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Abstract

Production and properties of thePseudomonas aeruginod&body virulence factor
Bryan S Wang

Even though it has been decades since antibiotics were put into widespread use,
bacterial infections are a worsening source of morbidity and mortality worldwide. This is
partially due to the formation of biofilms. Bifilms are populations of microbial cells
embedded in selfproduced matrices and their formation can enhance survival of the
pathogen in the host.Pseudomonas aeruginoses a major cause of acute and chronic
infections and an excellent model for the studyf opportunistic, biofilm-based infections. It
produces a plethora of virulence factors and we do not fully understand how it harms the
host. This thesis investigates the synthesis and characteristics of the Refractidedy (R-
body), a newly identified P.aeruginosavirulence factor and potential roles of this virulence
factor during host colonization. Rbodies are large proteinaceous polymers that are
produced as a coiled ribbon but can extend to form a spetike structure that is longer than
a bacterialcell. Further, the Rbody is produced stochastically and the producing minority is
thought to contribute to success of the population through altruistic suicide. The purpose of
this thesis is to characterize yet another virulence factor in the arsenal ohé notorious
pathogen P. aeruginosaFurther, the capacity for Roody production is present in diverse
bacteria, and characterization of its function could be pertinent for our understanding of
other bacteria with roles in medicine, agriculture, and industy.

In Chapter 1, | introduce concepts from the fields of bacterial infectious disease,
population biology and gene expression to provide context for my research findings on the

R-body. In Chapter 2, | describe the discovery of-Body polymers in theP.aeruginosaPAl14



biofilm. Using mass spectrometry analysis, | identified a novél. aeruginosar-body protein
absent in the Caedibacter taeniospiralisand Azorhizobium caulinodansgenomes, two
bacteria for which Rbody production had previously been described. Further, results in the
chapter elucidate the role of Rbodies in P. aeruginosaPA14 colonization in the plant and
virulence in the nematode hosts.

The work described in Chater 3 focuses on the transcription factor RcgA, which is
required for R-body production. The gene encoding RcgA lies in a cluster and isexpressed
with R-AT AU OOOOAOOOAT CAT AOG8 50EI C AOOAAI EOEAA (
signaldoesRE! OAT OAeo ) &£ OT A OEAO 2Ac! AET AET ¢ Of
function in turning on R-body genes. | present data in Chapter 3 and 4 that sheds light on the
regulatory logic of Rbody production in P. aeruginosa Specifically, using sinig-cell
resolution methods, | have been able to characterize the impact of various genes on
stochasticity of Rbody production in the population. Data presented in these chapters are
another example of the importance of studying heterogeneity and stochastiy of virulence
factor expression in the population.

Taken together, the work in this thesis provides an expanded and multifaceted
understanding of a fascinating virulence factor found across bacterial phylogeny. Theo@dy
produced byP. aeruginosaa notorious human pathogen, is unique in its makeup and should

be further characterized. This work also underscores the necessity of studying bacterial

pathogenicity in the context of the biofilm lifestyle.
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Chapter 1: Introduction

1.1 Preface

Pseudomonas aeruginoda a pathogenic bacterium that can infect diverse hosts and
causes many types of infections in humans, including meningitis, endocarditiand
pneumonial. This thesis describes the characteristics, synthesis, and effects of a newly
discovered P. aeruginosavirulence factor called the refractile body (Rbody). In the
introductory sections below, | discuss concepts from the fields of bacterial infectious disease,
population biology, and gene expression that contextualize the findings of my thesis
research. My work elicits models for the control of Fbody production and the Rbody mode
of adion that share features with analogous models that have emerged for other virulence
factors, including those produced by divergent pathogens. This introduction therefore
provides examples that allow us to draw parallels betweePR. aeruginosar-body production
and processes occurring in other types of infections and consider fundamental properties

that can inform treatment approaches.

1.2 Bacterial pathogenesis

Since the first isolation of thebacterial pathogenBacillusanthracisin 1876 by Robert
Koch?, scientists have sought to understand the ability of microbes to cause disease.
Serendipitously, Koch had chosen to study one of the most virulent bacterial pathogens and
used a largeenough inoculum such that its infectiousness could be directly and reproducibly
observed. Over the last 140 years, a broad variety of bacterial pathogens have been

identified. Some, likeB. anthracisand Mycobacteriumtuberculosis can cause rapid host


https://paperpile.com/c/EAsiQr/LP2f
https://paperpile.com/c/EAsiQr/LjkM

mortality, while others are able to persist in hosts and cause chronic infections over

extended periods of time.

/| 60 O1 AAOOOAT AET ¢ T &£#/ AAAOAOEATI DAOET CAT O

experiments in the 19th century. Now, we also take into accoumie interplay between the
bacterial pathogen and the host immune response and how varying host responses can affect
disease outcomes. This also holds true for species of microbes that are only pathogenic in
immunocompromised individuals or individuals with certain comorbidities and that are
virtually harmless to the average healthy adult.

Burkholderia cepaciais an example of a microbe that causes respiratory tract
infections only in immunocompromised peoplé. Additionally, there have also been
instances where normally benign commensal bacteria suddenly become disease causing.
Take for exampleEscherichia coliwhich is required for general gut health, but has also been
the causative agent of numerousdeadly outbreaks around the world. Further,
Staphylococcus aureys bacterium commonly found on our skin and noses, is also able to
cause fatal disease in humans How bacteria transition from harmless environmental or
commensal organisms to pathogens is a crucial question in medicine. A key component of
this, and the focus of work presented here, is the regulation and synthesis of bacterial fasto
that are damaging to hosts.

Our lab studiesPseudomonas aeruginosan opportunistic pathogen that can infect
diverse hosts including mammals, invertebrates, and plants. P. aeruginosais a
physiologically versatile bacterium that can thrive in myriad contexts. It is especially
interesting as it can cause rapid mortality in some host contexds!o, but also notoriously

causes persstent lung infections in the lungs of people with cystic fibrosis. Furthermore, the
2

E


https://paperpile.com/c/EAsiQr/Ewm9
https://paperpile.com/c/EAsiQr/fczr
https://paperpile.com/c/EAsiQr/ty5e
https://paperpile.com/c/EAsiQr/rXk1+5xUB
https://paperpile.com/c/EAsiQr/OfGQ+qYPq+0ikK

Figure 1.1. Pseudomonas aeruginosaable to cause infection in multiple sites on and
within the human body, and can also infect other animals and plants. It is also able to
form persistent biofilms on medical equipment, leading to infections from using
contaminated catheters and syringes

bacterium infects patients with burn wounds, acute leukemia, organ transplants, and
intravenous-drug addiction! (Figure 1.1). P. aeruginos@a © OOAAAOO AO A DPAOE
partially attributed to th e variety of virulence factors and toxins encoded in its genome.

These include celassociated factors (e.g. type IV pili, lipopolysaccharides, flagellum) as well

as extracellular factors (e.g. elastases, endotoxins, pyocyanin, siderophores,
rhamnolipids) 1711, Despite a wealth of these hosfamaging genes being found on

DAOEI CAT EAEOU EOI Al A O 2l aerGgmdsahds Aldo dded fodndl @O CAT |
produce a plethora of hostdamaging proteins from its accessory genome, and most of these

genes appear to be conserved across diverse bacterial speéfesdence P. aeruginosas an


https://paperpile.com/c/EAsiQr/LP2f
https://paperpile.com/c/EAsiQr/5xUB+LP2f+Z9P9
https://paperpile.com/c/EAsiQr/Yki8
https://paperpile.com/c/EAsiQr/ZOBC

intriguing candidate to characterize the role of novel yet highly conserved virulence factors

in pathogenesis.

1.3 Virulence factors

Cytosolic

P. aeruginosa S. aureus

Sideroph’{es/ \ \.\* Cap£ / Xm\‘\c.oagmase [.-\

Cyanide —
Secreted Pyocyanin

E. coli Shiga Toxin
M. tuberculosis MptpA/B

P. aeruginosa Phenazines

Membrane-associated |
\.
. :
YN
* +o G@ " Fimbriae Pili
+0 *
Figure 1.2. Classification of various bacterial virulence factors. Figure includes
examples of virulence factors discused below.
6 EOOI AT AA ZAAOT OO0 AOA 111 AAOI AO OEAO AT EAI

cause diseas®!1l.14 and can be loosely categorized as secreted, membraassociated, or
cytosolic (Figure 1.2). One of the most notorious secreted virulence factors is the shiga toxin,
which was first characterized inShigella dysenteriaeAfter microbial synthesis and secr&on,
this extracellular proteinaceous toxin binds to host membrane factors and gets endocytosed.
The toxin gets targeted to the Golgi apparatus and the endoplasmic reticulum, is modified
and cleaved, releasing a peptide fragment into the cytosol that halthost translation by

cleaving ribosomal subunitg>. Infection by Shiga toxiaproducing Escherichia colicauses

4


https://paperpile.com/c/EAsiQr/Ewm9+Z9P9+Mzz5
https://paperpile.com/c/EAsiQr/sulV

watery diarrhea specifically in humans, but not cows or pig86. Shiga toxin is also
responsible for the devastating outbreaks of foodborne illness caused . coliO157:H7
(mentioned above), which contains a prophage carrying the gene for the toxm Other
examples of secreted virulence factors include MptpA and MptpB froM. tuberculosisThese
are protein-tyrosine phosphatases that are deployed to disrupt host cell signaling.
Specifically, these phosphatases dephosphorylatea host substrate involved in
phagolysosome acidification, thereby disrupting/inhibiting this processé. This in turn
allows M. tuberculosigo survive within macrophages, evading host immune responseand
causing disease. Inhibition of the production or function of these virulence factors is a design
goal in the development of treatments foM. tuberculosisnfections?®.

Another class of virulencefactors are the membraneassociated factors. Pili and
fimbriae are appendages on the bacterial cell surface that are responsible for attachment to
ET 00 AAIT1 O AT A OEOO AOA A1l AOOAA AO OAAEAOQEIT O
recognition, attachment and even toxin delivery into host cell?®21, Additionally, pili have
been demonstrated to play a role in celtell competition between bacteria, for example in
scenarios where pathogens arable to disrupt commensal populations to cause disease in a
host?2.23, Though they were previously thought to only assemble on the surfaces of gram
negative bacteria, recent work has revealed ate for pili in the virulence of grampositive
bacteria as wel#4.

The study of virulence factors has largely focused on secreted and membrane
associated products as they directly cause host damage or trigger host responses. However,
cytosolic proteins that affect the expression of genes for secreted and membraassociated

virulence factors, and metabolic sensors and enzymes that contribute to virulence, can also
5


https://paperpile.com/c/EAsiQr/Oy2S+sulV
https://paperpile.com/c/EAsiQr/0Tb5
https://paperpile.com/c/EAsiQr/Gd4J
https://paperpile.com/c/EAsiQr/dr6w
https://paperpile.com/c/EAsiQr/zWZz+flaT
https://paperpile.com/c/EAsiQr/BA0e+Hey3
https://paperpile.com/c/EAsiQr/hB6R

themselves be categorized as virulence factors. Global regulators, such as FBigkeya zeae
and GacA inP. aeruginosawhich each control the regulation of auite of virulence genes,
have therefore been described as cytosolic virulence factd¥s6. Additionally, metabolic
sensors and enzymes have also been identified as virulence factors. In the mafénS. aureus
the protein CcpE is able to sense intracellular metabolic states and trigger downstream
circuits that tune the production of known virulence factors such as staphyloxanthii. A key
element of virulence is often the ability for pathogens to adapt and grow in the host context.
In polymicrobial infections, for instance, it has been demonstrated that metabolic cross
feeding between bacteria plays a role in establishing infections in hosRamsey et al. (2011)
described an example of this, in which they found that the ability oAggregatibacter
actinomycetemcomitansto metabolize L-lactate was necessary to establish eoulture

infections with Streptococcus gordonin mice hosts.
1.4 The impact of biofilm formation during host infection

1.4.1 Biofilms

Planktonic Biofilm
’ \\‘ 0O,

S /\’ Nutrient

Figure 1.3. Cells in a biofilm experience gradients that their planktonically grown
counterparts do not experience.


https://paperpile.com/c/EAsiQr/LoyW+uwHh
https://paperpile.com/c/EAsiQr/AmtY

Lab-grown bacteria are typically cultured in complex, nutrientrich, liquid growth
media in well-aerated culture tubes. This is likened to these bacteria swimming in an glbu-
can-eat buffet where they are allowed to grow as quickly as possible. However, outside of
the laboratory it is more common for bacteria to grow as asseblages of cells embedded in
a selfproduced matrix. These assemblages are called biofilms. Biofilm growth leads to the
formation of various physical and chemical gradients. Physiological differentiation within
biofilms allows bacteria to survive in variouls microenvironments created by these gradients.
(Figure 1.3)

Biofilm formation during infection is often associated with increased pathogenesis,
including persistent inflammation and tissue damage to hosts, heightening the pathogens
clinical impact?9. The majority (estimated 66-80%) of bacterial infections in humans are also
biofilm based®. The biofilm lifestyle has been shown to increas®irulence in diverse
pathogens and to provide protection against antibiotics via physical effects and effects on
bacterial metabolismt4.31, Here | will discuss various defining features of bacteal biofilms

that promote infectiousness and infection chronicity.

1.4.2 Metabolic heterogeneity

Biofilms are densely packed structures. The combined effects of diffusion and
bacterial transformation of substrates create steep chemicafjradients, such as those
observed for pH and oxyge#?-33, and promote the formation of distinct subzones in biofilms.
This suggests that cells in biofilm are challenged with varying conditions of resource
availability and limitation and must therefore diversify their strategies for coping with these

challenges.


https://paperpile.com/c/EAsiQr/gksX
https://paperpile.com/c/EAsiQr/Xu3a
https://paperpile.com/c/EAsiQr/Mzz5+0GfW

Across bacterial species, scientists have observed differences in the growth rates,
ribosomal contents, and physiological status of cells growing in distinct biofilm
subzones?2:3435 Because the formation of oxygen gradients precludes certain cell
populations from carrying out oxidative respiration, they may switch to other metabolic
pathways such as anaerobic respiration or fermentatin36.37, Additionally, crossfeeding
between populations, where the metabolite of one population becomes the food source for
another population in the biofilm, further supports metabolic diversification33.38,

Since many antibiotics target bacterial growth machinery, their efficacy largely
depends on the metabolic state of cells. For instance, actively dividing cells will be most
effectively killed by antibiotics targeting the ribosome, such as aminoglycosidés As such,
the inherent metabolic heterogeneity present in biofilms poses a problem since dormant
cells in the biofilm will not be killed by such antibiotics. Recent studies have also uncovered
OEA DPOAOGAT AT AA T £ OPAOOEOOAOGS AAIT 1 O OEAO AOA
causing chronic infections in the hog©.41,

1.4.3 Heterogeneity found in biofilms

When bacteria grow in multicellular, heterogeneous structures, the population as
a whole can benefit from altruistic behaviors exhibited by a subset of cetks Here, | will
discuss examples of heterogeneity and altruism found in biofilms.

The burden of producing extracellular factors during biofilm formation, such as
biofilm matrix or siderophores, often falls on a subset of cel8. The formation of the
extracellular matrix benefits the overall population greatly, but comes at a cost to the
producer cells making this public good. Another example of this is th®. aeruginosa

siderophore pyoverdine. This peptide is produced and secreted by a subset of the cell
8
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population. Pyoverdine binds extracellular iron and can be taken up by. aeruginosaells
that express appropriate receptors, and this peptide is regulated in a biofilkdependent
manner4>46 (Figure 1.4) As such the producer cells are producing a public good at their own

cost, while improving the fitness of the overall population.

Producer

Figure 1.4. Heterogeneity in the form of public good production. A subset ¢f.
aeruginosacells in a biofilm secrete pyoverdine to scavenge extracellular iron. Iren
bound pyoverdine can then be utilized by the population.

T s o~ s o~ s

The most extreme example of altruismreldk O OT OEA OOOEAEAAD
the betterment of the population. Extracellular DNA (eDNA) form lattice structures to
stabilize the biofilm matrix, without which biofilm integrity is undermined; eDNA in biofilm
matrix is thought to be contributed by altruistic suicide of cells in the populatiort’” (Figure

1.5). Altruistic lysis is also observed irBacillus subtilispopulations, where the programmed

/E
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cell death of some cells provides nutrients fiothe kin cells to prevent onset of sporulatiors.
Similarly, in Salmonella typhimurium the expression of Type Ill secretion systems by a
subset of the population enables them to invade host gut cell¥hese invaders get killed by
intracellular host defenses but bring on the public good of host inflammation that kills most
commensal gut bacteria, to allow other genetically identica®. typhimuriumcells to thrive in

the less populated host gu®. Interestingly, the authors found that this phenomenon is made
possible by the stochastic expression of these Type Il secretion systems, meaning only 15%
of the genetically identical population expresses thse genes, ensuring survival of the nen
producers. Together, these examples of behaviors and properties of biofilm cells illustrate

the importance of evaluating bacterial physiology in the context of this mode of growth.

Figure 1.5. Altruism inthe foomT £ OOOEAEAA68 | OOAOAO 1T &£ AAAOAC
gray) in a biofilm have been shown to lyse to release extracellular DNA (depicted as
open circles) and nutrients to benefit the surviving population.
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1.5 Stochasticity of virulence factor production in bacterial populations

The concept of altruism itself implies the presence of heterogeneity within a
population, i.e. the presence of both altruists and nealtruists. Scientists have identified
various virulence factors that appear to beproduced in only a subset of cells within a
genetically identical population, and seemingly in a stochastic manner. In these cases,
virulence factor-producing cells undertake the burden of producing anthost factors and/or
attempt to fend off host immuneresponses to protect the rest of the population. Here | will
discuss three examples of stochastically produced virulence factors in established

pathogens.

1.5.1 Staphylococcus aureusstochastic nuclease expression

In the gram-positive opportunistic pathogen S. aureus biofilm formation is an
important step of the colonization process for many types of infections. Recent work has
demonstrated that early stages ofS. aureusbiofilm formation rely on the stochastic
expression ofnuc, a secreted nuclese that degrades extracellular DNA. This virulence factor
had previously been implicated to affectS. aureusbiofilm formation 0. Specifically,
Moorimeier et al. (2014) demonstrated that the stochastiproduction of this nuclease (<1%
of the population) elicits an exodus event of attached cells, without which biofilm formation
becomes dysregulated. Interestingly, the authors found that the Newman lab strain, known
to be a poor biofilm former, constitutively expressesnuc due to a defectivesaeSgene.
Complementation of the strain with wildtype saeSestored the stochastic expression of nuc
AT A OEA . Axi AT OOOAEIT 6® ThWsAuadelinésUhe @dcessl oD i

stochastic expression in biofilm physiology and virulence.
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1.5.2 Salmonella typhimurium bimodal expression of virulence factors

Research in molecular biology has traditionally focused on bulk, populatielevel
measurements of genexpression and protein production. The study of heterogeneity and
stochasticity requires the use of relatively new techniques that allow characterization of
subpopulations or single cells. A study by Avraham et al. (2015) provides an example of such
an appoach, in which the authors profiled the transcriptomes of single macrophage cells
infected with fluorescently labeled S. typhimuriumcells. They used fluorescencactivated
cell sorting (FACS) to determine the infection state of each macrophage cell ahernt used
single cell RNAseq to obtain the gene expression profiles of each host macrophage as well
as the infecting pathogen. This approach revealed the transcriptional changes associated
with infected versus noninfected macrophages. Strikingly, the grop observed that the
heterogeneity in Type | interferon responses in macrophages was directly correlated to the
stochastic expression of the PhoPQ twoomponent systen3. This result suggests that
heterogeneity in expression of bacterial virulence factors can contribute to diversity in host
immune responses.

Having observed that the expression levels of various virulence genes are bimodal in
a singleS. typhimuriumpopulation, Sobota et al. (2022) pos#d that there must be a fitness
cost to expressing these virulence factors. They noted that global regulators of virulence
often accumulate mutations in clinical isolates, hinting at the fitness cost of expressing these
virulence factors in a host. InS. yphimurium, the transcription factor HilD controls 250
genes, many of which are virulence factors. First, the group established that genes in this
regulon are stochastically and bimodally expressed in kilD dependent manner. Using cell

permeability as a neasure of cell fitness, the authors asked the question of hdwD impacts
12
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cell permeability. In line with their hypothesis, knockingout hilD caused cells to become less
permeable. Conversely, overexpressing this regulon allowed cells to become more
permeable but also more sensitive to envelope stress. This strongly suggested that
expression of virulence genes also comes with fithess costs. As the population becomes
diversified, virulence factor production becomes restricted to a subpopulation, ultimately

promoting survival of the population overall.

