systems, the specific interactions occurring within these communities are often difficult
to detangle. Systematic studies like this one offer an opportunity to focus on how specific
aspects such as changes in local contact assortment or surface motility contribute to the overall
community organisation and what are the consequences on direct bacterial competition. Work
like this can be subsequently used to aid in interpretation of more complex interactions occurring

in polymicrobial context.
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Chapter 7

Discussion

There is a wide range of various ecological niches, and each is occupied by organisms
adapted for existence within the particular conditions (352, 790). These ecological niches
are rarely exclusively occupied by a single species, instead most microbes exist as a part of
complex interacting polymicrobial communities (229, 791). Pseudomonas aeruginosa is a highly
adaptive opportunistic pathogen able to shift its gene expression profile to adapt to a range of
environmental conditions and actively compete for space and resources. This includes proficiency
as a pathogen that is capable of causing both acute and chronic infections, while also not being
constrained by exclusive existence in a narrow niche (1). P. aeruginosa possesses a range of
complex molecular tools that enable this bacterium to take advantage of opportunities such
as invading immunocompromised host niches and subsequently escaping clearance (26, 792).
These tools include a range of virulence factors, protein secretion systems, motility devices,
and many other mechanisms, such as iron acquisition via siderophores or molecules promoting
biofilm formation (26). Ability to use specific tools when needed requires sensor and regulator
networks, that enables bacteria to gather information about its environment and subsequently
integrate this information to coordinate an appropriate response trough changing gene expression
profile (100, 1). One of these tools in the Type VI secretion system (T6SS) that can be used

for interactions with host, surrounding bacteria or to simply export proteins into extracellular
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milieu. In this thesis we address how the activity of P. aeruginosa T6SS is modulated, and how
this translates into different competitive outcomes. We conducted a comprehensive study of
impact of individual T6SS effectors within context of competition in mixed macrocolonies and
showed how the ability to intermix is a key predeterminant for T6SS-dependent competition

outcomes.

7.1 Impact of regulatory network on T6SS expression and

activity

The expression of P. aeruginosa T6SS has been associated with existence in biofilms. P.
aeruginosa biofilm formation is subject of a range of regulators, two key ones being Gac-Rsm
regulatory cascade and modulation of gene expression through c-di-GMP. c-di-GMP regulation
is widespread across many bacterial genera and is commonly found to modulate a range
of biological processes (102), in P. aeruginosa up-regulation of c¢-di-GMP production marks
transition towards biofilm formation (746, 103). A study by (101) connected high intracellular
c-di-GMP levels with down-regulation in virulence mediated through Type III secretion system
(T3SS) and simultaneous up-regulation in expression of H1-T6SS. This and a subsequent study
by (110) establishes the link between biofilms and high H1-T6SS expression. Here we expand on
this by performing a preliminary analysis of ¢-di-GMP impact on both H1- and H2-T6SS activity
and observe an inverse impact (Chapter 3). As expected, high c¢-di-GMP mutant strains show
high H1-T6SS expression and activity, but subsequent drop in c-di-GMP levels appears to impact
only the activity of the system while expression remains intact (Figure 3.4). Simultaneously, H2-
T6SS expression and activity appears to be elevated in a low c-di-GMP regulatory context. This
second observation was unexpected, as increased H2-T6SS expression was observed in strains
that exhibited a low biofilm formation phenotype (Figure 3.6). In P. aeruginosa T6SS has been

seen to be elevated under biofilm conditions (568, 101), but low c-di-GMP levels have been
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shown to promote T6SS activity in other bacterial species such as Agrobacterium tumefaciens,
Pseudomonas putida and Pseudomonas fluorescens (725, 727, 730).