1.5.3 Bacillus subtilis cannibalism toxin

B. subtilisbiofilms exhibit a form of destructive cooperativity in a mechanism called
AATTEAAI EOCI 8 ! OOADPT POI AGEITT 1T £ OAMSkidnESdAT AAT |
These cells are resistant to the toxins but sibling cells that do not produce them subsequently
get lysed. This process is thought to increase nutrient and resource availability to cannibal
cells, delaying the energy costly process of spoation. WhenB. subtiliscells are starved,
they are able to form spores that are metabolically dormant until environmental conditions
improve. The energy investment to switch to this lifestyle is large and thus cannibal cells
relying on cannibalizing kin e@lls can delay the need for sporulation to occur. The processes
of cannibalism, biofilm formation and sporulation are all controlled by the global regulator
Spo0A. As such,opez et al. (2009) postulated that these processes could be restricted to the
same subpopulation of cells. Indeed, using dufluorescence reporters, the authors show
that cannibalism and matrixproduction were restricted to the same subset of cells. The
mechanism of cannibalism appears to be a developmental process of programmed cell death
necessary for formation of multicellular assemblage®. subtiliscannibalism is apparently a

stochastically regulated phenomenon that occurs in tandem with matrix pragiction. As such,
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it would be interesting to probe whether heterogeneous expression of such virulence factors

in diverse bacteria is also caegulated with other processes such as biofilm formation.

1.6 The R-body - a stochastic virulence factor

Refractile-bodies (Rbodies) are large protein polymers that are produced inside
bacteria and appear as bright foci under phaseontrast microscopy’. Rbody production
has been directly observed in bacteria from only three gener&aedibacteyr Azorhizobium
and Pseudomonagbut homologs of thereb genes, which are required for Rbody production,
are found in genomes throughout the Proteobacteria. -Bodies are synthesized as hyper
coiled ribbons (300-500 nm in diameter) but can be triggered to unwind into nedle-like
javelins that are 1620 um in length and therefore much larger than the bacterial cell
(generally 1-2 um in diameter). Rbodies were first described inCaedibacter taeniospiralisa
bacterial symbiont of paramecia. Fbody producing C. taeniospirak cells confer on the
DAOAI AAEOI EIT OCC. tAenidSir&isrdsidtadtd killéd Pakanéria shed Roody
producing C. taeniospiralisinto the environment, where they are taken up bysensitive
paramecia. Phagocytosis of one-Body-containing bacteium is sufficient to kill a naive host
paramecium and the Rbody producer is thus sacrificed in the process (Figure 1.6).
Because a single paramecium can eat hundreds of bacteria a Wayhe Rbody-containing
bacteria in a population can perform an altruistic function by eliminating predators.
Consistent with this notion, the production of Rbodies in a monoculture ofC. taeniospiralis

appears D be stochastic, with about 135% of the population producing the polymer

depending on growth conditions and paramecial straifv.
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R-body producing
C. taeniospiralis

Figure 1.6. Model for mode of action of Roodies inC. taeniospirak. Rbody
containing C. taeniospiraliss shed by the killer paramecium, taken into the sensitive
DAOAI AAEOGI 60 PEACI 1 UOT Ol HoAdy éxtersionfandA | AUOT OEOh
eventually lysis of the sensitive paramecium.

R-body production has also been studied i\zorhizobium caulinodansa symbont of
the plant Sesbania rostrata The bacterium forms nitrogenfixing nodules on the stem and
roots of S. rostrataand promotes the growth of the plant. Though thé. caulinodangenome
contains functional reb genes, they are not expressed in the wittlype A. caulinodansand it
therefore does not produce Rbodies. Akiba et al. (2010) identified anA. caulinodans
regulator, PraR, that was necessary f@. rostratasymbiosis, but that also repressed Body
production. Deletion ofpraRallowed the bacteriumto produce Rbody polymers in the plant
host. Furthermore, stem nodules formed by ®ody producingA. caulinodansvere defective
in nitrogen fixation (Figure 1.7). Akiba et al. (2010) posited that PraR is a regulator

responsible for switching the microbebetween symbiotic and pathogenic lifestyles. Despite
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Figure 1.7. Model for mode of action of Rbodies inA. caulinodansWild typeA.
caulinodansforms nitrogen-fixing stem nodules on the plansS. rostrata Knocking
out praRin this bacterium allows production of R-bodies that cause plant cell
death and prevent nitrogenfixing in the stem nodules formed.

3praR mutants being able to make Fbodies, Rbody production appears to be stochastic in
theseA. caulinodansnutant populations; the stochasticity ma be mediated by an additional
regulator they identified, an activator called RebR (discussed in Chapter 3). This is in line
with observations in C. taeniospiralidR-body production, suggesting similar regulation of R
bodies in diverse bacteria.

During aproject characterizing the biochemistry ofP. aeruginos@?A14 biofilms, Yu
Cheng Lin (a fellow graduate student in the Dietrich lab) and | made the surprising discovery
that PA14 produces Rbodies. These intriguing structures were visible in scanning eléon
microscope (SEM) images of SBBsoluble fractions prepared from biofilms (Figure 1.8).

Mass spectrometry (MS) of the fractions revealed proteins with homology to those involved
16



in R-body production in Caedibacterand Azorhizobiumspp. Our initial observations raised
many questions: How is PA14 ®ody production regulated? What genes are required for
PA14 Rbody production? Given thatP. aeruginosas a notorious opportunistic pathogen, do
R-bodies contribute to its virulence? | séout to address these questions in my graduate

research.

Figure 1.8. Scanning electron microscopy image of-Bodies found inP. aeruginosa
PA14 biofilms (false colored cyan).

1.7 R-body production by Pseudomonas aeruginosa biofilms

In the Dietrich lab, we use colony biofilms as models to study the physiology of
bacterial multicellularity. Spotting planktonic cells onto an agar plate, cells are able to divide
and form dense multicellular assemblages. This gives rise to gradients that form which
impact cellular arrangement within a biofilm. As previously discussed, the biofilm lifestyle
encourages heterogeneity in cell populations and promotes altruistic behaviors. Utilizing the

thin-sectioning technique optimized by the Dietrich Lak?, we are able to image biofilms at
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single-cell resolution. My work employing engineered fluorescent reporter strains and the
colony biofilm model has provided extensive insights into Bbody production in PA14.
Furthermore, by adapting models of biofilmbased infection for us in the Dietrich lab, | have
established that Rbodies contribute to host colonization and virulence. Working in
collaboration with researchers who have broad expertise in protein structure and nematte
pathophysiology, | have uncovered key features of the molecular regulation of-l®dy
production and the effects of Rbody-containing PA14 on the model hostCaenorhabditis
elegans The following chapters of my thesis describe findings regarding-Body production
and its role during host infection byP. aeruginos&PA14.

In Chapter 2, | describe the Body as a novelP. aeruginosavirulence factor and
elucidate its mechanism of action in an animal host. In Chapter 3, | discuss a dedicated R
body regulator and the signals that control Rbody production. Lastly, in Chapter 4, | discuss
other genes that play a role in Fbody regulation. Together, these results describe a nel.
aeruginosavirulence factor. This work provides potential leads for the inhibitionof host
colonization or virulence as part of an approach td°. aeruginosanfection control. More
broadly, it also has implications for the roles of bodies during the interactions of diverse

R-body-producing bacteria with eukaryotes in clinical and agrialtural contextséo.
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Chapter 2: Pseudomonas aeruginosa PA14 produces R-bodies,
extendable protein polymers with roles in host  colonization
and virulence

This chapter is adapted from:

Wang, B, Lin, YC., VasqueRifo, A.et al. Pseudomonas aeruginogaA14 produces Rbodies,
extendable protein polymers with roles in host colonization and virulenceNat Communl2,
4613 (2021). https://doi.org/10.1038/s41467 -021-24796-0

| formulated all the hypotheses and created all deletion and reporter constructs for this
work. | designed and performed all experiments, except mass spectrometryigure 2b;
performed by YuCheng Lin and Shujuan Tao McDonald), supegsolution microscopy
(Figure 4d, f, g; performed by Christian Sieben) and ribosomal integrity studiesKigure 7d;
performed by Alejandro VasquezRifo). | contributed to the analysis and interpretation of all
generated data and in the writing of this paper.

2.1 Abstract

R-bodies are long, extendale protein polymers formed in the cytoplasm of some
bacteria. They are best known for their role in killing of paramecia by bacterial
endosymbionts.Pseudomonas aerugino$2A14, an opportunistic pathogen of diverse hosts,
contains genes (referred to as theebcluster) with potential to confer production of R-bodies
and that have been implicated in virulence. Here, we show that PA14 expresseb genes
during colonization of plant and nematode hosts. Products of theeb cluster associate with
R-bodies and ontrol stochastic expression of Rbody structural genes. Rbody production is
required for full virulence in nematodes. Analyses of nematode ribosome content and
immune response indicate thatP. aeruginosaR-bodies act via a mechanism involving
ribosome cleavage and translational inhibition. Our observations provide insight into the

biology of Rbody production and its consequences during. aeruginosanfection.
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2.2 Introduction

R-bodies are enigmatic biological machines that have been characterized most
extensively in Caedibacter taeniospiralisan obligate endosymbiont of paramecia. These
structures are composed of ~ 12 kDa monomers that polymerize to form hypercoiled
ribbons ~ 0.5 um in diamete. In response to changes in parameters such as pH,
temperature, or ionic strength®z4, Rbody coils extend into 1020-um-long needlelike
structures (i.e., ~ 10X the length of the producing dg4>. In the CaedibacterParamecium
endosymbiosis, tolerant host paramecia she@. taeniospiralignto the environment, where
the bacteria can be taken up by neighboring, sensitive paramecRbody-mediated lysis is
triggered by lysosomal conditions and thought to release an unidentified factor that is toxic
to sensitive paramecia. Fbody-producing endosymbionts therefore confer onto their host
AAT1 A OEEI1TEI C6 DEAT inGgebrAa pAdndinendn thal waDiksDE OE O A
described by Tracy M. Sonneborn in 1938 Subsequent genetic studies have implicated three
genes-rebA, B,and D--in C. taeniospiralisR-body production. RebA, B, and D are all

homologous to each other, but RebAnd RebBconstitute the primary C. taeniospiralisR-

body componentg?9,

The opportunistic pathogen Pseudomoas aeruginosais a major cause of biofilm
based infections.reb gene homologs are found in a substantial fraction (147/241) of.
aeruginosacomplete strain genomes in the Pseudomonas Genome BBncluding that of
strain PA14. Thesehomologs occur as part of a cluster that includes the gene for the sigma
factor Fecl2 and targets of Fec2h AT A xA OAZAAO @bAIOCBEOA ORLET AT j

the reb cluster have been identified as contributing to increased virulence when distind®.
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aeruginosaisolates are compared?13, Notably, the popular model strain PAO1 does not
contain a reb cluster and this is consistent with its relatively low virulence in a
Caenorhabditis elegansnfection assay. These observations, combined with the known
contributions of R-bodies to host damage in other systenig4.15 led us to hypothesize that

PA14 produces Rbodies that contribute to pathogenicity.

In this report we provide evidence that PA14 produces #odies. We detail
characteristics of the PAl4reb cluster and its expression, ad identify products of the reb
cluster that form or associate with Rbody-like structures inside PA14 cells. We also show
that R-body components are produced during interactions with plant and animal hosts.
Moreover, we implicate Rbody production in PAl4mediated ribosomal injury, a virulence
mechanism that yields translational inhibition in the nematode hostCaenorhabditis
elegang®. Taken together, these observations identify the-Rody as a PA14 vulence factor
and raise the possibility that Rbody production is a component of the marked strain

dependent variation in pathogenicity observed foP. aeruginos&s17.18

2.3 Results

2.3.1 Phylogenetic analysis of pseudomonad R -body-associated genes and

description of the PA14 reb cluster

A previous analysis showed that homologs df. taeniospiraligeb genes are broadly
distributed throughout the proteobacterial clade!®. To investigate the phylogenetic
relationships between Reb homologs from proteobacterial genomes, we BLASTed

PA14 27640, which is the PA14 protein most similar t&. taeniospiralisRebB against all
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Figure 2.1. a Phylogenetic tree of proteins from 38 bacterial strains that are
homologous toC. taeniospiralisRebB. The bacterial strains included are those with
complete genomes from Fig. 6 of Raymann et ‘al.plus 14 representative
pseudomonads (see Supplementary Fig. 1 for the complete annotated tred].
taeniospiralis RebA and RebB are shown in purple. The clusteontaining C.
taeniospiralis RebD and itsPseudomonasomologs is shown in orange. We have
asECT AA OEA AAOEGT AGEIT 02AA006 PGikrugosad
PA14 27630 and PA14_27640 (shown in bluep Chromosomal arrangement of
genes associated with Pody production in a set of strains that represent all
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arrangements found in pseudoonads. Regulatory genes are shaded yellow. Genes

shaded blue are homologs ofebPwhile genes shaded orange are homologous 0.

taeniospiralis rebDrapA (PA14_2768pand its homologs, which may code for a novel

R-body component, are shaded green. The tesisk denotes a gene that is annotated

in BioCyc PA14_RS1120¥%, but not in the Pseudomonas Genome BB
complete bacterial genomes used for prior analyses conducted by Raymann et al. (20:23)
plus 14 representative pseudomonads. We generated a tree that shows the relationships of
all Reb homologs from these proteobacteriaRigure 2.1a). In this tree,C. taeniospiralilRebA
and RebBform a distinct grouping and are closely related to Rellmomologs from non-
pseudomonad gammaproteobacteria, such as those in the geneShewanellaand Aliivibrio
(Supplementary Figure 1 ). Reb homologs from pseudomonads fall into two groups: (i) one
that contains C. taeniospiralisRebD and PA14 27685 and for which wehave therefore
AAOGECT AOAA EOO 1 Ai AAOO AO 02 AAELotagniospirdiRgbE€ EQ 11
but that includes representatives from manyreb cluster-containing pseudomonads and
chromobacteria, and for which we have therefore designated@® [ AT AAOO AO 02 AA«

two rebPhomologs present in PA14PA14 2764@nd PA14_27630are predicted to form an

operon that we refer to asrebP1P 209,

We examined the chromosomal regions of representi@e pseudomonad strains that
contain rebD, rebPlandrebP2and refer to the strainspecific groups of genes in these loci
A Oreb@ 1 OOOA0O068 )1 B OAO®ED]rédbPlAaAddebR2EHe® ard thieeD A E 1
additional ORFs that are welconserved. Thae include two regulatory genesPA14 27700
and fecl2, which code for a transcription factor and sigma factor, respectively, and which in
a prior study were required for full virulence in aC. elegankilling assay!8 (Figure 2.1b). We

have givenPA14 277000 E A A A O EOGAI G Eeb Elusted gene A). The third gene,
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PA14 27680was previously shown (together withPA14 2770pOT AT 1T OOEAOOA Of
enhanced virulence when it was compared td®. aerginosa strain PAO1 inC. elegans

infection studies!2. PA14 27680s conserved in all pseudomonads that contain at least one

reb structural gene, suggesting that it may be associated with-Body function and we have
OEAOA £ OA OR B iRbddy-aEsGriat€d protein A). Although rebP homologs are

scattered across the phylogenetic tree of the genus Pseudomon&upplementary Figure

2), homologs of the regulatory genes show strong conservation gtrains that contain rebP

genes, both within the speciesP. aeruginosa(in 146/147 rebP-containing genomes;

Appendix A) and among other pseudomonadsKigure 2.1b). PA14 27650, PA14 2766&6ad

PA14 2767%lo not show homology to any characterized genes andenot conserved inreb

clusters found in other pseudomonad speciesHjgure 2.1b) or other proteobacterial®.
2.3.2 PA14 cells growing in biofilms produce R -bodies

For most bacteria that containreb genres, the ability to produce Rbodies has not been
investigated. To determine whether PA14 produces-Rodies, we applied a modified Fbody
enrichment protocol20 0T AET £ZEIT1 1 O &£ Of AbelRB GEAI OBRAT AEA
mutant in our analysis because it is unable to produce the major PA14 exopolysaccharide,
and therefore yields biofilms that are more amenable to disruption; we reasoned that this
might increase recovery of proteins from the biofilm matix and enhance our ability to detect
R-bodies. We performed protein mass spectrometry (MS) and scannirgectron microscopy
(SEM) on the isolated SD#isoluble fractions (Figure 2.2a). Strikingly, three products of the

rebcluster? RapA, RebP1, and RebP®ere detected by MS at similar levels and were among
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the 20 most abundant proteins in our samples Kigure 2.2b, Appendix B). Oneother

a st_rong 29 SDS pellet in§oluble MS c e
colony sonication fraction c
biofilms
~ SEM
b Semiquantitative abundance
Protein Name Locus (PA14/ PAO1) WT Apel
HsiB2 PA14_43040/ PA1657 0.7 11.0
OprF PA14_41570/ PA1777 6.8 104
OprL PA14_51710/ PA0973 43 9.4
- PA14_06990/ PA0537 1.5 84
HsiB3 PA14_34070/ PA2365 0.4 5.0
HsiC2 PA14_43030/ PA1658 0.5 4.9
HsiC3 PA14_34050/ PA2366 17 3.8
RpIT PA14_28680/ PA2741 0.0 29
- PA14_50740/ PA1053 1.9 26
RapA PA14_27680 0.6 21
RebP2 PA14_27630 0.8 14
RebP1 PA14_27640 0.8 14
AlgP PA14_69370/ PA5253 0.2 13
OprM PA14_05550/ PA0427 0.0 12
Pnp PA14_62710/ PA4740 0.0 1.1
- PA14_70400/ PA5333 0.3 1.0
Pchl PA14_09320/ PA4222 0.5 0.8
FusA1 PA14_08820/ PA4266 0.0 0.8
- PA14_27675 0.0 0.7
LecB PA14_20610/ PA3361 0.0 0.5

Figure 2.2. a Schematic showing method for preparation of SDBsoluble material
from PA14 biofilms.b Top 20 most abundant proteins detected in the SDiisoluble,
formic acid-O1 | OAEI EUAA AEOAAOGEI T  ipa& (twodbiolggicdl A OADI EAA
replicates) biofilms by mass spectrometry (MS).c Scanning electron micrograph
(SEM) image of Rbodies (falsecolored turquoise) in the WT sample prepared as
shown in @08 3 AAl A AASEM ilh&yes,pcarfodn8representations, and
dimensions of individual selected Roodies in ully coiled and fully extended states.
3AAT A AAOO EO cqumnuiisa A 3% EbdhSdlebais A OET CI Ah
tnnt 1 | 8czeddsdanning éectron microscopy are representative of 16 fields of
view captured from three experiments.
intheSISET O1 1 OAT A /EOA A O gdibiofimsar@ Atizved dvétimadowér thah
RebP1 and RebP2 (PA14 27675 was not detected in preparations from WT biofilmBigure
2.2b). Consistent with the MS results, our SEM analyses revealed the presence-bbRies
ET DOADPAOAOET 1 p@lbidklns (Figufed2.2d\ Bulipletentary Figure 3 ). We
detected Rbodies in various states ranging from hypercoiled (~ 450 nm long) to extended
(~ 5.5 um long) (Figure 2.2c, d, €). To assess whetherebP1P2is required for R-body
production, we prepared SDET OT 1 OAT A /ApehahdBadlYietiP1PHfirhs aid
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analyzed 16 independent fields of view for each sample-lfbdies were found in all fields of
OEAx AADPOOOAA Al (pelBdilkhd wild AnCatetagect 10BM&RbddiesXrange

= 2-40 R-bodies) seen in each field. ®odies were not observed in the mutant lacking
rebP1P2(Supplementary Figure 3 ), but were present in amounts similar to WT in images
taken of preparations from a complemented strain BpelYrebP1P2:rebP1P2 average of 9.6
R-bodies with a range of 130 R-bodies seen in each field). Taken together, our data indicate

that R-bodies are produced by PA14 biofilms in eebP1P2dependent manner.

2.3.3 rebP1 expression is stochastic and dependent on RcgA and Fecl2, in both
liquid cultures and biofilms

Having observed thatrebP1P2is required for R-body production by PA14 biofilms,
we sought to characterize the expression of this locus. We generated a construct that reports
expression from therebP1promoter (Prebp1) as red (mScarlet) fluorescence and inserted it
into a neutral site on the chromosome in WT PA14. We also generated similar strains with
mScarlet driven by a constitutive promotef! (Ppaiosn3-mScarle) or a promoterless
sequence in the WT background to use as controls. We grew the WitnR and control
reporter strains in shaken liquid batch cultures to examine expression over the growth
curve. We found that Rop1 showed modest activiy compared to that of the constitutive
promoter and that it was expressed specifically in the stationary phase of growth{gure
2.3a). To assess the relative expression of these two reporters within single cells, we created
a dual reporter strain containng Pebpr-mScarletand R-a104/03-gfp and grew it to stationary

phase in liquid culture before examination via fluorescence microscopy. This imaging
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revealed that the low relative fluorescence of the &prrrmScarletstrain (Figure 2.3a) was

b PreaP1'm Scarlet PPA1/04/03'gfp

5 ]
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Figure 2.3. a Reporter strain growth and expression of mScarlet under the control of
the rebP1promoter (Prebpr-mScarle), no promoter (MCSmScarle), or a constitutive
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promoter (Ppavosnz-mScarle) in shaken 1% tryptone liquid cultures incubated at

25°CnEge AET 1T CEAAI OADPI EAAOAO MEOIT i Oxi A@PAOEI .
OAl OA Ol pmage$ 8f fluorescence from PA14 cells containing rébP1

transcriptional reporter construct (Preopr-mScarle) and a constitutive promoter

driving gfp (Prawoan3-gfp) in shaken 1% tryptone liquid cultures grown at 25°C for

pep1E8 )i ACA EO OADPOAOAT OAOEOA 1T &£ OE@ OADPI EAAOD.
p 'l A Le8: Schematic indicating plane of view, and legend defining fluorescence

signal, in righthand panels Right: Brightfield and fluorescence microscopy images

of 3-day-old biofilms formed by the indicated genotypes, containing the [Bp1

transcriptional reporter construct (Prebp-mScarle). Dotted lines demarcate the edges

I £ AET £EI1 | 08 @&k scAemadtididicdfitd plgne bf viéwv, and legend

defining fluorescence signals, for righthand panels. Right: representative images of

thin sections prepared from 3day-old biofilms formed by strains containing Reppr-

mScarletand constitutively expressing GFP (via Ru0403-gfp). Dotted lines denote the

ET OAOEAAAO xEOE AEO j Ol bq Ak Phreddayold WTAT OOT I q8 =
AT Areb®1P2 biofims grown on colony morphology medium. Images are

representative of nine replicates fromthreeex OET AT 008 3 AfRel&iveAAO EO 1t |
percentages of colony forming units (CFUs) of each strain obtained from mixatrain

colony biofilms grown for 3 days. Each mixed biofilm contained one unlabeled strain

and one constitutively expressingnScarlet. Error bars represent standard deviation

of biological triplicates.

not due to low uniform expression but instead to stochastic expression from theebP1
promoter, with mScarlet fluorescence visible in just 0.26% of the cell populationKigure

2.3b).

Based on the conservation afcgAand feclin Pseudomonas reblusters (Figure 2.1b;
Supplementary Figure 1; Appendix A ), we reasoned that the encoded transcriptional
regulators control expression from Rebr1. TO test this, we moved the &rrmScaftet construct
ET O1 OE AgAQAN @dfecl¥ ¥hutant backgrounds. Deletion of one or both of these
putative regulatory genes resulted in abrogation of Rwpi-driven expression, indicating that
RcgA and Fecl2 are both required for this activity. Complemenian of these genes back into
their endogenous loci restored Ropr-driven expression Figure 2.3c, d and Supplementary

Figure 4).
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Because biofilm development leads to the formation of steep chemical gradients that
can affect gene expression patterns algnthe zaxis??, we chose to visualize &bp1 activity
across colony depth. To do this, we employed a thin sectioning protocol to prepare vertical
sections taken from the center region of threeday-old colony biofilms23. Confocal
microscopy of the dual reporter (Rebpr-mScarletPpawo4/03-gfp) biofilm sections revealed that
cells expressingrebPlare present in thin striations such that both bright and dark cells are
situated at the same depth (red fluorescence ifrigure 2.3d). The constitutive reporter
(Ppa104/03-gfp) showed green fluorescence that is relatively homogenoud-igure 2.3d). In
agreement with our findings for liquid culture, Prebpr-driven expression in biofilms appears
to be stochastic. The vertical arrangement ofi&pr-active cells may indicate that expression

status is heritable during vertical growth in the biofilm.

In many hods and various infection sites in humans, biofilm formation by pathogens
such asP. aeruginosas critical to bacterial colonization and virulence. Biofilm formation also
exacerbates the challenge of treating resistant infections. Matrix secretion is a ahifig
AAAOOOA T &£ AET AET1 1 ONn OEA 1 AOOE@ ~£O1T AOGEIT O AO
can facilitate attachment to the host?425 Having observed Roody production by PA14
biofilms, we sought to examine whether this activity contributes to biofilm development,
matrix production, or fithess during biofilm growth. We examined biofilm development
using a standardized colay morphology assay®27, in which the dye Congo red is provided
in the medium and binds to biofilm matrix. We found that matrix production and biofilm

AAOGAT T i AT O x A OAreb®iPAviutan Gidufe 2.8dq 80 RO O EebPiPd OAh
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showed no fitness disadvantage when grown in mixedtrain colony biofilms with the WT

parent (Figure 2.3f).

2.3.4 RebP1 forms internal rings and co -localizes with RapA

We next sought to assess intracellular Rody production and detect the presence of
these structures in vivo. We engineered a strain that produces a partially labeled population
of RebP1 molecules, by following an approach used previously to stu@y taeniospiralisR-
bodies?®. In this strain, a construct containing an Merminal GFRRebP1 fusion is inserted on
the chromosome after the nativerebP1P2locus (Figure 2.4a), and is expressed under the
control of a weak ribosomal binding site (BBa BBaboc 08 4 EEO AOOAT CAil AT O
expression of the tagged RebP1, which (relative to tagging of the entire RebP1 population)
is thought to decrease potential effects of GFP labeling onbRdy structure and function.
This strain also contains the Ropr-mScarlettranscriptional reporter ( Figure 2.4a). We grew
this strain as a colony biofilm, prepared thin sections, and imaged them by confocal
fluorescence microscopy. We once again observed expression ebR-mScarletin vertically
arrangedstriations. GFRPtagged RebP1 formed discrete spots, with one punctum per cell that
could not be further resolved using confocal microscopy. We thus turned to supegsolution
microscopy (Zeiss Airyscan28), which revealed that RebP1 is organized as a tubular
structure with a diameter of ~ 250 um in diameter Figure 2.4d). This structure observed
in vivo is conformationally similar, and of comparable size, to the contracted structures seen
in our SEM imaes of the SD&soluble fractions prepared from biofilm samples Figure

2.4d, Figure 2.2d).
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Figure 2.4. a Schematic of constructs present in the strain engineered to produce
GFRtagged RebP1, showing the&pr-mScarlettranscriptional reporter and the gfp-

rebP1ltranslational fusion.b Representative confocal image of a thin section prepared
from a 3-day-old biofilm formed by the strain indicated. Dotted lines demarcate the
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region shows Rbodies withineaA E  AA1T 1 8 3 Adkbokindinfo®singl©cells'l Al 8
reveals fluorescently tagged Fbodies forming a characteristic ring structure.
Orthogonal projections reveal the tubular open organization of GFRebP1. Scale bar

EO vnmul i 8 . lisGdpichescuon Sighily défdrnis the structure along

the z axis.e Schematic of constructs present in the strain engineered to produce GFP

tagged RebP1 and mScarleéagged RapA, showing thgfp-rebP1translational fusion

and themScarletrapA translational fusion. f Representative confocal image of a thin

section prepared from a 3day-old biofilm formed by the strain indicated. Dotted lines

AR AODAAOGA OEA AACAO 1 £ OdSupehdsdiuieh imaging 3AAT A AAO
reveals colocalization of mScarleRgpA with the R-body ring structure formed by
GFR2 AA0 p 8 3 AAIT RZodmAnf tite Goxed 'regibn&hown above. Scale bar

EO vmmuii8 )i ACAO AOA OAPOAOAT OAOEOA 1T £ OEOAA

The results of the MS analysis indicated thieRapA is produced at levels similar to
those of RebP1 in biofilms [figure 2.1b) leading us to hypothesize that RapA is associated
with R-bodies in vivo. To test this, we created a construct for expression of antéminal
mScarletRapA fusion from a weakibosomal binding site and inserted it on the chromosome
after the nativerapAgene Figure 2.4e). The resulting strain was also engineered to contain
the construct for leaky expression of GHRebP1 as described above. We grew this dual
labeled strain as acolony biofilm and prepared thin sections for confocal and super
resolution microscopy. Confocal imaging revealed that RebP1 and RapAlgoalize resulting
in a Pearson correlation coefficient of ~0.59 Kigure 2.4f, g, Supplementary Figure 5).
Consistent with this observation, superresolution imaging revealed that RapA indeed

overlaps to a large degree with RebP1, indicating that they may form a complex and that

RapA is associated with fbodies in vivo (Figure 2.4g, h).
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2.3.5 rebP1P2 is expressed and contributes to PA14 colonization in the plant

host Arabidopsis thaliana

The fact that homologs of theC. taeniospiralisR-body structural genes are found in
diverse freeliving bacteria suggests that their roles extend beyond endosymbiotic
interactions?9. InC. taeniospiralisand the plant symbiontAzorhizobium caulinodansRbody
production has been linked to host toxicity14.15.29, P, aeruginosas an extracellular pathogen
that colonizes a range of hosts, including plant and nematode mod#8l. We therefore
sought to probe the roles of Rbodies during these interactons. We first examined whether
Prebp1 is active and whetherrebP1P2contributes to colonization after inoculation of the
model plant Arabidopsis thaliana We compared bacterial mScarlet expression patterns @
thaliana seedlings that had been infected ith strains containing either the RebprmScarlet
reporter or the constitutive Ppawoa/0s-mScarletconstruct. We found that while constitutive
mScarlet production was uniform and fuzzy across colonized regions éf thalianaleaves,
Prebpr-driven expression was stochastic and restricted to a subset of PA14 cellsigure 2.5a).
To test whether Rbody production contributes to host colonization, we inoculatedA.
thaliana seedlings with either PA147 4  1rébP1¥2and quantified the bacteria recovered
afterfivA AAUO T £ Pl AT O COI x OE 8 rebmBAlisplayed afeAuatddA
A. thalianacolonization that was restored to WT levels upon complementation aebP1P2
(Figure 2.5b). Together, these results indicate a potential role forfRodies inP. aerwinosa

plant host interactions.
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Figure 2.5. a Fluorescent micrographs ofA. thalianaleaves infected with WT PA14
expressing mScarlet under the control of theebP1 promoter (Prenpr-mScarle), no
promoter (MCSmScarle), or a constitutive promoter (Ppawosnz-mScarle). Smaller
panels show images of the whole seedling and the imaged leaf indicated by the white
box. Images are representative of nine biological replicates from three experiments.
3AAT A AAOBCRY©Obtaimed froim’8 thaliana seedlings inoculated with the
indicated genotypes and incubated for five days, normalized to seedling weight. Each
circle represents a biological replicate, with color intensity indicating replicates from
the same experiment; colored lines indicataneans.p values were calculated using
unpaired, two-tailed t-tests. n'l & hiological replicates from three experiments.c
Images ofC. eleganged WT PA14 containing the indicated reporter constructs. Top
panels, Nomarski; middle panels, fluorescence; baitn panels, overlay. White boxes
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indicate regions shown in closeup images. Images are representative of 15 replicates

AOT I OEOAA AZPAOEI Al O 0agesSdfCAdlefantdAVOTCPAIOA pm Al 8
containing indicated transcriptional and translational reporter constructs (construct

schematics are shown in Fig. 2a). Left: Nomarski image. Dotted white box indicates

region shown in closeup image at right. Right: Nomarski imageverlain with red and

green fluorescence micrographs. Arrows indicate single PA14 cells in the worm

intestine showing both mScarlet and GFP fluorescence. Asterisks (*) indicate

autofluorescent granules in thegfp AEATT AT 8 3AAIT A AAOO AOA vuvuAi
representative of 15 replicates from three experiments.

2.3.6 R-bodies contribute to PA14 virulence in the nematode host
Caenorhabditis elegans

Previous studies with PA14 have demonstrated overlap in the sets of virulence
factors that act on plant andanimal models2. To investigate Roody production and toxicity
in an animal host, we used intestinal colonization and pathogenicity assays in the nematode
model Caenorhabditis elegan€onsistent withour observations in colony biofilms and orA.
thaliana, we found that worms fed the strain containing the .p1-mScarletreporter showed
stochastic fluorescence in the intestine, in contrast to the more uniform fluorescence
exhibited by the strain contairing the constitutive Pra10403-mScarlet construct (Figure
2.5¢). The distinct Rebpr-driven expression pattern we observed in the colony biofilm and
host contexts may indicate that there is an advantage to restricting-Body production to a
subset of celé in the population. To ask whether Fbodies are present during colonization of
the intestine, we infected worms with the strain containing constructs for expression of the
GFRRebP1 fusion protein and the transcriptional reporter Rop-mScarlet Fluores@nce
imaging revealed discrete puncta of GFRbeled RebP1 in cells expressing mScarlet,

indicating that these bacteria contain Rbodies (Figure 2.5d).
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Figure 2.6 a, bKilling kinetics of C. eleganfollowing exposure toP. aeruginosavith
the indicated genotypes. The role ofacAin C. elegangathogenicity has been
described previously*! and gacA:Tntherefore serves as a control for defective killing
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To test whether Rbody production contributes to PA14 virulence inC. eleganswe
guantified percent survival for up to four days after synchronized populations of worms
were exposed to PA14 WT and mutant strains. Mutants lackinggA or rapA displayed
attenuated virulence, consistent with previasly reported results (Figure 2.6bq 8reb&1P2
also displayed attenuated virulence, which was restored to WT levels upon complementation
of rebP1P2(Figure 2.6ad8 4 EA OAAOAOETT ET OEOOIrdgAadhdd x AO
YrapAOE AT  E OrebPAR] sugfbsting that RcgA and RapA act via ReblEpendent and
RebRindependent mechanisms to enhance virulencéNevertheless these results, together
with the results of our genetic and imaging analyses with engineered straingigures 2.3c,d
and 2.4e), indicate that the contributions of these proteins to PA14 virulence arise in part

from their roles in inducing rebP1P2expression or associating with RebP1, respectively.

2.3.7 R-body production contributes to translational inhibition in P
aeruginosa -infected C. degans

A recent study revealed that ribosome damagespecifically, cleavage of the
ribosomal RNA at helix 69 (H69), a highly conserved feature of the decoding cent&s a
component of PA14 pathogenicity inC. elegansand that the regulator RcgA strongly
promotes this infection outcomés®. Ribosome cleavage leads to translational inhibition,
which activates a C. elegansmmune surveillance mechanism mediated by thezip-2
pathway33.34, Based on this work and our observations, we hypothesized that host ribosome
cleavage andzip-2 pathway activation are mediated, &least in part, by RcgAdependent

induction of R-body production. We tested this by first employing &C. eleganstrain that
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Figure 2.7 a Quantification of fluorescence intensity ofirg-1::gfp in the images
obtained in b using ImageJ/Fijip values indicated were calculated using unpaired,
two-tailed tOAOOO8 T ulnpuv AETIT T CEAAI bOhgsdEAAOAO A£OT I
eleganscontaining the irg-1::gfp transgene fed P. aeruginosawith the indicated
CAT T OUPAO &£ O pgu1E8 %AAE DBAT AT OET xO £ O OAOGAA
AOA OAPOAOGAT OAOEOA T &£ 1 puv OADPI EAAOME £O0T 1 & OO0
cleavage levels (as percentage of the total 26S rRNA) in adult waraxposed to the
PA14 wild type (WT) or the indicated mutants.p values indicated were calculated
using unpaired, twotailed t-tests.nE'lt  AET I T CEAAT OADPI EAAOAO AEOT I
$A0OA AOA DPOAOGAT OA AToalRNA Ardfile of @diili work<Lexpased $ 8
02.! MEOACI AT 608 2&5 OAI AGEOA mnmarkedos&@A AT AA O1 EC
in the electrophoretic separation system.
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reports expression ofirg-1, a taget of the zip-2 pathway, as GFP fluorescence. Wheig-

Lgfpx T O O x Aroghh @A 5eOP152 we observed little or no induction ofirg-

ih xEEIT A EAAAET ¢ xEOE 74 réPlp2rebP102sttaid feldddl | D1 Al
strong reporter expressionlocalized to the worm intestine Figure 2.7a, b). These results

suggest that thesaeb cluster genes are involved in PAl4ffected translational inhibition in

C. elegans

Next, we investigated whether this translational inhibition correlated with ribosanal
cleavage by analyzinghe integrity of rRNA isolated fromC. elegansed WT PA14 orreb
cluster mutant strains. Consistent with prior result$éh  x A /&l @§AShowel Arfark¥d
defect in induction of C. elegansibosomal cleavage when compared to WT PA14. A similar
AAEAAO xAO AoepAABOAR O debPamulaNt ¥iso showed diminished
induction of ribosomal cleavage, though the defect was not as prorOT AAA A &@glOEAO |
AT ArapX AT A 11T 01 Al 1T AOGAT O T &£ OEAT O1 1 AlebPIR2 AAOAC
complemented strain (Figure 2.7¢, d). These results, together with the pathogenicity defects

of reb cluster gene mutants, Figure 2.6a, b) support the model that Rbody-mediated

translational inhibition contributes to PA14 virulence in C. elegans.

2.4 Discussion

We have identified genes required for Bbody production by P. aeruginos@&A14. InC.
taeniospiralis the proteins RebA, RebB, and Rebbave been implicated in Roody
production. While these proteins are homologous to each other, RebD is an outlier in that it
is shorter than RebA and RebB and in that its expression is not required for-l®dy

production. PA14 contains one homolog to Reb2nd two RebB homologs that we have
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AAOECT AOGAA AO O2AA0po6 AT A O2AA0co AOA O OEAE
the case inC. taeniospiralis RebP1 and RebP2 are longer than PA14 RebD, and RebP1 and
RebP2 were both detected in SD®soluble preparations from PA14 biofilms, while RebD
was not. These preparations also contained the product o&pA, another reb cluster gene
that is well-conserved in the pseudomonads, and we found via higlesolution microscopy

that RapA is associated with RebPhside PA14 cells. Expression of the putativeebP1P2
operon is regulated by the transcription factor RcgA and sigma factor Fecl2. RcgA and Fecl2
had previously been associated with virulenc®18, but their exact roles have eluded
definition. We have also provided evidence thatebP1P2expression is stochastic and that it
can be observed both in independent biofilms and during association with hosts. While
expression patterns between these two sstems appeared to be similar, an advantage to-R
body production was detectable only during host colonization, suggesting that the benefit
that R-bodies confer is contextdependent. An interesting possibility is that Rbody
production is a defense mechanismagainst protozoa and nematodeghat can graze on

P. aeruginosa which are also found in soil and aquatic environments that harbor
pseudomonad$5z38, In this coniext, Rbody production could represent a protective strategy
that, like e.g. type Il secretion and rhamnolipid production, has been empted into a

virulence-factor role3°.

Though Rbody production was initially thought to be limited to parasitic bacteria,
it has since been shown thatreb gene homologs are found in diverse proteobacteria,
including many nonsymbionts?®. Our results indicate that Roodies made byP. aeruginosa

PA14 contribute to colonization of a plant host and to virulence in &. elegansnodel of
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infection. Aside fromC. taeniospiralisand now P.aeruginosa to our knowledge a role for R
bodies in host damage has been observed only for the plant symbioktcaulinodansThereb
genes in this plant symbiont are repressed by the regulatory protein PraR under both free
living and hostassociated condions, but deletion of PraR allows Fbody production and
leads to killing of host plant cell§>. Because Fbody production has not been observed in
wild type A. caulinodans its significance in the catext of bacterium-plant symbiosis is
unclear!s. Nevertheless, the fact that the damaging effects oftf®dies have now been
described for three divergent bacterial species hints at a general role ftinese structures in

interactions between proteobacteria and eukaryotes.

Thereb cluster genesrcgA, fecl2 andrapA had previously been shown to contribute
to PA14 virulence inC. elegans.13.18 rcgA, specifically, had also been implicated in the
ribosomal cleavage that occurs duringC. eleganefection16. Here, we have shown that the
rebP1P2ocus also contributes to PA14 virulene and ribosomal cleavage, though to a lesser
extent thanrcgAandrapA. We have also shown that all three loci play roles in the activation
of the zip-2 pathway, and exhibit similar relative contributions to this effect as to ribosomal
cleavage. Combined #h our genetic and imaging results suggesting (i) Rcg8ependent
activation of Rebpi, and (ii) an interaction between RapA and RebP1, our observations @
elegansindicate that RcgA and RapA contribute to virulence via their roles associated with

R-body production but also via Rbody-independent mechanisms.