These observations of ¢-di-GMP impact were made in strains that lack the sensory kinase
RetS. RetS modulates the action of the Gac-Rsm regulatory pathway that is responsible for
the transition between planktonic and biofilm-like gene expression profiles (166, 125). The
regulatory impact of the Gac-Rsm cascade is exerted through the translational repressors RsmA
and RsmN (123). RsmA/RsmN both directly and indirectly impact expression of genes encoding
components for each of the three T6SSs (124, 122). Both RsmA and RetS have been previously
shown to modulate T6SS expression and activity (723, 101), and unlike in the case of differential
impact by c-di-GMP, expression of all three systems appear to be repressed by Gac-Rsm cascade.
Here we assessed a set of strains with mutations in genes encoding Gac-Rsm pathway components
and this enabled us to compile a strain set with gradually modulated T6SS activity levels. RsmA
has been characterised as controlling the expression of all three T6SS clusters (723), while in vivo
function of paralogue RsmN has been less well characterised. Here we were able to use promoter
activity measurements to validate that in absence of RsmA, RsmN does repress all three of
the T6SSs (Figures 4.3 and 4.4). We then further saw that graduated differences in promoter
activity translate into graduated differences in protein expression and T6SS activity. We also
note, that although strain with mutation in the gene encoding sensory kinase RetS show high
T6SS activity, even further activity and corresponding improvement in the ability to kill sensitive
bacteria is seen if both RsmA and RsmN are removed (Figures 4.6 and 5.18). Subsequently, this
set of strains with modulated T6SS activity was used in a systematic evaluation of differential

impact of toxins with entirely distinct biochemical activities.
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7.2 T6SS toxins are the key determinants of the overall

competitive success

The T6SS effectors dictate the impact of this molecular tool. Unlike many other simpler
protein export systems that secrete cargo intro extracellular milieu, T6SS can be used to deliver
effectors directly into adjacent cells (793). And the molecular makeup of the system enables
for effector delivery to be indiscriminate, unlike in the case of systems such as CDI (794), no
requirement for recognition of specific binding features on target cell surface exists, instead
T6SS spear is topped by a spike that allows for puncture of target cell membrane and effector
translocation. But unlike in the cases of tailocin impact (436), adjacent cell puncture by T6SS
is not sufficient to deal damage 5.4. Instead, T6SS impact is entirely dependent on the type of
effectors delivered. The effector proteins can have different impacts and encompass antibacterial,
anti-eukaryotic or common good molecules (Figure 5.5). Additionally, T6SS modular makeup
allows for an individual bacteria to encode and deliver a variety of effectors, with P. aeruginosa

T6SSs delivering more than 20 effectors (Table 1.1).

Prior studies have focused on characterisation of individual T6SS effector biochemical activity
or mode of delivery (Table 1.1), while studies such as the one conducted by (594) look at
toxin differential impact depending on the growth conditions and changes in factors such as pH
or osmolarity. Here we conducted a comprehensive investigation of how action of individual
toxins shapes bacterial community structure. To assess a community-wide impact of T6SS
toxins, we adapted a macrocolony imaging approach where two bacterial populations are mixed
and competition of sub-populations can be evaluated (Figure 5.1). We observe that potency
of T6SS effectors is highly variable, but in cases of pore forming toxins, such as Tseb, even
delivery in low doses seen in P. aeruginosa PAO1 WT enables attacking population to restrict
prey spatial expansion (Figure 5.5). In strains with higher T6SS activity, we see that most

of the characterised T6SS effectors are able restrict prey bacteria expansion (ArsmA), while a
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near complete elimination of sensitive bacteria can only be achieved when the attacker’s T6SS
firing frequency is further elevated (AretS or ArsmAArsmN). This is an important observation,
as we show that an increase in the dose of toxin delivered directly translates into improved
killing (Figures 5.18). It is also notable that some of the effectors, specifically peptidoglycan
amidase Tsel and tarnsamidosome targeting Tse8, acting individually do not appear to be
effective against sensitised P. aeruginosa prey (Figure 5.5). But in case of Tsel we note that
this effector still contributes to the effector set as a whole, as combined use of Tsel and Tse3
is more effective for sensitive bacteria growth restriction than individual toxins (Figure 5.7).
Through the combined use of biophysical simulations and mixed macrocolony experiments, we
also demonstrate that although an increase in the firing rate of T6SS contributes to improved
competitiveness, the specific mode of action of the toxin is the main limiting factor in contact-
based competition (Figures 5.17). This being in a general agreement with previous studies that

emphasise importance of lytic toxins in competition reliant on cell-cell contact (684).