CaedibacterR-body extension is triggered by low pH and occurs in phagolysosomes
of naive paramecia, promptingCaedibacterlysis and the release of other toxins within

Caedibactercells, thereby killing the eukaryotic predator5. We speculate that PA14 Rody
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extension is similarly triggered in a hostspecific manner. Cells in the PA14 -Body-
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Figure 2.8 R-body-containing P. aeruginosaells, or contracted Rbodies themselves,
are endocytosed by the host cell (e.g.,@ eleganintestinal cell). Conditions of the
phagolysosome disrupt the integrity of the bacterial cell wall and/or trigger extension
of the Rbody. The Rbody pierces the phagolysosomal membrane, releasing.
aeruginosacell contents into the host cell cytoplasmP. aeruginosdoxins and/or host

responses to lysosomal disruption lead to cleavage of th€. elegangibosome,

translational inhibition, and, ultimately, host killing.

populations that harm predators or facilitate host colonization and enhance virulence. A

model of potential roles for Rbodies in host cell damage is shown ifrigure 2.8. In this

model, either Rbody-containing bacteria, or contracted Rbodies themselves, g taken up

by host cells via endocytosis. FOE. eleganghis is supported by the finding that the dynamin

gene @yn-1), which is necessary for endocytosis, is integral to the effects of PA14 Gn

elegansrRNA!6 and zip-2 pathway activation16:33, The low pH of the phagolysosome would

trigger R-body extension, either releasing a bacterial enzyme, or activating a host enzyme,

that cleavesC. éegansrRNA. This ribosomal damage then leads to translational inhibition,
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activating the zip-2 pathway and inducing target genes such agy-1. The results of this study
therefore indicate that the Rbody is a virulence factor and raise the question of wather it
contributes to similar effects in other hosts. More broadly, our findings highlight the
possibility that R-body production contributes to the behaviors of diverse frediving

bacteria via analogous mechanisms during association with other organisn

2.5 Methods

2.5.1 Bacterial strains and growth conditions

Strains used in this study are listed iTable 2.1. Cultures ofPseudomonas aeruginossrain
UCBPPPA14 (PA141) were grown in lysogeny both (LB; 1% tryptone, 1% NacCl, 0.5% yeast
extract42) in 13 mm x 100 mm culture tubes at 37°C with shaking at 250 rpm unless
otherwise indicated. Biological replicates were inoculated from distinct dnal-source
colonies grown on LB + 1.5% agar plates. Overnight precultures were grown for-14 h and
subcultures were prepared by diluting precultures 1:100 in LB in 13 mm x 100 mm culture
tubes and growing at 37°C with shaking at 250 rpm until migexponential phase (OD at 500

nm ~ 0.5). Subcultures were used in experiments unless otherwise noted.

2.5.2 Construction of markerless deletion and complementation strains 43

Approximately 1 kb of flanking sequence from each side of the target locus were
amplified using the primers listed inTable 2.3 and inserted into pMQ30 through gap repair
cloning in Saccharomyces cerevisiamvSc1#4. Each plasmid, listed inTable 2.2, was
transformed into Escherichia colistrain UQ950, verified by restriction digests and

sequencing, and moved intd®. aeruginosa?Al4 using biparental conjugation via thek. coli
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donor strain BW29427. PAl14 single recombinants were selected on LB agar fels
containing 100 pg/ml gentamicin. Double recombinants (markerless mutants) were selected
on a modified LB medium (containing 10% sucrose and lacking NaCl) and genotypes were
confirmed by PCR. Combinatorial mutants were constructed by using single mutards hosts

for biparental conjugation as indicated inTable 2.1.

2.5.3 Phylogenetic analysis

All trees were generated with Geneious Prime 2020.2.4 using Muscle for sequence
alignment and the neighborjoining method for tree building (genetic distance mode Jukes
Cantor (Supplementary Figure 1 ); Tamura-Nei (Supplementary Figure 2 )). Trees in
Figure 1a andSupplementary Figure 2 were displayed using the online Interactive Tree Of
Life (iTOL) took>.
2.5.4 Construction of PA14 reporter strains

A transcriptional reporter for the putative rebP1P2operon was constructed using
primers listed in Table 2.3 to amplify the promoter region (500 bp upstream ofrebP1),
AAAET ¢ AT 3PA) AECADO uwdE QA GIECADO O&E ORI Oi A0k A
Purified PCR products were digested and ligated into the multiple cloning site of the
pLD3208 vector, upstream of themScarletcoding sequence. This plasmid (pLD3210) was
transformed into E. coliUQ950, erified by sequencing, and integrated into a neutral site in
the PA14 genome using biparental conjugation withe. coliS17. PA14 single recombinants
were selected on M9 minimal medium agar plates (47.8 mM MAPQE x 20, 22 mM KHPQ,
8.6 mM NaCl, 18.6 mM NiCI, 1 mM MgS@Q 0.1 mM Ca@J) 20 mM sodium citrate, 1.5% agar)

containing 70 ug/ml gentamicin. The plasmid backbone was resolved out of PA14 using FLP
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FRT recombination by introduction of the pFLP2 plasmitf and selected on M9 minimal
medium agar plates containing 300 pg/ml carbenicillin and confirmed on LB agar plates
without NaCl and modified to contain 10% sucrose. The presence wiScarletin the final
clones was confirmed by PCR. To create the ain that constitutively expressesamScarlet the
constitutively expressing syntheticlac promoter (Ppa10304) was ligated into pLD3208 and
mating the resulting plasmid, pLD3433, into thegimS locus of the PA14 genome via

triparental mating with E. colidonor strain BW29427 andE. colihelper strain 32155.

2.5.5 Colony biofilm morphology assays

Ten ul of liquid subcultures were spotted onto 60 mL of colony morphology medium
(1% tryptone, 1% agar containing 40 pg/mL Congo red dye and 20 ug/mL Coomassie blue
dye) in 100mm x 100mm x 15mm square Petri dishes (LDP D211K)27. Plates were
incubated for up to five days in the dark at 25°C with >90% humidityRercival CU22L) and
imaged daily with an Epson Expression 11000XL scanner. Images shown are representative

of at least six biological replicates from three indpendent experiments.

2.5.6 Competition mixing assays

OD at 500 nm of subcultures were determined in a Synergy 4 plate reader (BioTek)
and subcultures were mixed together in a 1:1 ratio of fluorescent, mScarlepressing and
non-fluorescent cells. Ten pbf this mixture were spotted onto colony morphology medium
and grown as described above. After three days, biofilms were harvested, resuspended in 1
mL of 1% tryptone, and homogenized in an Omni Bead Ruptor 12 bead mill homogenizer for
ww O 11 étnhd Saha dil@iéns of mogenized cells were plated onto 1% tryptone

+ 1.5% agar plates and grown overnight at 37°C and colony forming units (CFU) were
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determined. Fluorescent CFUs were determined by imaging with a Typhoon FLA7000

fluorescent scanner(GE Healthcare).

2.5.7 Purification of SDS-insoluble biofilm fraction
To isolate the sodium dodecyl sulfatensoluble (SDSinsoluble) fraction of biofilms,
we used wildtype PA14 and a mutant defective in producing the main exopolysaccharide Pel
{ pel). Bological replicates of fiveday-old colony biofilms (n = 20, grown on morphology
agar as described above) were harvested from the growth medium with a sterile pipette tip,
resuspended in 80 mL of sterile phosphatéduffered saline (PBS), and sonicated fd& x 10 s
IT EAA xEOE OEA [ EAOI OED 1 Mmnekcapiobtharo/BiEerd &idedv m | " C
to final concentrations of 2% and 5%, respectively, and the sample was nutated on a Nutating
Mixer (Fisher Scientific 88 861 043) at room temperature (RT; v o #qQ Al O o¢omn 1| EI
sample was then transferred into 1.SmL microfuge tubes and the insoluble fraction spun
down at 16,873 x g for 5 min. The supernatant was discarded and the pellets (i.e., the Congo

red-binding, SDSinsoluble fraction) were pooled together.

2.5.8 Mass spectrometry of SDS-insoluble proteins

The SDSnsoluble pellet was washed three times with Optima water (Fisher
Scientific), solubilized in 100 pyL of 98% formic acid at room temperature for 1 h. spin
vacuum dried for 1.5 h, washed with 50% methanol and water, and then dissolved in 2%
RapiGest(Waters Corp.) with 6 mM DTT. Samples were then sonicated, boiled, cooled,
cysteines reduced and alkylated and proteins digested with tryps#i. Liquid
Chromatography mass/ spectrometry (120 min runs)was performed with the Synapt G2

(Waters Corp.) in positive resolution/ion mobility mode with proteins identified with
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ProteinLynx Global Server (PLG®. Proteins were also identified and semguantitatively
measured with a Q Exactive HF (Orbitrap, Thermo Scientific) with Mascot V. 25
Identification of the most abundant proteins in these preparations by the Q Exactive HF were
confirmed by the qualitative orthogonal method (Synapt G2 ion mobility/PLGS analysis).
The reference proteome UP000000653 forPseudomonas aeruginosatrain PA14 from
UniProt (Release 2015 10, 11/10/2015) was used for all database searches. All raw MS data

files will be publicly available at the MassIVE data repositoryhftps://massive.ucsd.edu).

2.5.9 Scanning-electron microscopy

The SDSnsoluble pellet was resuspended in prdixative solution (2%
paraformaldehyde, 2.5% glutaaldehyde, 0.0075% Llysine in PBS) and nutated at RT for 30
min in the dark. The pellet was then washed in sterile PBS and fixed in 2.5% glutaraldehyde
in PBS at RT for 30 min in the dark. Fixed pellets were washed twice in PBS and dehydrated
through a seiies of ethanol washes (25%, 50%, 75%, 95%, 3 x 100% ethanol). Samples were
visualized with a Helios NanoLab DualBeam 660 (FEI)-1D fields of view per sample were
captured at high magnification to screen for the presence ofBodies per biological replicde.

Images shown are representative of 16 fields of view from 3 independent experiments.

2.5.10 Liquid culture growth assays

Biological triplicates of overnight precultures were diluted 1:100 in 200 pl of 1%
tryptone in a flat bottom, polystyrene, 96well plate (Greiner BioOne 655001) and
incubated at 25°C with continuous shaking on the medium setting in a Biotek Synergy 4 or
Biotek Synergy H1 plate reader.The expression of mScarlet was assessed by taking

fluorescence readings at excitation and emission wavelengths of 569 nm and 599 nm,
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respectively, every 30 minutes for up to 24 h. Growth was assessed by taking OD readings at

500 nm simultaneously with the fluorescence readings.

2.5.11 Quantification of cells expressing P rebp1-mScarlet

Five ul of overnight PA14 cultures weremounted on a 2% agarose pad on a glass slide,
and imaged at 63x on a Zeiss Axio Imager D1 epifluorescenmicroscope with an AxioCam
MRm. Five independent fields of views were captured at random for each biological replicate.

Number of cells in each image was determined using the MicrobeJ plugin in il

2.5.12 Fluorescence visualization in  P. aeruginosa colony biofilms

For whole-colony fluorescence imaging, ten pl of liquid subcultures were spotted
onto 1% tryptone, 1% agar and colony biofilms were grown in the dark at 25°C with >90%
humidity (Percival CU22L). At least three biological replicates of each strain were prepared

in this manner. After three days, bright field images and fluorescence images were visualized

with a Zeiss Axio Zoom.V16 fluorescence stereo zoom microscope (excitatiangt v 1 1 I N
Al EOOEIT T h emunuili & O EiACEI ¢ T £ I 3AAOI AON AgA
of GFP).

2.5.13 Thin sectioning of PA14 colony biofilms 23

After three days of growth as described above, biofilms were overlaid with 1% agar
and sandwiched biofilms were lifted from the bottom layer and fixed overnight in 4%
paraformaldehyde in PBS at 25°C for 24 h in the dark. Fixed biofilms were washed twice in
PBS and dehydrated through a series of &@in ethanol washes (25%, 50%, 70%, 95%, 3 X
100% ethanol) and cleared via three 60min incubations in Histoclearll (National

Diagnostics); these steps were performed using an STP120 Tissue Processor (Thermo Fisher
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Scientific). Biofilms were then infiltrated with wax via two separate 2h washes of 100%

paraffET xA@ j 0OAOADPI AOO 800OAQ AO vuvd#h AT A AlTITT x/
blocks were sectioned in 16um-thick sections perpendicular to the plane of the biofilm,

floated onto water at 42°C, and collected onto slides. Slides were -giiied overnight, heat

fixed on a hotplate for 1 h at 45°C, and rehydrated in the reverse order of processing.
Rehydrated colonies were immediately mounted in TREBuffered DAPI:Fluorogel (Electron

Microscopy Sciences) and overlaid with a coverslip. At least three lagical replicates of

each strain were prepared in this manner. Differential interference contrast (DIC),
fluorescence confocal, and superesolution imaging were performed using LSM800 and

LSM980 Airyscan2 confocal microscopes (Zeiss). Images were procassising the Zeiss Zen

software. Colocalization was quantified using the JACoP plugin for ImageJ

2.5.14 A. thaliana colonization assays

Arabidopsis thalianaecotype Columbia (CaD) seeds were sterilized using standard
bleach protocol$3. Washed, surfacesterilized seeds were resuspended in 0.1% agar and
OOAEAAOAA O ¢t E 1 £ latediadd g&roidaieddn AdlisbendgihOMst 0 # h  C
agar medium containing Gamborg vitaming'. Seeds were incubated at 22°C with a 1#
light/12 -h-dark photoperiod (100-150 pE/m2/s; Percival CU22L) for three weeks. A.
thaliana seedlings were then inoculated with PA14 using a flood inoculation assayand
incubated under the same light/dark conditions for five days. For visualization of PA14
infected A. thalana, leaves were excised anthScarletfluorescence was visualized with a
Zeiss Axio Zoom.V16 fluorescence stereo zoom microscope. For quantification of PAl4
colonization of A. thaliana seedlings were harvested, weighed, and surfasterilized with 1

mL of 5% HOz in water for 3 min. These seedlings were washed five times with sterile PBS
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AT A ETITCATEUAA ET p I, T&£ 0"3 EI A AAAA TEII
Serial dilutions of homogenized tissue were plated onto LB agar plates contaig 4 pg/ml
tetracycline and grown overnight at 37°C to select foP. aeruginosaand CFU counts were

guantified.

2.5.15 C. eleganspathogenicity assays
Ten pl of overnight PA14 cultures were spotted onto NGM agar platésand incubated at 24
E AO oxo#h A 111 xAA AU ¢t E AO cuodo#8 4EEOOU O ovu
OAAAAA PI AOAOG AT A ET AOAA OA Anfektéd worms) wons &dre@expOsedd O AT E U
to PA14 forthree days, immobilized in 10 mM levamisole in water, mounted on a 2% agarose pad on
a glass slide, and imaged at 20x and 63x on a Zeiss Axio Imager D1 epifluorescence microscope with
an AxioCam MRm. For pathogenicity killing assays, which were modifiecbmn39, live/dead worms
were counted for up to four days after plating onto PAl4eeded platesunc-44(e362 worms, which
exhibit body movement deficits, were used instead of wildype to prevent worms from crawling off

the plates.
2.5.16 Measurement of ribosome cleavage levels in P. aeruginosafed C. elegans
Standard slow killing (SK) assayg were used to measure the effect that PA14 strains
have on the level of ribosome cleavage athelix 8 c¢uv t, Al ENOT OO0 1T &£ 160
liquid LB culture were plated on SK agar plates. The bacial lawn was spread to cover the
complete agar surface and to prevent worms from escaping the bacterial lawn. The seeded
plates were incubated at 37°C for 24 h and at 25°C for 24 h. Synchronized adiltelegans
worms were then added to the plates and exgsed for 24 h at 25°C. The worms were
collected with M9 buffer and decanted 3 times in 18nL tubes to allow digestion of bacteria

inside the worms and to separate adults from larval progeny. Worm total RNA was extracted
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using acid guanidinium thiocyanate jpenol-chloroform extraction. A profile of the total RNA
xAO OOAEAAOAA O AAPEI T AOU Al AAOOI PET OAOEO OO
Fragment Analyzer instrument (Agilent Technologies). The profile was analyzed using the
Prosize software 20 (Agilent Technologies) to quantify the relative abundance of distinct
ribosomal RNA species.
2.5.17 Measurement of irg-1::gfp activation in P.aeruginosa fed C. elegans
25 pul of overnight PA14 cultures were spread onto NGM agar plaéésand incubated
AO ¢t E AO oxo#h A 11T xAA AU ¢t E AO cudo#8 4EI
irg-1::gfp transgene (strain AU133) were picked onto the PAl4eeded plates and incubated
AO cu 0 uaiatidalofdrg-Ddfplactivation, worms were exposed to PA14 for 12 h,
immobilized in 10 mM levamisole in water, mounted on a 2% agarose pad on a glass slide,
and imaged at 20x on a Zeiss Axio Imager D1 epifluorescence microscope with an AxioCam
MRm. GIP fluorescence intensity was quantified using ImageJ/Fji. Using the polygon tool,
an ROI is drawn around the worm body for each image and the sum gray value (integrated

density) was measured and pltied.
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61. Dehio, C. & Meyer, M. Maintenance of brodmbst-range incompatibility group P and group
Q plasmids and transposition of Tn5 in Bartonella henselae following conjugal plasmid
transfer from Escherichia coliJ. Bacteriol179, 538&540 (1997).

2.7 Tables

Table 2.1: Strains used in this study.

Strain Number | Description Source Appears in
figure
Pseudomonas aeruginosa
UCBPPPA14 Clinical isolate UCBPHPA14. 82 2.2b-e,
2.3ef, 2.4¢
d, Appendix
B
0! ppel ¥ LD82 PA14 with deletion inPA14_24490 (pelB) 58 2.2b-e, S3,
24560 (pelG). Appendix B
0! pDAY BOAAOU|LD2720 | PA14 with deletion inPA14_2449@4560and | This study | S3
PA14_27640 (rebP127640 (rebP2)Made by
mating pLD2934 into LD2720.
0! pPAY BOAAOUL|LD3026 |0! p pelBsSaPAL4 27640 (rebP127630 This study | S3
rebP1P2 (rebP2)with wild -type PA14_2763@7640
complemented back into the site of deletion.
Made by mating pLD3016 into LD2936.
PA14 Rebpr-mScarlet LD3224 | PA14 with Rebpr-mScarletinserted at theattB | This study | 2.3a, 2.4ab
site using pLD3210.
0! p tcgA¥ecl2 LD3137 | PA14 with deletion inPA14_27690 (fecl2) This study | -
27700 (rcgA) Made by mating pLD3136 into
UCBPPPA14.
0! p fecl?y LD3144 | PA14 with deletion inPA14_27690 (fecl2) This study | -
Made by mating pLD3142 into UCBRPA14.
0! p TcgAY LD3145 | PA14 with deletion inPA14_ 27700 (rcgA) This study | -
Made by mating pLD3143 into UCBRPA14.
0! p tcgA¥ecl2: LD3180 [0 ! p PAld 27700 (rcgAR7690 (fecl2)strain | This study | -
rcgA-fecl2 with wild -type PA14 277027690
complemented back into the site of deletion.
Made by mating pLD3179 into LD3137.
0! p tcgAYecI2Prebpr LD3782 |0 ! p PAlég 27690 (rcgAR7700(fecl2) with | This study | 2.3a

mScarlet

Presr-mScarletinserted at theattB site using
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pLD3210.

0! p fecl2PeprmScarlet | LD3780 |0 ! p PAld 27690 (fecl2yith Prevrr-mScarlet| This study | 2.3a
inserted at theattB site using pLD3210.
0! p TcgAPespr-mScarlet | LD3781 |0 ! p PAld 27700 (rcgAyvith Presp-mScarlet | This study | 2.3a
inserted at theattB site using pLD3210.
0! p tcgA¥ecl2: LD3783 |0 ! p PAld 27700 (rcgAR7690 (fecl2)strain | Thisstudy | 2.3a
rcgAfecl2Prespr-mScarlet with wild -type PA14_2770@27690
complemented back into the site of deletion.
The strain also has Reer-mScarletinserted at
the attB site using pLD3210.
PA14 MC8nScarlet LD3294 | PA14 without a promoter driving mScarlet This study | 2.3a, 2.4ab
expression inserted at theattB site using
pLD3208.
PA14 Rebpr-mScarlet LD3657 | PA14 with Rerpr-mScarletinserted at theattB | This study | 2.3b-d
Ppa104/03-gfp site and Pawoa03-gfp inserted at the gimSsite
by mating pLD3655 into LD3224.
0! p tcgAdecl2Prebrr- LD3786 [0 ! p PAld 27700 (rcgAR7690 (fecl2)with | This study | 2.3cd
mScarlet Prebpr-mScarletinserted at theattB site using
Pea1/04/03-gfp pLD3210 and Bawo403-gfp inserted at the
glmSsite by mating pLD3655 into LD3782.
0! p feclZPrevpr-mScarlet [ LD3784 | 0! p PAld 27690 (feclyith PrebprmScarlet | This study | 2.3¢d
Ppa1/04/03-gfp inserted at theattB site and Raw/o0403-gfp
inserted at theglmSsite by mating pLD3655
into LD3780.
0! p tcgAFrerrrmScarlet [ LD3785 | 0! p PAld 27700 (rcgAyith Prespr-mScarlet | This study | 2.3c¢d
Pea1/04/03-gfp inserted at theattB site and Rawo403-gfp
inserted at theglmSsite by mating pLD3655
into LD3781.
0! p tcgAdecl2: LD3787 [0 ! p PAld 27700 (rcgAR7690 (fecl2)strain | This study | 2.3¢d
rcgA-fecl2 Prebp-mScarlet with wild -type PA14_ 277027690
Pra1/04/03-gfp complemented back into the site of deletion.
The strain also has Ropr-mScarletinserted at
the attB site and Rawoa0s-gfp inserted at the
glmSsite by mating pLD3655 into LD3783.
0! p tebPiP2 LD2935 | PA14 with deletion inPA14_2764QrebP1) This study | 2.3ef, 2.4¢
27630 (rebP2) Made by mating pLD2934 into f
UCBPPPA14.
PAl14 LD3765 | PA14 constitutively expressing mScarlet. This study | 2.3f
Ppa10ai03-mScarlet Made by mating pLD3433 into UCBRPA14.
0! p tebPiP2 LD3766 |0 ! p PAld 27640 (rebP227630 (rebP2) This study | 2.3f

Pra10403-mScarlet

constitutively expressing mScarlet. Made by
mating pLD3433 into LD2935.
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PA14 Ra0403-mScarlet LD3295 | PA14 withlac-derived constitutive PA1/04/03 | This study | 2.4ab
promoter driving mScarlet expression
inserted at theattB site using pLD3293.
0! p tebPiP2: LD3025 [0 ! p PAlég 27640 (rebP127630 (rebP2) This study | 2.4¢d
rebP1P2 with wild -type PA14_ 27647630
complemented back into the site of deletion.
Made by maing pLD3016 into LD2935.
PAl4gacA:Tn LD1560 | MAR2xXTransposon insertion into 59 2.4c¢d
PA14 30650 (gacA)
Arabidopsis thaliana
Col0 J. Reed, 2.4a,c
UNC
Chapel
Hill
Caenorhabditis elegans
unc-44(e362) LD3326 56 2.4b,d
M. Chalfie,
Columbia
University
Escherichia coli
UQ950 LD44 E. coli$ ( v 4 pir}sirain for cloning; ~ D. Lies,
3 prgFlac p @ wacwmis 3- puv g Caltech
ginV44(AS) rfbD1 gyrA9GNalR) recAl endAl
spoTthiv EOA2uv0 AAT 2 1 PE
BW29427 LD661 Donor strain for biparental conjugation; W.
thrB1004 pro thirpsL hsdS lacZ - p v 2 0 T | Metcalf,
p o ¢ TaraBAD 567 3dapAl34t:[erm University
pir (wt)] of lllinois
S17-1 LD2901 | StrR, TpR, RP42-4 Aqd d - O ADE! ¢ (9o
lysogen
32155 LD69 Helper strain.thrB1004 pro thi strA hsdsS 61
lacZz - p v lagZ& <ep laclatraD36 proA*
proB*qQ dapA:erm (Ermr) pir::RP4 [::kan
(Kmr) from SM10]
Saccharomyces cerevisiae
InvScl LD676 |- ! 4AT- 1 4 1 AQapmglR&e ( Invitrogen

ura3-52/ ura3-52 his331/his3-3-1
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Table 2.2: Plasmids used in this study.

Plasmids Number | Description Source

pMQ30 LD621 Yeastbased allelicexchange vectorsacB+ CEN/ ARSH, URA3+ 44
GmR.

pLD3208 LD3208 | MCSmScarletGmR, TetR flanked by Flpecombinase target This study
(FRT) sites to resolve out resistance cassettes. Cloned by
swapping gfp sequence with mScarlet (Xhol + Sacl)

pFLP2 LD743 Site-specific excision vector with cl857controlled FLP 46
recombinase encoding sequence, sacB, ApR.

pLD3210 (Rebrr- LD3210 | 487 bp ofrebP1promoter sequence inserted at the MCS (Spel | This study

mScarle) and EcoRl) of pLD3208

pLD3655 LD3655 | gfpcoding region cloned into pAKNG69 plasmid replacing thgfp | This study
coding region excised with Sphl and Nhel

pLD3293 (mScarlett) | LD3293 | lac-derived constitutive promoter PA1/04/03 inserted at the This study
MCS (Spel and EcoRlI) of pLD2722

pLD3136 LD3136 | 3PA14_27700 (rcgAR7690 (fecl2)flanking fragments This study
introduced into pMQ30 by gap repair cloning in yeast strain
InvScl

pLD3142 LD3142 | 3PA14 27690 (feclZlanking fragments introduced into pMQ30| This study
by gap repair cloning in yeast strairinvScl

pLD3143 LD3143 | a3PA14_27700 (rcgAllanking fragments introduced into pMQ30 | This study
by gap repair cloning in yeast strain InvScl

pLD3179 LD3179 | Full genomic sequence oPA14 27700 (rcgAR7690 (fecl2)PCR | This study
fragment introduced into pMQ3) by gap repair cloning in yeast
strain InvScl. Verified by illumina sequencing.

pLD2934 LD2934 | arebP1P2flanking fragments introduced into pMQ30 by gap This study
repair cloning in yeast strain InvScl

pLD3016 LD3016 | Full genomic sequence afebP1P2and native promoter PCR This study
fragment introduced into pMQ30 by gap repair cloning in yeast
strain InvScl. Verified by illumina sequencing.

pLD3433 LD3433 | mScarletcoding region cloned into pAKN69 plasmid replacing | This study

the yfp coding region that was excised with Blpl and Nhel.
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Table 2.3: Primers used in this study.

Primer Sequence Used for

number plasmid

LD2609 | acgtacgtctcgagictagatttaagaaggagatatacatatgagtaaaggagaagc pLD3208

LD2635 | actgactggagctcataaaacgaaaggcccagtctttcg

LD2113 | acgtacgtacACTAGTccagatcctgcagaacgtc pLD3210

LD2114 | acgtacgtacGAATTCgatgtgactccctgtgagtgaa

LD1087 | AGGGCCAATCGATAGAGTTT

LD1088 | TCTTCGTGATCTGAAGCCATT

LD3139 | acgtacgtacgcatgctg AGTAAAGGAGAAGAACTTTTCACTGG pLD3655

LD3141 | acgtacgtacgctagc GGCGGATTTGTCCTACTCAG

LD2731 | acgtacgtacACTAGTtatitagaaaaataaacaaataggggttccgc pLD3293

LD2732 | acgtacgtacGAATTCgcttaatttctcctctitaatictagatgtgtg

LD2507 | ggaattgtgagcggataacaatttcacacaggaaacagctCTACGATTGGGTGTCCTTGC pLD3136
(LD2507-
2510),

LD2508 | TGTTCACGCCACTACACCCGCGACGTTTCACAAGACAGA pLD1853
(LD2507

LD2509 | TCTGTCTTGTGAAACGTCGCGGGTGTAGTGGCGTGAACA 33(1510)

LD2510 | aggcaaattctgttttatcagaccgcttctgegtictgatAGCGCTTCGACGAACAAC

LD2507 | ggaattgtgagcggataacaatttcacacaggaaacagctCTACGATTGGGTGTCCTTGC pLD3142

LD2521 | TATGGATCGTCCGAATCAGCGCGACGTTTCACAAGACAGA

LD2522 | TCTGTCTTGTGAAACGTCGCGCTGATTCGGACGATCCATA

LD2523 | aggcaaattctgttttatcagaccgcttctgegtictgatCTCGCTACCCTTTCCGAATA
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LD2525 | ggaattgtgagcggataacaatticacacaggaaacagctACATGTCTGGGCACTCCTG pLD3143

LD2526 | CACGCCACTACACCCTGCCTGTCACCCAGGTAACAGCC

LD2527 | GGCTGTTACCTGGGTGACAGGCAGGGTGTAGTGGCGTG

LD2510 | aggcaaattctgttttatcagaccgcttctgegtictgat AGCGCTTCGACGAACAAC

LD2191 | ggaattgtgagcggataacaatticacacaggaaacagctCGCGCGCAACTCTTCTAT pLD2934
(LD2191-
LD2194),

LD2192 | gagttttccgaccgcagtcCTGCTGACGGTGCTCAAAG
pLD3016

LD2193 | ctttgagcaccgtcagcagGACTGCGGTCGGAAAACTC ('-'32191
an
LD2194)

LD2194 | aggcaaattctgttttatcagaccgcttctgcgttctgatGAAATATCGGACAGCGATGC

LD2507 | ggaattgtgagcggataacaatticacacaggaaacagct CTACGATTGGGTGTCCTTGC pLD3136
(LD2507-
LD2509),

LD2508 | TGTTCACGCCACTACACCCGCGACGTTTCACAAGACAGA pLD3179
(LD2507

LD2509 | TCTGTCTTGTGAAACGTCGCGGGTGTAGTGGCGTGAACA and 2509)

LD2510 | aggcaaattctgttttatcagaccgcttctgegtictgat AGCGCTTCGACGAACAAC

LD2811 | acgtacgtGCTGAGRGTAAAGGAGAAGCTGTGATTAAAG pLD3433

LD2812 | acgtacgtGCT GAGCAGTAAAGGAGAAGCTGTGATTAAAG
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Supplementary Figure 1. Phylogenetic tree of proteins from 38 bacterial strains that

are homologous to C. taeniospiralis RebB. The bacterial strains included are those

with complete genomes from Figure 6 of Raymann et al. (2013) plus 14

representative pseudomonads. C. taeniosylis RebA and RebB are shown in purple.

The cluster containing C. taeniospiralis RebD and its Pseudomonas homologs is

OET x1T ET 1T OATGCA8 7A EAOA AOOECI AA OEA AAOECIT A
cluster with P. aeruginosa PA14 27630 and PA14 27640 (showm blue). Green

circles at the end of each branch indicate the presence of Fecl2 homologs in the

respective strains, while red circles indicate its absence.
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Supplementary Figure 2. 16

Pseudomonas species with aaplete genomes available in the Pseudomonas Genome

S rRNAbased phylogenetic tree showing

all

Database. Species with at least one strain containing one or maebP1homolog(s)

are highlighted in yellow. Indicated in parentheses are the number of strains with

rebP1 homologs out of the totalnumber of strains with complete genomes for a

respective species.
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because this parent strain is moe amenable to disruption. Scale bar is 500 nm. The
images are representative of 16 fields of view captured for each strain from three
AGPAOEIT ATpalGAd AgebyébP1P2rebP1P2samples, every field of view
captured had an Rbody present whereas none i OA A A OA A pefvkbPEPR2  OE A
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Supplementary Figure 4. Expression of mScarlet by the indicated genotypes
containing the Repp10r promoterless transcriptional reporter in shaken 1% tryptone
liquid cultures grown at 25°C. Corresponding growth curves are shown in the bottom
panel. n = 5 biological replicates fsm two experiments. Data are presented as mean
values. Error bars represent standard deviation.
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GFP-RebP1 mScarlet-RapA colocalized

Supplementary Figure 5. Colocalization of GFHRebP1l and mScarleRapA.
Representative confocal image of a thin section prepared from thregay-old biofilms

of the duakllabeled strain shown in Figure 4b. To visualize the degree of
colocalization, we generated a binary mask of GHRebP1 in ImageJ. The mask was
then applied (ImageJ image calculator, Subtract) to the mScaHeapA image leaving
only the colocalized fraction of pixels as shown on the right. Images are
representative of five fields of view captured from two experiments. Scale bar is 10
t 18
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Chapter 3: Modulation of Pseudomonas aeruginosa R-body
production by temperature, cyclic nucleotide(s), and the
transcription factor RcgA

This chapter presents a manuscript that is in preparation for submission. | was responsible
for all the work below, except for experiments testing the effect of teperature on Rebpr-
mScarletexpression (Figure 3.3a), which were performed by Eugenia Jin Lee.

3.1 Introduction

R-bodies are intriguing protein polymers that exist as hypercoiled ribbons (~ 500 nM

in diameter) or hyperextended needles (1620 uM in length)l. Rzbody structural genes

jréd CAT AOGQq AOA A& O1T A EIT -dBoAyphdudidn hiasdéeddiréclyA A OA OE

observed in only a few isolates. We recently discovered th&seudomonas aerugosaPA14
produces the Rbody as a virulence factor and that it plays a role in plant host colonization
and nematode Kkillingg. Specifically, we found that Fbody-producing PA14 elicited
translational inhibition in the worm host Caenorhabditis eleganby promoting host rRNA
cleavage during infectiod. A survey of pseudomonad genomes harboringeb genes,
identified adjacent, ceconserved genes codingor a sigma factor called Fecl2 and the
transcription factor RcgA. Both of these regulatory genes have also previously been
implicated in C. elegansirulence34. In pseudomonads, the region ahe chromosome that
harbors fecl2 rcgA, and the Rbody structural genes also typically contains 4 interspersed
genes that vary with respect to their conservation and roles in fRody production (Figure
2.1b), and we refer to all genes in this locus cdlA OE O A1 rebAA © COBEMRarly, the
hypothetical genes that lie within pseudomonadeb clusters have no known homologs or

protein motifs.
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In all R-body-producing bacteria that hawe been characterized thus far, synthesis of
this structure appears to be restricted to a stochastic subset of cells in the population. In the
legume symbiont Azorhizobium caulinodans expression of thereb gene cluster has been
found to be modulated by a pedicted cyclic nucleotidebinding transcription factor, RebR.
Additionally, reb genes inA. caulinodanshave also been shown to be tightly controlled in
response to temperature and the type of carbon source providéd. We previously showed
that PAl4reb cluster gene expression requires both the transcription factor RcgA and the
sigma factor Fecl2. Rc@\, an orthologue of RebR, is also predicted to be a cNMP binding
protein, and one of the major second messengers detected . aeruginosais cAMP.
Additionally, cAMP levels have previously been reported to be heterogeneous fR.
aeruginos&, leading us to hypothesize that RcgA senses intracellular cAMP levels and
thereby tunes Rbody production.

In this study, we identify global and local regulators of theeb gene cluster, which
contribute to its expression by a stochastic subpopulation of cells. We found that
temperature impacts the number of cells expressingreb genes in the population.
Furthermore, temperature of growth also influences the heritability oreb genes in a biofilm.
Through mutagenesisof specific RcgA residues that are predicted to bind the ribose and
cyclic phosphate of cyclic nucleotides, we found that RcgA is no longer able to carry out its
function to activate reb expression. Lastly, we demonstrate that the RcgA modulatesb
expression based on intracellular cAMP levels. This study sheds light on the complex
regulation of reb cluster genes and implicates cyclic nucleotides as the signal controlling the

stochasticity ofreb gene expression.
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3.2 Results

3.2.1 ldentification of local and global regulators required for activity of  rebP1
and rcgA promoters

We have routinely used fluorescent reporter strains to study. aeruginosgromoter
activity under different conditions and in various strain backgrounds. In a neutral site on the
chromosome, reporter strains contain one or more constructs in which promoters of interest
drive expression of distinct fluorescent proteins. Using tis approach, we have previously
demonstrated that therebP1operon is expressed stochastically and its expression requires
both rcgA and fecl2 (Figure 3.1a).2 To test whether RcgAregulates its own expression, we
generated a construct that reports expression from thercgA promoter (Prega) as red
Growth of these strains in liquid cultures or & biofilms revealed that deleting eithercgAor
fecl2 abrogated Rcga activity (Figure 3.1b, Figure 3.2a). This result indicates that RcgA
engages in positive autoregulation.

It has previously been observed thatgacA deficient mutants of P. protegensPf-5
suppressed the expression ofeb genes. To investigate whether this was the case in PA14,
we moved the Rebp1 and Rcga reporters into a gacA deletion background. Indeed, the
expression of both rgorters were heavily repressed in liquid culture and biofilms Figure
3.1d, Figure 3.2a). Since the downstream quorunssensing pathways controlled by GacA are
well characterized (Figure 3.1c), we took a step further and moved both reporters into
3 | A®BRand 3pgsACbackgrounds Eachof these mutants interfere with different GacA

controlled quorum-sensing systems. LasR and RhIR sense distinct homoserine lactone, while
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PgsAC are required for the biosynthesis of quinolone®.3 OOEEET CI B$Rmitdntt U OE A

DEAT T Algach AxAibiting attenuated expressions of bpiand Rega promoters in both
liquid culture and biofilms (Figure 3.1d, Figure 3.2a). This confirms thatreb cluster genes
are also quorumsensing regulated inP. aeruginosaPA14, specifically through GacA and
LasR.
3.2.2 The rcgA promoter contains LasR and RcgA binding sites

To identify the portion of the rcgA promoter region required for activity, we
conducted promoter bashing whereby important promoter segmentsare identified by
sequentialy truncatin gthe promoter. We found that expression from thecgA promoter was
abolished when it was truncated to 108 bp upstream of thecgA start codon (Figure 3.1e).
Scanning this promoterfor binding sequences revealed a predicted LasR binding site from
107-125 bp upstream of thercgA coding sequence, which we had removed when we created
the 108-bp construct. This suggested direct binding of LasR to theegA promoter to
modulate rcgA expression. Prior studies have shown that LasR controls expression of some
of its targets via cooperative binding®, and our observation that RcgAs required for its own
expression raises the possibility that these two transcription factors act together. To query
the cooperativity between RcgA and LasR, we created reporter strains with shuffling of
adjacent 30bp regions immediately downstream of EA |, AO2 AET AEp & PBAEDA
O O E GAeAmurk 3.1e). We found that the region immediately adjacent to the LasR binding
site, but not the 30 bp downstream of that region, was necessary for reporter activity. We
therefore posit that this sequencecontains the RcgA binding site. Taken together, our
observations are consistent with a model in which LasR and RcgA directly contraigA

expression.
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Figure 3.1. aChromosomal arrangement of genes associated withBddy production
in P. aeruginos@®A14. Regulatory genes are shaded yellow. Genes shaded blue are R
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body structural genes. Genes shaded purple have unknown functiotsExpression
of mScarletunder the control of therebP1 (left) or rcgA (right) promoters in liquid
cultures and in the indicakd strain backgrounds. n = 3 biological replicates. Data are
DOAOCAT OAA A0 Iichdématid Afitedtdd Gegulntoy Ba8cades associated
with quorum sensing and involved in controlling thereb gene cluster.d Expression
of mScarletunder the control of the rebP1(left) or rcgA (right) promoters in liquid
cultures and in the indicated strain backgrounds. Mutant strains shown in this panel
were tested as part of the same experiment as those in panel b, therefore the same
WT results are shown in each anel. n = 3 biological replicates. Data are presented as
i AAT OAI &ski@matics 8f prémotermScarletfusion constructs in which the
rcgA promoter region was truncated or shuffled upstream of thercgA start codon.
Yellow boxes indicate the predictedlasR binding site. Gray boxes indicate the
sequences that were shuffled. MCS refers to a promotkrss mScarletconstruct that
serves as a negative control.

3.2.3 Prebr1 and Prcga activity are in the same subpopulations in biofilms

In our analyses of Ropiand Regaactivity, the two promoters behave similarly at the
population level and both are induced by RcgA-{gure 3.1b). We were interested in whether
rcgAandrebPlare expressed in the same subpopulation. To investigate this, we constructed
a duakfluorescence reporter strain that containsPrebp1-gfp and Rega-mScarlet(Figure 3.2b).
We grew this strain as a biofilm and prepared thirsections for confocal analysis, and found
that Prebp1and Regawere active in the same cellsKigure 3.2b). This indicates that stochastic
regulation of the reb gene cluster occurs upstream offcgA expression. Through flow
cytometry analysis, we found that the percentage of the population exprssg both rebP1
andrcgAwas higher in a 3day-old biofilm (~10%) when compared to a 24hour planktonic
culture (~0.2%) (Figure 3.2c, d). Further, plotting cell events for fluorescence intensity, we
found that all mScarlet+ cells were also GFP+. This conis that both genes are indeed
expressed in the same cells, and provides additional evidence that stochasticity is conferred

upstream of RcgA.