7.3 Active intermixing aids with effective T6SS killing

T6SS-dependent bacterial competition is reliant on the formation of direct contact between
competing bacteria. Spatial separation of competitors due to prior establishment or emerging
during competition has been demonstrated to aid in prey survival when exposed to an otherwise
effective T6SS attack (701, 416, 683, 700). Through the use of biophysical simulations and
experiments, we demonstrate that increased contact assortment promotes prey elimination
(Figures 6.2, 6.5, and 6.7). Conversely, prior establishment reduces interspecies contact surface
and allows for prey populations to persist even when exposed to attack by highly effective
toxins (Figures 6.3 and 6.5). These observations emphasise the impact of specific community
architecture on direct competition.

Since contact is an essential component of T6SS-dependent competition, factors that promote

contact events may have a drastic impact on the competition outcome. We show that type IV
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pili (T4P) that are known to contribute to both adhesion and surface motility (30), promote
intermixing on both a single cell scale and at a whole population level (Figures 6.14 and
6.15). Notably, we see that loss of the ability to intermix using T4P is detrimental to the
ability to kill using T6SS toxins (Figure 6.17). We extend this even further by assessing how
T6SS-dependent killing in a mix of motile and non-motile bacteria and show that motile P.
aeruginosa populations can escape T6SS attack by moving away from the attacking population
(Figure 6.18). Although, T4P-dependent adhesion-mediated sorting has been demonstrated
to interfere with T6SS-dependent competition in Neisseria sp. (767), in P. aeruginosa T4P
impact appears to be a result of surface motility, rather than adhesion. Altogether it thus
appears that presence/absence of T4P, specific growth conditions and T6SS-dependent effective
competition play a role in determining sub-population distribution within a bacterial community
and this may drastically vary from one bacterial species to another. This opens up questions for
further investigation of how factors such as motility and adhesion impact not only community

organisation but also T6SS-dependent competition outcomes in a polymicrobial context.

7.4 Conclusion

Every study model, both experimental and theoretical, is limited by the fact that only
specific environmental conditions and a limited number of parameters can be considered. As
such, making predictions on the outcome of a competition happening within complex host
niches remains challenging. The best known P. aeruginosa infection scenario is within the
context of cystic fibrosis lung, where it is a part of a polymicrobial community (795, 86). A
notable aspect of P. aeruginosa pathogenesis is that once this bacterium invades the community,
it is able persist for years and its presence appears to largely define how the community
behaves overall (796, 1). The full complexity of natural communities is unlikely to be entirely
recapitulated in minimal ecological systems used experimentally. However, experimental systems

are well suited for evaluation of how mechanistic factors and individual molecular tolls influence
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bacterial competition dynamics. Here, we took an approach of engineering a system that enables
manipulation of T6SS activity to investigate how specific toxic effectors impact can change the
overall community organisation and how complementary tools such as T4P impact competition
outcome. We believe that recording the contribution of individual elements, and that is one
major advance provided by studies as the one we conducted here, is essential for construction
of large and comprehensive datasets. These can be used in conjunction with theoretical tools
to gain further understanding of what rules govern the outcome of competition in polymicrobial
context within natural niches. If the T6SS is a key machine in the resolution of microbial
competition, genomic approaches showed that despite a broad distribution across phyla and
species, there is no rule on who does or does not pose a T6SS (522). Trying to figure out the
benefit for bacteria of having or not a T6SS would only make sense if we understand which
toxins are delivered by these systems, and what are their impact on preys. Further studies
should also assess the distribution of cell lineages within the three dimensions of a biofilm (763)
which will further complexify the heterogeneity of the environment and how cells respond and
adapt within the different layers of a biofilm. And expand by performing competition that

includes other organisms that P. aeruginosa encounters within infection niche.
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