73



a DIC P__.-mScarlet P ...Op b
y - e i
®: ! . e
< 5
g biofilm
biofilm < (thin section)
(top view)
]
O
sl
(1]
>
Z
x
2]
3
<
=iVT; 215 Prc pmom
— ArcgA ; I'H\» A 30 zr\\.éwm‘
ez B T\ ) \ mScarletM eGFP
- AgacA 8 / \ / \
Alash g° AT, [\
S ol = T =
[
c d
1 | 10°
§ o] X Y.05% P 0.21%
& s e
s < ;
057 a
= G
w 3
10
’.D:
3
107P9.73% 0.00%
3 1 3 "1 ‘S '6
SIS % -10°-10 10 _— di% 10 10
: sRed-
dsRed-A

Figure 3.2. a Left: Schematic showing plane of view. Right: Brigtteld and

fluorescence microscopy images of 2day-old biofilms formed by strains with the

indicated genotypes, containing the dual &pr1 and Rcga transcriptional reporter.

Images are representative of three biological replicates. Bottom: Quantification of

fluorescence signal dér a representative diameter across each biofilm. Data are

DOAOGAT OAA AO 1 AAT OAI1 ©Reld'Sehanttc8hoBinyAlindof AAO EO ¢
view. Right: Fluorescence microscopy image of a thisection prepared from a 3day-

old, wild-type biofilm containing the dual Rene1 and Rega transcriptional reporter

AT T OOOOAO j OET x1 ET OEA OAE ARG GUbrdscehck] T xq8 3 AA
counts obtained via flow cytometry analysis of the dual Br1and Regatranscriptional

reporter strain grown as a liquid culture for 24 h (red) or as a biofilm for 3 d (black).

Counts with fluorescence values greater than that indicated by the dotted line are

considered mScarlet positive. Inset shows zoomeuh view of red fluorescence

positive population peaks.d Resultsof flow cytometry analysis showing green and

red fluorescence intensities for a liquidculture population of the dual Repprand Rega

transcriptional reporter strain.
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3.2.4 Higher growth temperatures decrease the number of cells expressing
rebP1

R-body production in A. caulinodanss temperature-dependent’ and reporter-based
assays have shown that increasing the growth temperature leads to a decrease in the
expression ofreb genes in this bacterium.To testwhether this is also the case for PAldeb
genes, we grew the Reopr-mScarletOA DT OOAO OOOAET AO OAI PAOAOOOAC
and measured the fluorescence of each culture after 24 h of incubation. Similar to the
observations made inA. caulinodanswe found that the expression ofebP1ldecreased with
increasing temperatues. However, the transition from permissive to restrictive conditions

~ o~ o~ s X

for PAl4rebCAT A AGPOAOCOETT 1T AAOOOKiGureBAD WAIAINAccO# A

caulinodansOEEO OOAT OEOEIT T AAOOO AO EEGCEA®GowOAI PAO
cytometry analysis revealed that the decrease in fluorescence signal is due to both a decrease
in the number of cells expressingeb genes as well as fluorescence intensity of the reporter
(Figure 3.3b).

Previously, we have demonstrated thateb expression is stoclastic and heritable in
AET £E1 | O C O8incé temb@atuce nppsass to impact the subpopulation of cells
expressing reb genes, we wondered whether it also affects heritability. To test this, we
prepared a mixed cell suspension containing cells consitively expressing gfp, at a
frequency of 2% (to mark clonal populations within the biofilm), and cells containing the
transcriptional reporter Prebpi-mScarletat a frequency of 98%. This strain mixture allows us
to visualize the RevprmScarletexpressing population in the context of the biofilm
architecture. At low temperatures, clonality ofreb expressing cells are maintained, evident
AOiI I OEA OAOOEAAIT T U AOOAT CAA OOOEAOQOEITO 1T &£ AA]
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Figure 3.3. a Levels ofrebP1promoter activity in liquid cultures grown for 24 h at

the indicated temperatures. MCS refers to a promotdess mScarletconstruct that

serves as a negative controb Results of flow cytometry analysis showing percentage

of population expressing Renp-mScarletafter 24 h of liquid-culture growth at the

indicated temperatures. Inset shows fluorescence intensity of red fluorescence

positive population. ¢ Percentage of cells expressingd3r-mScarlettranscriptional

reporter in biofilm thin sections (below), ascertained by image quantification. Each

data point is an individual biological replicate and error bars represent standard

deviation. d Representative fluorescence images of thin sections prepared from

biofilms formed by mixing the strains indicated and growing for 3 d at various

OAil PAOAOOOAOG8 4EA 2&0 DPATAI AO oxdo# EO OPIEO C
ATl T OOAA OECiT Al j OECEOQ O AEA E1T OEOOAI EUAOQEITI
are representative of six repicates from three experiments.

gfp are still present, the Rebp1 expressing cells now appear to be randomly arranged,
suggesting the loss of heritability ofeb expression at high temperatures. Figure 3.3d). We
measured the area of mScarlet signal in el thin-section and used this as a proxy for the
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number of cells expressing Ropr-mScarlet.Higher incubation temperatures led to decreases
in the reb-expressing population within biofilms, consistent with our findings for liquid

cultures (Figure 3.3c).

c8¢8u ) AAT OEAEAAOETT 1T &£ OAOEAOAO
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pocket that are required for rebP1 expression

The PA14 genome codes for two proteins that are similar to RcgaA hypothetical
protein predicted to bind cyclic nucleotides (PA14_03580) and Vir (PA14_08370), a well
characterized cAMPactivated transcription factor. These proteins share 28.6% and 23.2%
identity to RcgA, respectively. Alignment of the RcgA sequencatiivthose of Vir and theE.
coli ortholog CRP revealed a cNMP binding pocket that is largely conserved among the three
proteins (Figure 3.2a). An Xray crystal structure of Vfr previously revealed three amino
acids that participate in cAMP binding: a glutanic acid at position 92 that binds the ribose
backbone and two arginines at position 101 and 141 that bind the cyclic phosphate and
purine ring of the cyclic nucleotide respectively Figure 3.4b). Our alignment Figure 3.4a)
shows that these amino acids are conserved in RcgA. To test whether these residues are
necessary for lRop1 activity, we created rcgA point mutants in the Rebpi reporter strain
background by replacing each of these amino acids with alanine. Strikinglgach of these

point-mutants abolished RPesrrt AAOE OE QUK D E AchA pAdnddypeE(Figlre D4R 3

This suggests that RcgA binding to a cyclic nucleotide is necessary i@ gene expression.
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3.2.6 reb expression is affected by intracellular cyclic -AMP levels
Based on its similarity to established cyclic nucleotiddinding proteins, we
hypothesized that RcgA senses cAMP and modulat®ebp1 expression in responseto

intracellular levels of this signal. InP. aeruginosacAMP can be synthesized by eih of the
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Figure 3.4. a Left: Depiction of RcgA bound to &p:1. Right: Alignment of the putative
ligand binding pocket of RcgA with those of PA14 Vfr ard. coliCRPb Structure of
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CAMP.c Expression ofmScarletin liquid cultures of the indicated strains, containing
the Pebe1 Or promoter-less transcriptional reporter. n = 3 biological replicates. Data
AOA DOAOGAT OAA A @ TidpARkéctions AdtalyAng tAMP 3yditBesis or
degradation in P. aeruginosaBottom: Fluorescence of liquid cultures expressing
mScarlet under the control of Rewp: in the indicated strain backgrounds. n = 3
AET 1T CEAAl OADPI EAAOAROS $AOA ekovhcyn@iyOAT OAA
analysis of populations expressingnScarletunder the control of Rewp: . Each data
point is an individual biological replicate and error bars represent standard
deviation. f Left: Representative fluorescence images of thin sections prepared from
3-day-old biofilms formed by strains containing Renp-mScarletin the indicated
backgrounds. Scale bar = 20 um. Images are representative of nine replicates from
three experiments. Right: Quantification of fluorescence intensity of a representative
width across depth for the biofilm thin sections shown. Treds are representative of
nine replicates from three experiments.

two cyclases CyaA and CyaB. cAMP levels can also be modulated through its degradation by
the diesterase CpdA. cAMP levels change in response to events such as surface attachment,
which can ativate cAMRdependent signaling cascades that control various outputs
including virulence factor production. To probe whether cAMP levels affect RcgA expression,
we moved the ReoprmScarletA T T O O O O A @pdEA 10kyasddyalbaskgrounds, which
have previously been described to have higher and lower levels of intracellular cAMP
respectivelyl,

As expected, deletion otpdA caused an increase in &bhp1 activity while a double
deletion of cyaAand cyaBcaused a slight decrease indgpaactivity both in liquid culture and
in biofilms (Figure 3.4d, f). Through flow cytometry analysis, it was also determined that
the changes in signals were due to increase and decrease in the number of cells esgiregg
Prebpr-mScarlet as opposed to a relative change in fluorescence intensity at the level of each

cell (Figure 3.4e). This was further confirmed by confocal imaging of biofilm thin sections,

which showed that the area of red fluorescence, representinghe PRebpr-active cells,
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correlated with expected changes in intracellular cAMP level$-(gure 3.4f). Intriguingly, the
ADOAOOETT 1T &£ OEA OADI OOA Ocyareky@B liuld Quitubes &E OAT U
biofilms, suggesting that cAMP is sufficient butot necessary for boosting its Ropiactivity.

3.3 Discussion

This study has focused on characterizing the regulation of tHe. aeruginos@Al4reb
cluster with an emphasis on the role of the transcription factor RcgA. We have found that
expression of reb cluster genes requires RcgA and that the stochasticity oEb gene
expression lies upstream of Rcgpas both rebP1and rcgA are coexpressed in the same
cellular subpopulation. The finding thatrcgA, and thus thereb cluster, requires the quorum
sensingregulators gacAand lasRfor full expression classes the Body as another quorum
sensing regulated virulence factor. InA. caulinodans the expression ofreb genes is
upregulated in association with the host in comparison to frediving states, suggestinga
possible quorum sensing regulation of Fbodies in this bacterium as well. Rbody
production in A. caulinodansis controlled by a transcription factor called RebR that is
predicted to bind cyclic nucleotides, but Roody production is normally repressedby PraR
in wildtype A. caulinodansstrains. This suggests a different regulation logic compared t®.
aeruginosaPA14, suggesting the possibility that these gene clusters horizontally transferred
into diverse bacteria and evolved to be regulated by genercuits unique to each bacterium.

The heterogeneous production of Fbodies has been observed in three evolutionarily
distinct bacterial26, suggesting that it is important to limit Rbody production to a subset of
cells. According to our model of Fbody action?, in which Rbody producing cells are
altruistically sacrificed to cause host cell damage, it would make sense to limitd®dy

production to a stochastic population. Studies have shown that the population of cells
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producing R-bodies can be influenced by ta available carbon source, the ambient
temperature, and iron availability’12, This suggests that Body production is context
dependent and carefully tuned at a population scale. The stochaségpression ofrcgA and

its self-regulation led us to query whether RcgA senses a stochastic signal that modulates

expression of thercgAgene and other genes in theeb cluster.

A ~ s~

50ET ¢ OAOCAOAA DI ETO | OOAOEIT 1T Oh x AycliEAAT OFE £

nucleotide-binding pocket that are required for its control of gene expression. Further,
genetic modulation of intracellular cAMP levels altered the size of the-Body-producing
population. However, we found that cAMP was sufficient but not necesyafor R-body
production. Though the production of cyclic nucleotides other than cAMP has not been
directly observed inP. aeruginosd@A14, it is possible that one of thesgyet to be identifiedz

is being sensed by RcgA to modulateb expression.

To get atthe temperature control of Rbody production in A caulinodans Matsuoka et
al. (2017) tested whether the binding of RebR to promoters was temperature sensitive.
Intriguinglyh  OAI PAOAOOOA AEA 110 OAAI O AmgAAOD
temperature control is upstream of RebR regulation. In PA14, we have found that RcgA
expression is also temperature sensitive, confirming RcgA regulation itself to be temperature
controlled.

The implication of cyclic nucleotides in Roody production in both PA14 andA.
caulinodansis intriguing as cyclic nucleotides are known to modulate temperature sensing
in plants13. Bacterial cyclases have also been demonstrated to respond to changes
temperaturel4, pointing at cyclic nucleotides being a possible signal for temperature

sensitive expression of Roodies. Further, cAMP has also been shown to play a role in
81
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population memory?s, This study characterized the influence of cAMP onttsbdy regulation
in PA14, but found cAMP to be necessary but not sufficient fort®dy production. Thus, the
main signal behind the temperaturespecific and heritability of R-body gene expression
remains elusive. Such a signal could potentially influence-lfbdy production in diverse

bacteria.

3.4 Methods

3.4.1 Bacterial strains and growth conditions

Strains used in this study are listed iTable 3.1. Cutures of Pseudomonas aeruginosa
strain UCBPPPA14 (PA14}¢ were grown in 1% tryptone broth in 13 mm x 100 mm culture
tubes at 37°C with shaking at 250 rpm to avoid cNMP contamination from yeast extta
unless otherwise indicated. Biological replicates were inoculated from distinct clonadource
colonies grown on 1% tryptone + 1.5% agar plates. Overnight precultures were grown for
14-16 h and subcultures were prepared by diluting precultures 1:100 in B in 13 mm x 100
ii AOI OOOA OOAAOG AT A CcOIl xET C A O -expgnéntial phas® E
(OD at 500 nm ~ 0.5). Subcultures were used in experiments unless otherwise noted.
3.4.2 Construction of mutant strains

Markerless deletion and poirt mutation strains were made as described previouskly.
Briefly, ~ 1 kb of flanking sequence from each side of the target locus were amplified using
the primers listed in Table 3.3 and inserted into pMQ30 through gap repair cloning in
Saccharomyces cerevisidevScl1i8. Each plasmid, listed infable 3.2, was transformed into
Escherichia colstrain UQ950, verified by restriction digests and sequencing, and moved into

P. aeruginosa”Al4 using biparental conjugation. PA14 single recombinants were selected
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on LB agar plates containing 100 pg/ml gentamicin. Double recombinants (markerless
mutants) were selected on a modified LB medium (containing 10% sucrose and lacking
NaCl) and genotypes were confirmed by PCR. Combinatorial mutants were constructed by

using dngle mutants as hosts for biparental conjugation as indicated ihable 3.1.

3.4.3 Construction of PA14 reporter strains

A transcriptional reporter for the rcgA operon was constructed using primers listed
in Table 3.3 to amplify the promoter region (500 bp upstream of thercgA operon), adding
Al 3pA) AECAOO OEOA OiF OEA uvd AT A AT A Al %AT 2)
PCR products were digested and ligated into the multiple cloning site of the pLD3208 vector,
upstream of the mScarletcoding sequence. These plasmids were transformed int6. coli
UQ950, verified by sequencing, and integrated into a neutral site in the PA14 genome using
biparental conjugation with E. coliS17. PA14 single recombinants were selected on M9
minimal medium agar plates (47.8 mM NaHPQE x 20, 22 mM KHPQ;, 8.6 mM NacCl, 18.6
mM NH:Cl, 1 mM MgS®@ 0.1 mM Ca@J 20 mM sodium citrate, 1.5% agar) containing 100
pg/ml gentamicin. The plasmid backbone was resolved out of PA14 using FERT
recombination by introduction of the pFLP2 plasmid® and selected on M9 minimal medium
agar plates containing 300 pg/ml carbenicillin and confirmed on LB agar plates without NaCl
and modified to contain 10% sucrose. The presencef mScarletin the final clones was
confirmed by PCR. To create a dual fluorescence reporter, thegmScarletfragment was
Al b1 EEZAEAAh AAAET C Al 3bPA) AECAOO OEOA O OEA
fragment. Purified PCR products ere digested and ligated upstream of thBrebp-gfp plasmid
(LD2757) to create a dual fluorescence reporter running in opposite directions. This was

mated into P. aeruginosan the same way described above.
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3.4.4 Liquid culture growth assays

Overnight precultures grown in 1% tryptone were diluted 1:100 in 200 pl of 1%
tryptone in a flat bottom, polystyrene, 96well plate (Greiner BioOne 655001) and
incubated at 25°C with continuous shaking on the medium setting in a Biotek Synergy 4 or
Biotek Synergy H1 plate reader.The expression of mScarlet was assessed by taking
fluorescence readings at excitation and emission wavelengths of 569 nm and 599 nm,
respectively, every 30 minutes for up to 24 h. Growth was assessed by taking OD readings at

500 nm simultaneously with the fluorescence readings.

3.4.5 Fluorescence visualization in  P. aeruginosa colony biofilms
For whole-colony fluorescence imaging, four to five pl of liquid subcultures were
spotted onto 1% tryptone, 1% agar and colony biofilms wex grown in the dark at various
temperatures with >90% humidity (Percival CU22L). After three days, bright field images
and fluorescence images were visualized with a Zeiss Axio Zoom.V16 fluorescence stereo
UTTi1 TEAOI OAT PA j AGAEOAOEIN T A OotbBmMACHT Ai EAOES A,

488 nm; emission, 509 nm for imaging of GFP).

Thin sections of PA14 colony biofilms were prepared as described previousfy
Briefly, after three days of gowth as described above, biofilms were overlaid with 1% agar
and sandwiched biofilms were lifted from the bottom layer and fixed overnight in 4%
paraformaldehyde in PBS at 25°C for 24 h in the dark. Fixed biofilms were washed twice in
PBS and dehydrated trough a series of 68min ethanol washes (25%, 50%, 70%, 95%, 3 X
100% ethanol) and cleared via three 6@min incubations in Histoclearll (National

Diagnostics); these steps were performed using an STP120 Tissue Processor (Thermo Fisher
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Scientific). Biofilms were then infiltrated with wax via two separate 2h washes of 100%
DPAOAEAET xA@ j 0AOAPI AOO 80O0OAQ AO vuvd#h AT A Al
blocks were sectioned in 16um-thick sections perpendicular to the plane of the biofilm,

floated onto water at 45°C, and collected onto slides. Slides were ried overnight, heat

fixed on a hotplate for 1 h at 45°C, and rehydrated in the reverse order of processing.
Rehydrated colonies were immediately mounted in TRFBuffered DAPI:Fluorogel (Eletron

Microscopy Sciences) and overlaid with a coverslip. Differential interference contrast (DIC)

and fluorescent confocal images were captured using an LSM800 confocal microscope
(Zeiss). At least three biological replicates of each strain were prepared this manner.

Quantifications of fluorescence intensities and area of expression were done using Fiji.

3.4.6 Flow cytometry

Liquid cultures and biofilms were grown as described above. Biofilms were harvested
and resuspended in 1 ml of PBS and dispersday pipetting. Liquid cultures and biofilm
suspensions were fixed using 2% paraformaldehyde in PBS on ice for 15 mins. Cells were
then washed with PBS twice before being resuspended in PBS. Fixed cells were diluted 1:100
in PBS and measured on a Sony MAOBONOEDDPAA xEOE A xmn Al O 00 AE
AT EOOGETTh vgunli & O AAOGAAOGETT T &£ &0n AGAEOA
mScarlet). Each sample was analyzed measuring 100 000 to 10 000 000 events. Further

analysis was performed usig FCS Express 7 Research Edition software (De Novo Software).
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3.6 Tables

Table 3.1: Strains used in this study.

Strain Number | Description Source Appears
in figure

Pseudomonas aeruginosa

UCBPPPA14 Clinical isolate UCBPHPA14. 21

PAl4attB::Pcga-mScarlet LD3681 | PA14 with Rebpr-mScarletinserted at the attB This 3.1be
site using pLD3670. study

0! p feclattB:Prcga- LD3709 [0 ! p PAld 27690 (fecl2yith Prevpr-mScarlet | This 3.1b

mScarlet inserted at theattB site. study

0! p TCgAAttB::Prga- LD3745 |0 ! p PAld 27700 (rcgAyith Presp-mScarlet | This 3.1b

mScarlet inserted at theattB site. study

PA14attB::PebprmScarlet LD3224 | PA14 with Reppr-mScarletinserted at the attB 2 3.1b-e,
site. 3.3cf

0! p feclYattB:Prebpr- LD3780 [0 ! p PAld 27690 (fecl2yith Prebpr-mScarlet | 2 3.1b

mScarlet inserted at theattB site.

0! p TcgAttB::Prebpr LD3781 | 0! p PAld 27700 (rcgAyith Presp-mScarlet | 2 3.1b

mScarlet inserted at theattB site.

0! p gacAattB:Prga LD3708 |0 ! p PAl4 30650 (gacAyith Prega-mScarlet | This 3.1d

mScarlet inserted at theattB site. study

0! p tasRYattB:Prcga- LD3712 |0 ! p PAl4 45960 (lasRyith Prga-mScarlet | This 3.1d

mScarlet inserted at theattB site. study

0! p gacAattB:Peopr LD3680 |0 ! p PAld 30650 (gacAyith Prespr-mScarlet | This 3.1d

mScarlet inserted at theattB site. study

0! p tasRYattB:Prebpr LD3705 |0 ! p PAld 45960 (lasRyith Presp-mScarlet | This 3.1d

mScarlet inserted at theattB site. study

PAl4attB::MCSmScarlet LD3294 | PA14 without a promoter driving mScarlet 2 3.1e

expression inserted at theattB site.

88




PA14atttB ::Prcgacooop- LD4433 | PA14 with Rcga-mScarlettruncated promoter This 3.1e
mScarlet (200bp) inserted at the attB site. study
PA14atttB ::Prcgaizoop- LD4516 | PA14 with Rcga-mScarlettruncated promoter This 3.1e
mScarlet (139bp) inserted at the attB site. study
PA14atttB ::Prcgatosop- LD4434 | PA14 with Rega-mScarlettruncated promoter This 3.1e
mScarlet (108bp) inserted at the attB site. study
PAl14atttB ::Prgaizobp-shuiie1- | LD4526 | pPALl4 with Rega-mScarlettruncated promoter This 3.1e
mScarlet (139bp) with 77-107bp shuffled and inserted at | study

the attB site.
PAl14atttB ::Prcgaizobp-shuiie2- | LD4530 | pPAL14 with Rega-mScarlettruncated promoter This 3.1e
mScarlet (139bp) with 46 -76bp shuffled and inserted at | study

the attB site.
PA14attB::Prebp1-gfp Proga- LD4328 | PA14 with Rebp1-gfp Prega-mScarletinserted at This 3.2ac
mScarlet the attB site. study
0 ! p feclZattB::Prebrr-gfp LD4422 |0 ! p PAl4 27690 (fecl2yith Prebp-mScarlet | This 3.2a
Prega-mScarlet inserted at theattB site. study
0! p tcgAmttB::Prebr-gfp LD4421 |0 ! p PAléd 27700 (rcgAyith Prebp-gfp Prega- | This 3.2a
Prega-mScarlet mScarletinserted at the attB site. study
0! p gachattB::Pevrr-gfp | LD4423 | 0! p PALl4 30650 (gacAyith Prebpr-gfp Prega- | This 3.2a
Prega-mScarlet mScarletinserted at theattB site. study
0! p tasRattB::Pevr-gfp LD4424 |0 ! p PAld 45960 (lasRyith Prebpi-gfp Prega- This 3.2a
Prega-mScarlet mScarletinserted at the attB site. study
PAl14attB::Pra1o4s0s- LD3295 | PA14 with lacderived constitutive 2 3.3a
mScarlet PA1/04/03 promoter driving mScarlet

expression inserted at the attB.
PA14gIlmS:Pra1i403-gfp LD3801 | PA14 with Prawoss inserted at theglmSsite. This 3.3c

study

PA14rcgAE92AattB::Prebpr LD4112 | PA14 with Renp-mScarletinserted at theattB This 3.4c
mScarlet site and a point mutation in RcgA coding study

sequence.
PA14rcgAR101AgttB:: Prebpi- LD4113 | PA14 with Resp-mScarletinserted at the attB This 3.4c
mScarlet site and a point mutation in RcgA coding study

sequence.
PA14rcgAR41AattB:: Prebpr LD4114 | PA14 with Rebp-mScarletinserted at theattB This 3.4c
mScarlet site and a point mutation in RcgA coding study

sequence.
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0! p tyafecyaB LD3924 |0 ! p PAl#a 69610 (cyar3PAl4_22620 (cyaB)| This 3.40-f
attB::Prebr-mScarlet with Prebp-gfp Prega-mScarletinserted at theattB | study
site.
0! p tpdAattB::Pebpr LD3915 [0 ! p PAld 65690 (cpdAVith Prebpr-gfp Prega- | This 3.4d-f
mScarlet mScarletinserted at theattB site. study
Escherichia coli
UQ950 LD44 E. coli$ ( v 4pir}sfrain for cloning; F3 argk- | D. Lies,
lacQ p ¢ wigch TP 3 - gnV4Ag4AS)rfoD1 | Caltech
gyrA96(NalR) recAl endAl spoT thl hsdR17
AAT 2 1DPEOD
BW29427 LD661 Donor strain for biparental conjugation; W.
thrB1004 pro thi rpsL hsdS lacZ - p v 21860 | Metcalf,
3 praBAD 567 3dapAl34L:[erm pir(wt)] Universit
y of
lllinois
S171 LD2901 | StrR, TpR,RP42-4 Aqdd - O ADPE! ¢d|2
lysogen
32155 LD69 Helper strain.thrB1004 pro thi strA hsdsS 23
lacZz - p v lagZ& eep lacldtraD36 proA*
proB*qQ dapA:erm (Ermr) pir::RP4 [::kan (Km)
from SM10]
Saccharomyces cerevisiae
InvScl LD676 |- ! 4AT -1 4 1 A-Gepmdl R&®q@ra3d ( Invitrogen
52/ ura3-52 his331/his3-31
Table 3.2: Plasmids used in this study.
Plasmids Number | Description Source
pMQ30 LD621 Yeastbased allelicexchange vectorsacB+ CEN/ ARSH, URA3+ 18
GmR
pLD3208 LD3208 | MCSmScarletGmR, TetR flanked by Flpecombinase target 2
(FRT) sites to resolve out resistance cassettes. Cloned by
swapping gfp sequence with mScarlet (Xhol + Sacl)
pFLP2 LD743 Site-specific excision vector with cl857controlled FLP 19
recombinase encoding sequence, sacB, ApR
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pLD3210 (Rebr1- LD3210 | 487 bp ofrebP1lpromoter sequence inserted at the MCS (Spel | 2

mScarle) and EcoRl) of pLD3208

pLD3670 LD3670 | 497 bp ofrcgApromoter sequence inserted at the MCS (Spel | This study

(Prega-mScarled and EcoRl) of pLD3208

pLD4328 LD4328 | 487 bp ofrebP1promoter sequence upstream ofjfp, and 497 This study

(Prebp1-gfp Prega- bp of rcgA promoter sequence upstream ofnScarletinserted at

mScarle) the MCS of pLD2757

pLD3293 (mScarletr) | LD3293 | lac-derived constitutive promoter PA1/04/03 inserted at the 2
MCS (Spel and EcoRl) of pLD2722

pLD3079 LD3079 | 3PA14 30650 (gacAf)anking fragments introduced into pMQ30| This study
by gap repair cloning in yeast strain InvScl

pLD4228 LD4228 | 3PA14_ 45960 (lasR)anking fragments introduced into pMQ30 | This study
by gap repair cloning in yeast strain InvScl

pLD4430 LD4430 | 200 bp ofrcgApromoter sequence inserted at the MCS (Spel | This study
and EcoRl) of pLD3208

pLD4454 LD4454 | 139 bp ofrcgApromoter sequence irserted at the MCS (Spel This study
and EcoRl) of pLD3208

pLD4438 LD4438 | 108 bp ofrcgApromoter sequence inserted at the MCS (Spel | This study
and EcoRl) of pLD3208

pLD4520 LD4520 | 139 bp ofrcgApromoter sequence with 77107bp shuffled and | This study
inserted at the MCS (Spel and EcoRlI) of pLD3208

pLD4522 LD4522 | 139 bp ofrcgApromoter sequence with 4676bp shuffled and This study
inserted at the MCS (Spel and EcoRl) of pLD3208

pLD3655 LD3655 | gfpcoding region cloned into pAKN69 plasmid replacing thgfp | 2
coding region excised with Sphl and Nhel

pLD4063 LD4063 | Full genomic sequence afcgAwith point mutation E92A This study
introduced into pMQ30 by gap repair cloning in yeast strain
InvScil. Verified by illumina sequencing.

pLD4064 LD4064 | Full genomic sequence afcgAwith point mutation R101A This study
introduced into pMQ30 by gap repair cloning in yeast strain
InvScil. Verified by illumina sequencing.

pLD4065 LD4065 | Full genomic sequence afcgAwith point mutation R141A This study
introduced into pMQ30 by gap repair cloning in yeast strain
InvScil. Verified by illumina sequencing.

pLD3910 LD3910 | 3PA14_ 69610 (cyaAjanking fragments introduced into pMQ30 | This study
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by gap repair cloning in yeast strainmvScl

pLD3911 LD3911 | 3PA14_ 22620 (cyaHJanking fragments introduced into pMQ30 | This study
by gap repair cloning in yeast strain InvScl
pLD3909 LD3909 | 3PA14 65690 (cpdAfjanking fragments introduced into pMQ30| This study

by gap repair cloning inyeast strain InvScl

Table 2.3: Primers used in this study.

Primer
number

Sequence

Used for
plasmid

LD3195

acgtacgtacACTAGTCAGGACCTGATTTCCCAG

LD3196

acgtacgtacGAATTCGCCTGCGCCTTCGCCAGA

pLD3670

LD3893

acgtacgtacACTAGTCAGGACCTGATTTCCCAGG

LD3894

acgtacgtacggatccCAACCTGCTGTTTTCATTGATGTTT

pLD4328

LD1932

ccaggcaaattctgttttatcagaccgcttctgegttctgatAGCGTGCGACGTTATGTCT

LD1933

gaagatgcggtagcgatagACCACTTGCAAGCCTTCG

LD1934

cgaaggcttgcaagtggtCTATCGCTACCGCATCTTC

LD1935

ggaattgtgagcggataacaatttcacacaggaaacagctTCACGTTGACGATCAACTCC

pLD3079

LD2507

cctgcaggtcgactctagagACAGGTCCCCGTCATGAAAC

LD2521

GTTTTCTTGAGCTGGAACGCATGGCCGTTAATTTGGGTCT

LD2522

AGACCCAAATTAACGGCCATGCGTTCCAGCTCAAGAAAAC

LD2523

cagctatgaccatgattacgGATCAACATGGTCACCTCCA

pLD4228

LD3972

acgtacgtacACTAGT CAGCCCAAACCTCGCTAC

LD3196

acgtacgtacGAATTC GCCTGCGCCTTCGCCAGA

pLD4430

92




LD4044

acgtacgtacACTAGT GCGCCGAGTCCGTACC

LD3196

acgtacgtacGAATTC GCCTGCGCCTTCGCCAGA

pLD4454

LD3973

acgtacgtacACTAGT GTAGCCGGAGCTTCACACC

LD3196

acgtacgtacGAATTC GCCTGCGCCTTCGCCAGA

pLD4438

LD4044

acgtacgtac ACTAGT GCGCCGAGTCCGTACC

LD4067

AGCCAGCCTACTCGCCTACACGCATCCGTGCCGTCCCCACTGATTGCTCTG

LD4068

GCACGGATGCGTGTAGGCGAGTAGGCTGGCTCCCGGCAGAACTGCTAGG

LD3196

acgtacgtacGAATTC GCCTGCGCCTTCGCCAGA

pLD4520

LD4044

acgtacgtac ACTAGT GCGCCGAGTCCGTACC

LD4069

TACTGGCCTGGCGATTCAAACGGCCGCCTTCTCGTACCTCGCCGGAGCTG

LD4070

GAAGGCGGCCGTTTGAATCGCCAGGCCAGTATGTGCGGCGAAGGGG

LD3196

acgtacgtacGAATTC GCCTGCGCCTTCGCCAGA

pLD4522

LD3653

cctgcaggtcgactctagagAGCGCTTCGACGAACAAC

LD3641

GCTGGATCAGCGCGGTcgcCCCGATCACTTCGCCAGG

LD3642

CCTGGCGAAGTGATCGGGYcgACCGCGCTGATCCAGC

LD3654

cagctatgaccatgattacgACATGTCTGGGCACTCCTG

pLD4063

LD3653

cctgcaggtcgactctagagAGCGCTTCGACGAACAAC

LD3643

GGCGTAGGCAGAGGTCTCcgcGCGGTTCGGCTGGATCA

LD3644

TGATCCAGCCGAACCGCgcgGAGACCTCTGCCTACGCC

LD3654

cagctatgaccatgattacgACATGTCTGGGCACTCCTG

pLD4064
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LD3653

cctgcaggtcgactctagagAGCGCTTCGACGAACAAC

LD3645

CGGAGGCTTCGCGCAGCgcCGAACAGAGGAGGGCCAG

LD3646

CTGGCCCTCCTCTGTTCGYgcgCTGCGCGAAGCCTCCG

LD3654

cagctatgaccatgattacgACATGTCTGGGCACTCCTG

pLD4065

LD3502

cctgcaggtcgactctagagCAGCTCAATCCCTACCCCTA

LD3503

TAACGCAGATAGTGCAGCGTGTCGAGATCGAGGCTGAGTG

LD3504

CACTCAGCCTCGATCTCGACACGCTGCACTATCTGCGTTA

LD3505

cagctatgaccatgattacgAAGGCAAGGTCTCGATCCTC

pLD3910

LD3510

cctgcaggtcgactctagagCCTGGTTACCGCAAGTCAAC

LD3511

CGTGCTGGCCTATATCGCCCTACGCGACAAGGTCATCCT

LD3512

AGGATGACCTTGTCGCGTAGGGCGATATAGGCCAGCACG

LD3513

cagctatgaccatgattacgGCTCGACATCAGCGCATAG

pLD3911

LD3494

cctgcaggtcgactctagagGTCGATGACTTCCAGCGAGT

LD3495

CGTACTGCTGGTGCAGCTTTTCGAAGTGGACTACGACACC

LD3496

GGTGTCGTAGTCCACTTCGAAAAGCTGCACCAGCAGTACG

LD3497

cagctatgaccatgattacg CCTGATCGACAAGGACGAG

pLD3909
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Chapter 4: Identification and characterization of additional
factors affecting R -body production and assembly

| have discussed the discovery of HRodies in P. aeruginosaPA14 biofiims and
identifying a novel Rbody structural protein RapA, the function of Rbodies in plant and
worm host virulence (Chapter 2) and the regulation of Fbody production by the
transcription factor RcgA (Chapter 3). While the work described in these chapters has
provided extensive insight into the regulation of thereb cluster gene expression and has also
identified factors involved in Rbody assembly, many open questions remairegarding the
physiology of Rbody production in P. aeruginosa The following sections will describe
various efforts toward elucidating additional mechanisms that control production and

assembly of the Rbody.
4.1 Screen for loci required for suppression of reb cluster genes at restrictive

temperature

One intriguing aspect of Rbody production is its strong dependence on temperature
(Chapter 3, Figure 3.3): mScarletbased reporter strains representing each of the ody
genes show expression at 25°C, buthen these strains are grown at 37°C, the fluorescence
signal is almost undetectable. Flow cytometry analysis of these populations revealed that the
ratio of cells producing Renpr-mScarlet when grown at 37°C, decreases dramatically
compared to 25°C grown altures, such that less than <0.1% of cells are now expressingp
genes fFigure 3.3b). | hypothesized that a repressor protein could be acting to turn ofeb
cluster gene expression at 37°C. To test this, | worked with Eugenia Jin Lee, an undergraduate

assistant, to design and execute three screens aimed at identifying such a temperature

95



specific repressor. For this purpose, we mutagenized PA14 using the Tn7 transposon, which
randomly inserts into the bacterial genome. If the transposon insertion causeschange in
the expression of our reporter, it suggests that the disrupted locus affects the regulation of
reb cluster genes. To reach saturation, statistically each gene should be hit by a transposon
at least once. Hence, saturation changes based upon gewosizes. For example, 50,000
transposon mutants are needed to target all oP. aeruginosd O | T OA OEAIWep
mutagenized three reporter strains, containing either Rop-mScarlet,Prcga-mScarlet,or the
dual translation construct gfp-rebP1 mScarlerapA. These strains were selected to
investigate not only the impact of transposon mutagenesis oreb cluster gene expression
and regulation but also translation of structural components of the fody using
fluorescently-tagged RebP1 and RapA. We screened more than 50,000 transposon mutants
of each strain for expression of the reporter constructs at 37°C, using a fluorescence scope.
For selected mutants, the transposon insertion sites were identified viaested PCR and
Sanger sequencing.

Out of the 150,000+ colonies screened, only 32 showed expression at the restrictive
temperature. 8 of these hits occurred in the Body gene cluster itself and likely were due to
polar effects of transposon insertions mce there are two T7 promoters reading outwards of
the transposon sequences. Additionally, strains with clean deletions of these genes did not
phenocopy the transposon mutants. The only other gene that was hit more than once in these
screens was PA14_731d (once in the Rebp-mScarletand once in the Rga-mScarletscreens),
which is predicted to encode an AB®pe transporter subunit. The substrate of this
transporter could act as a signal that controlseb cluster gene expression. Thus, disruption

of the transporter causes accumulation of this substrate and could lead to these transposon
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mutants to expressreb cluster genes at the restrictive temperature. It is also interesting to
note that 12.5% of the hits (4 hits) were outer membrane proteins, even thagh only 3% of
the proteins encoded by the PA14 genome are predicted to localize to the outer membrane.

This could indicate that the regulation of Rbody production is linked to membrane

properties and, for example, involves sensing the membrane fluidity fothe cell.

Disappointingly, the screens did not identify any genes for DNBinding proteins other than

rcgA, meaning that no canonical transcriptional repressors were identified.

Table 4.1: List of genes hit in transposon mutagenesis that were requiredoif
suppression ofreb cluster genes at 37°C

Gene PA14 Locus PAO1 Predicted Annotation
name Locus Localization
nirS PA14 06750 PA0519 Periplasmic Nitrite reductase
impA PA14 07430 PA0O572 | Outer Membrane Hypothetical protein
rplA PA14 08730 PA4273 Cytoplasmic 50S ribosomal protein L1
PA14 14550 - Unknown Hypothetical protein
eprS PA14 18630 PA3535 | Outer Membrane serine protease
vacJ PA14 22290 PA3239 | Outer Membrane ABC transporter/lipoprotein
mtnA PA14 23250 PA3169 Cytoplasmic methylthioribose -1-phosphate isomerase
PA14 24940 PA3026 Cytoplasmic putative alkyl-dihydroxyacetone phosphate
synthase/FAD linked oxidase
PAl14 26165 PA2928 Cytoplasmic
membrane
rebP1 PA14 27640 - Unknown
(promoter)
rapA PA14_27680 - Unknown
rapA PA14 27680 - Unknown
(promoter)
rcgA PA14 27700 - Cytoplasmic
rcgA PA14 27700 - Cytoplasmic
promoter
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rcgA | PA14 27700 right - Cytoplasmic
after stop codon
rcgA | PA14 27700 right - Cytoplasmic
before stop codon
rcgA PA14 27700 - Cytoplasmic
promoter
PA14 27990 PA2794 Unknown sialidase/pseudaminidase
fhp PA14 29640 PA2664 Cytoplasmic nitric oxide dioxygenase/flavogemoprotein
PA14 35740 - Unknown transposase
PA14 35850 - Unknown Hypothetical protein
ccoP1 PA14 44400 PA1552 Unknown cytochrome c oxidase, cbbdype subunit IIl,
promoter CcoP subunit
oprD PA14 51880 PA0958 | Outer Membrane basic amino acid, basic peptide and
imipenem outer membrane porin OprD
precursor
PA14 53850 PA0804 Cytoplasmic oxidoreductase
PA14_54810 PA0732 | Non-cytoplasmic Hypothetical protein
PA14 56380 PA4337 Unknown Hypothetical protein
PA14_60070 PA1939 Cytoplasmic Hypothetical protein
PA14 64490 PA4877 Unknown Hypothetical protein
PA14 67380 PA5102 Cytoplasmic fatty acid desaturase
membrane
PA14 69590 PA5270 | Non-cytoplasmic ABGCtype amino acid transporter
PAl14 73110 PA5544 Cytoplasmic TRAP Transporter/ABC transporter
membrane
PA14 73110 PA5544 Cytoplasmic TRAP Transporter/ABC transporter
membrane

4.2 Screen for loci required for rebP1 expression at permissive temperature

Our three independent screens for &b cluster repressor did not yield any promising
hits. We therefore moved on to ask whether a key regulator of this gene cluster is turned off

at the restrictive temperature. Using a similar approach, we carried out ratom mutagenesis
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on the Rebpr-mScarletstrain again but this time grew mutagenized colonies at a permissive
temperature, 25°C, and screened for colonies that showed decreasednR expression
relative to the parent strain. Since this phenotype, i.e., attenuategkb»1 expression, is more
subti A OEAT OEA b geheCeRpiessiorCat restridtiveltefperature (described
above), we were only able to screen about 10,000 colonies. This time we obtained 12 hits
that downregulate the reporter expression. In contrast to screens for mutantdhat express
rebcluster genes at high temperature, this screen yielded five hits of metabolic enzyme genes
that caused a decrease irebP expression. It has previously shown that citrate suppresses
reb expression while 2oxoglutarate increasesreb expression in A. caulinodans Thus,
analogous effects may be working iP. aeruginosaPAl14 where carbon sources or specific
metabolites could impact regulation of Roody production. This screen did identifywgsRas a
candidate for rebP1expression, which is in lire with our finding that rebP1expression is
guorum-sensing regulated Figure 3.1d). BesidesvgsR no other DNAbinding proteins were
identified in this screen, suggesting no canonical -Body regulator genes were found.
Furthermore, this screen did not directly hit genes for known regulators ofreb cluster gene
expression such agjacA lasRor rcgA, indicating that it is probably necessary to take this

screen to saturation to identify additional, unknown regulators.

Table 4.2: List of genes hit in transposa mutagenesis that caused loss oébPlexpression at 25°C

Gene PA14 Locus PAO1 Predicted Annotation
name Locus Localization
fiuA PA14 06160 | PA0470 Outer Membrane hydroxamate-type ferrisiderophore
receptor/TonB -dependent siderophore
receptor
glcB PA14 06290 | PA0482 Cytoplasmic malate synthase G
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PA14 13500 | PA3896 Cytoplasmic 2-hydroxyacid dehydrogenase/glyoxylate
and hydroxypyruvate reductase
PA14 20670 | PA3356 Cytoplasmic glutamine synthetase
PA14 21960 | PA3250 Non-cytoplasmic Fe3+ ABQransporter periplasmic
componentlike protein
PA14 28390 | PA2761 | Unknown/Transme Hypothetical protein
mbrane
clpS PA14 30210 PA2621 Cytoplasmic ATP-dependent Clp protease adaptor
protein ClpS
vgsR PA14 30580 PA2591 Cytoplasmic LuxRfamily transcriptional regulator
bkdB PA14 35500 PA2249 Cytoplasmic branched-chain alphaketo acid
dehydrogenase subunit E2
PA14 49910 | PA1118 cytoplasmic Hypothetical protein
Membrane
PA14 59020 - Unknown Hypothetical protein
aceE PA14 66290 | PA5015 cytoplasmic pyruvate dehydrogenase subunit E1

4.3 reb cluster genes required for R -body assembly

As previously discussed, theeb genes across phylogeny often clmcalize with genes
associated with Rbody regulation and functior?. We have shown thatcgA and fecl2 are
necessary for Rbody production, and our studies have led to a model in which Rcg&nses
intracellular cAMP levelsto tune R-body production. Further we know that thereb clusters
between P. aeruginosaand C. taeniospiralidiffer greatly. P. aeruginosaappears to have 7
more genes in itgeb cluster than C. taeniospiralisVia mass spectrometry analysis, we found
PA14 27675 and RapA to be associated with thelsddy complex, neither of which are genes
found in C. taeniospiralis RapA is especially intriguing as it seems to be only found in
pseudomonad reb clusters. This demonstrated the deviation in Fbodies between P.
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aeruginosaand C. taeniospiralisand was worth exploring further. To query whether other
genes in theP. aeruginosaeb cluster play a role in Rbody assembly, we utilized thegfp-
rebPIOOAT Ol AGET T A1 OAPT OOAO A0 Al Odgstv@sittatieU OA DI
tag yields punctate fluorescence consistent with the formation of a contracted-Body
(Figure 4.1b). Moreover, superresolution microscopy shows that this fluorescence is
present in a ring structure reminiscent of contracted Roodies (Figure 2.4d). When rapA is
deleted in this strain background, taggeeRebP1 fluorescence fills each expressing cell
(Figure 4.1b). Quantifying the area of green fluorescence, we find that it is, on average, 6X
I AOCAO mpAtell koinpated % the average rea observed for each WT cellRigure
4.1c). Similar phenotypes were observed whemebDwas deleted suggesting that both RapA
and RebD are necessary for-Body assembly. RapAs elusive in that it has no known
predicted domains or homologous proteins outside of th&seudomonaseb clusters. It was
also detected at equivalent amounts in our mass spectrometry analysis of SSoluble
fraction of the PA14 biofilm. On the other bind, RebD was not detected to be part of the R
body structure in our mass spectrometry analysis Appendix B). This suggests an
alternative role in possibly priming the assembly of Rbodies. Further studies would have to
be conducted on both RapA and Reb[» tcharacterize their respective roles in Fbody
assembly.Lastly, heterologous expression othe four PA14 genesebP1, rebP2, rapAand
rebDwas not sufficient for Rbody production,indicating the lack of an additional component

required for P. aeruginosar-body production.
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Figure 4.1. a Schematic of construct used to examine intracellular distribution of
RebP1. A weak ribosomal binding site (RBS) ensures that only a fraction of RebP1 in
R-bodies is GFRagged.b GFRRebP1 is I@ated in a punctate structure. Scale bar is
3.5 pum.c Quantification of area of GFHRebP1 fluorescence per cell in the indicated
strain backgrounds. The constitutive GFP construct is driven by thepRioa03
promoter.

4.4 Other mutants that affect reb gene cluster expression

In addition to the unbiased screens described in sections 4.1 and 4.2, | also carried
out targeted screens to test whether specific mutations impact -Body gene expression
(Table 4.3). Below is a smmary of how the deletion of listed genes impacteBrenpr-mScarlet
expression. Strains 1 to 4 are mutants with iframe deletions of well characterized genes of
common interest to the Dietrich lab. Strains 5 to 7 have mutations in established modulators
of intracellular c-di-GMP levels; their levels of &p1activity are largely comparable to the
parent strain, indicating that cdi-GMP levels do not impacteb cluster gene expression.
Strains 812 are mutants in pili and flagellar synthesis as well as pel matrix operon
knockout, but none of these genes seem to affecttl®dy production. Lastly, | created some
clean deletions (Strains 1319) to follow up hits from the screen discussed in 4.1 and 4.2,

unfortunately none of these mutants phenocopied their tansposon mutagenized
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counterparts. Furthermore, none of the strains listed inrable 4.3 displayed drastic shifts in
reb expression, in comparison to the almost binary effects of knocking outgA, fecl2or lasR

(Figure 3.1d) and therefore most will not bethe focus of more indepth studies. However,

the upregulation ofrecbo A@DOAOOET T ET OEA 3PEI9p 1| O0AI

because PilY1 has previously been implicated in cyclic nucleotidmsed signaling and may

therefore be a focus of followup studies in the lab.
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15000 %
5 -
< o
2
o 10000
=
Q
-
=
Q
z = =+
§ BRI o S £ RSB S AR e R iRy § e
2 ; %— * % - S
o e
2 -

0 T T T T T T T T T T T T T T T T T T T T
WT  AptsP ArpoS Aphz  Avir ArmcA AdipA AroeA ApilY1 Apel ApilA ApilB  AfliA AccoP1 Acco1 AnirS A27990 AexoY A54810 AimpA

Figure 4.2. Levels ofrebP1promoter activity in the indicated strain backgrounds,
detected as mScarlefluorescence, after 24 h of growth in liquid culture. Dotted line
denotes average expression level in the WT background. Each data point is an
individual biological replicate and error bars represent standard deviation. Asterisks
indicate expression valua significantly (p <0.05) different compared to WT levels of
expression.

Table 4.3: Summary of the effect of indicated backgrounds ondg=--mScarlet
expression grown in liquid culture after 24 h at 25°C. Fold changes were calculated
for strains that have expressions significantly different from WT.

Strains Mutant Effect on Prenp1-mScarlet Fold change in Prespi-mScarlet
background expression expression
1 3ptsP Down -0.60
2 31poS Up +1.40
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3 3phz -
4 3vir -
5 3rmcA Down -0.36
6 3dipA Down -0.43
7 3roeA -
8 3pilYl -
9 3pelAG -
10 3pilA -
11 3pilB -
12 afliA -
13 3ccoP1 -
14 accol -
15 3nirS Down -0.24
16 3PA14 27990 -
17 3exoY Down -0.24
18 3PA14 54810 -
19 3impA -

4.5 Concluding remarks

Coiled Rbodies are large proteinaceous polymers that would be expected to take up
a substantial amount of the cell volume and require the investment of significant energy and
resources for their production. Studies described in this chapter expand our iegtigation of
the physiology of this undertaking in PA14. Section 4.3 reveals a novelb@dy assembly
factor unique to thePseudomonagamily. Results in sections 4.1, 4.2 and 4.4 hint at aspects
of cellular physiology that affect Rbody production, underscoring the potential for multi-

factorial regulation of this polymer. Together, these findings provide foundational
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information for future work investigating the regulation of R-body production and Rbody

assembly in PA14.

4.6 Methods

4.6.1 Bacterial strai ns and growth conditions

Strains used in this study are listed iTable 4.4. Cultures ofPseudomonas aeruginosa
strain UCBPPPA14 (PA14} were grown in LB broth in 13 mm x 100 mm culture tubes at
37°C with shaking at 250 rpm. Biological replicates were inoculated from distinct clonal
source colonies grown on LB + 1.5% agar plates. Overnight precultures were grown for-14
16 h and subcultureswere prepared by diluting precultures 1:100 in LB in 13 mm x 100 mm
AOlI OO0OA OOAAO AT A COI xET C AO exponentiad fhésE(ODEAEET
at 500 nm ~ 0.5). Subcultures were used in experiments unless otherwise noted.
4.6.2 Constructio n of mutant strains

Markerless deletion and point mutation strains were made as described previously
Briefly, ~ 1 kb of flanking sequence from each side of the target locus were amplified using
the primers listed in Table 4.6 and inserted into the plasmid pMQ30 through gap repair
cloning in Saccharomyces cerevisialvSc1®. Each plasmid, listed inTable 4.5, was
transformed into Escherichia colistrain UQ950, verified by restriction digests and
sequencing, and moved intd®. aeruginosa?Al4 using biparental conjugation. PA14 single
recombinants were selected on LB agar plates containing 100 pug/ml gentanmc Double
recombinants (markerless mutants) were selected on a modified LB medium (containing

10% sucrose and lacking NaCl) and genotypes were confirmed by PCR. Combinatorial
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mutants were constructed by using single mutants as hosts for biparental conjuian as

indicated in Supplementary Table 1 .

4.6.3 Construction of PA14 reporter strains

A transcriptional reporter for the rcgA operon was constructed using primers listed
in Table 4.6 to amplify the promoter region (500 bp upstream of thercgA operon), adding
AT 3PA) AECAOO OEOA O1 OEA vd AT A AT A Al %AT 2)
PCR products were digested and ligated into the multiple cloning site of the pLD3208 vector,
upstream of the mScarletcoding sequence. These plasmidsere transformed into E. coli
UQ950, verified by sequencing, and integrated into a neutral site in the PA14 genome using
biparental conjugation with E. coliS17. PA14 single recombinants were selected on M9
minimal medium agar plates (47.8 mM NzHPQE x 20,22 mM KHPQ;, 8.6 mM NacCl, 18.6
mM NH:CI, 1 mM MgS®@ 0.1 mM CaG] 20 mM sodium citrate, 1.5% agar) containing 100
pg/ml gentamicin. The plasmid backbone was resolved out of PA14 using FERT
recombination by introduction of the pFLP2 plasmid® and sele¢ted on M9 minimal medium
agar plates containing 300 pug/ml carbenicillin and confirmed on LB agar plates without NaCl
and modified to contain 10% sucrose. The presence ofScarletin the final clones was
confirmed by PCR.
4.6.4 Liquid culture growth assays

Overnight precultures grown in 1% tryptone were diluted 1:100 in 200 pl of 1%
tryptone in a flat bottom, polystyrene, 96well plate (Greiner BioOne 655001) and
incubated at 25°C with continuous shaking on the medium setting in a Biotek Synergy 4 or

Biotek Synergy H1 plate reader.The expression of mScarlet was assessed by taking
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fluorescence readings at excitation and emission wavelengths of 569 nm and 599 nm,
respectively, every 30 minutes for up to 24 h. Growth was assessed by taking OD readings at

500 nm simultaneously with the fluorescence readings.

4.6.5 Transposon mutagenesis and insertion site sequencing

Indicated reporter strains of P. aeruginos®Al14 were mutagenized via biparental
mating with Escherichia coliBW29427 harboring pMAR2xT7. PA14 transposon mutants
were selected on LB agar plates (1.5% agar) containing 100 pg/ml gentamicin. These
transposon mutants were either grown at 37°C or 25°C depending on which screen was
being performed and fluorescently screned using a Zeiss Axio Zoom.V16 fluorescence
OOAOAT UTTIT 1 EAOT OAT PA j AGAEOAOCEITh vtunulin .
AGAEOGAGET T h tyyunlin AITEOOEITh vuvmwnulli £l O EI ¢

transposon was identified using arbitrary nested PCR and Sanger sequencing.
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4.8 Tables

Table 4.4: Strains used in this study.

Strain Number | Description Source Appears
in figure
Pseudomonas aeruginosa
UCBPPPA14 Clinical isolate UCBPHPA14. 4
PA14 attB::Rebpr-mScarlet LD3224 | PA14 with Respi-mScarlet inserted at the attB | © Table 4.1,
site. Table 4.2
PAl4attB::Pcga-mScarlet LD3681 | PA14 with Revpr-mScarletinserted at the attB 6 Table 4.1
site using pLD3670.
PA14 BBa_B00gjfp-rebP1 LD3793 | PA14 with extra Nterminally gfp-taggedrebP1 | 6 Table 4.1
BBa_B003mScarletrapA and mScarlettaggedrapA driven by weak RBS
to tag Rbody complex fluorescently.
PA14 BBa_B003)fp-rebP1 LD3199 | PA14 with extra Nterminally gfp-taggedrebP1 | 6 4.1b
driven by weak RBS to tag fhody complex
fluorescently.
PA149IlmS:Pra1i4/03-gfp LD3801 | PA14 with Praioans inserted at the glmSsite. This 4.1b
study
PA14 BBa_B00gfp-rebP1 LD3702 [0 ! p PAld 27680 (rapAyvith extra N- This 4.1b
3rapA terminally gfp-taggedrebP1driven by weak study
RBS to tag Fbody complex fluorescently.
PA14 BBa_B00gfp-rebP1 LD3929 [0 ! p PAléd 27680 (rapAjvith extra N- This 4.1b
3rebD terminally gfp-taggedrebP1driven by weak study
RBS to tag Fbody complex fluorescently.
PA14 attB::Rebpi-mScarlet LD3224 | PA14 with Resp-mScarlet inserted at the attB 6 4.2
site.
0! p ptsPYattB:Prebpr- LD3666 |0 ! p PAld (ptsPyith Preopr-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p TpoYattB:Prebpr LD3667 [0 ! p PAld (rpoSivith Prebpr-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p phz HitB::Prebpr- LD3669 |0 ! p PAld (phzl/2)with Prebpr-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p wir aiB::Pebpr- LD4059 |0 ! p PAla 08370 (virwith Presp-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
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0! p TmcA attB::Prebpr- LD4139 |0 ! p PAld (rmcAwith Presp-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p dipAYattB::Prebpr- LD4140 | 0! p PAla (dipAwith Presp-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p ToeAYattB:Prebpr LD4141 | 0! p PAla (roeAyith Prppr-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p pilYVattB:Pevpr LD4142 | 0! p PAléd_(pilY1lwith Presp-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p pelAG attB:Prebrr- LD4196 | 0! p PAld (pelAG)with Prespr-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p PilA ¥ttB::Pebpr- LD4197 [0 ! p PAléd_(pilAwith Prenp-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p pilB ¥ttB::Prebpr- LD4198 [0 ! p PAléd_(pilBwith Prenp-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p TliA attB::Pebpr LD4208 [0 ! p PAléd_(fliAwith Preorr-mScarletinserted | This 4.2, Table
mScarlet at the attB site. study 4.3
0! p tcoPl attB:Prebpr- LD4209 |0 ! p PAld (ccoPlyith Prespr-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p tcolYattB:Prebri- LD4210 [0 ! p PAl4 (ccolyith Prerpr-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p MirS¥%ttB::Prebpr LD4211 | 0! p PAld (nirSwith Prespr-mScarlet This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p PAL¥ 27990 LD4240 |0 ! p PAlég 2799@ith Preppr-mScarlet This 4.2, Table
attB::Prebr-mScarlet inserted at the attB site. study 4.3
0! p exoVWattB:Preorr LD4325 |0 ! p PAld 36345 (exoWyith Prespr-mScarlet | This 4.2, Table
mScarlet inserted at theattB site. study 4.3
0! p PA1¥ 54810 LD4327 |0 ! p PAlég 5481Qvith Preppr-mScarlet This 4.2, Table
attB::Prebr-mScarlet inserted at the attB site. study 4.3
0! p impAattB:Pebpr LD4329 |0 ! p PAld 07430 (impAyith Prespr-mScarlet | This 4.2, Table
mScarlet inserted at theattB site. study 4.3
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Escherichia coli
UQ950 LD44 E. coli$ ( v 4pir}sfrain for cloning; F3 argk- | D. Lies,
lacQ p ¢ wigch TP 3 - gnV4Ag4AS)rfoD1 | Caltech
gyrA96(NalR) recAl endAl spoT tHl hsdR17
AAT 2 1DPEOD
BW29427 LD661 Donor strain for biparental conjugation; W.
thrB1004 pro thi rpsL hsdS lacZ - p v 21360 | Metcalf,
3 praBAD)567 3:dapAl1341:[erm pir(wt)] Universit
y of
lllinois
S17-1 LD2901 | StrR, TpR, RP42-4 A¢dd - O APE! ¢d|~
lysogen
32155 LD69 Helper strain. thrB1004 pro thi strA hsdsS 8
lacZz - p v lagZ& =ep lacldatraD36 proA*
proB+qQ dapA:erm (Ermr) pir::RP4 [::kan (Km)
from SM10]
Saccharomyces cerevisiae
InvScl LD676 |- ! 4AT- 1! 4 1 A-Gepmrdl R&q@ra3d ( Invitrogen
52/ ura3-52 his331/his3-31

Table 4.5: Plasmids used in this study.

Plasmids Number | Description Source

pMQ30 LD621 Yeastbased allelicexchange vectorsacB+ CEN/ ARSH, URA3H ©
GmR

pLD3208 LD3208 | MCSmScarletGmR, TetR flanked by Flpecombinase target 6
(FRT) sites to resolve out resistance cassettes. Cloned by
swapping gfp sequence with mScarlet (Xhol + Sacl)

pFLP2 LD743 Site-specific excision vector with cl857controlled FLP 10
recombinase encoding sequence, sacB, ApR

pLD3210 (Rebrr- LD3210 | 487 bp ofrebP1promoter sequence inserted at the MCS (Spel | &

mScarle) and EcoRl) of pLD3208

PMAR2xT7 LD806 Unbiased Tn7 transposon for random insertion into PA14 n

genome
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pLD3685 LD3685 | 3PA14 27680 (rapAflanking fragments introduced into pMQ30 | This study
by gap repair cloning in yeast strain InvScl
pLD3913 LD3913 | 3PA14_ 27685 (rebDfjanking fragments introduced into pMQ30 | This study
by gap repair cloning in yeast strain InvScl
pLD4024 LD4024 | 3PA14_ 08370 (vfrflanking fragments introduced into pMQ30 | This study
by gap repair cloning in yeast strain InvScl
pLD4230 LD4230 | 3PA14_279906lanking fragments introduced into pMQ30 by gap| This study
repair cloning in yeast strain InvScl
pLD4323 LD4323 | 3PA14_ 36345 (exo¥anking fragments introduced into pMQ30 | This study
by gap repair cloning in yeast strain InvScl
pLD4256 LD4256 | 3PAl14_54810lanking fragments introduced into pMQ30 by gap| This study
repair cloning in yeast strain InvScl
pLD4231 LD4231 | 3PA14_07430 (impAjlanking fragments introduced into This study
pMQ30 by gap repair cloning in yeast strain InvScl
Table 4.6: Primers used in this study.
Primer Sequence Used for
number plasmid
LD3220 | cctgcaggtcgactctaga@ TCCAGGTAGTGGCGAAACA pLD3685
LD3222 | GCTTCGGCAAGAAATCCGGCAAGGACACCCAATCGTAG
LD3223 | CTACGATTGGGTGTCCTTGCCGGATTTCTTGCCGAAGC
LD3224 | aggcaaattctgttttatcagaccgcttctgegtictgat CCGCCTCACAGACTGCTC
LD3523 | ggaattgtgagcggataacaatttcaca pLD3913
LD3524 | AAGGAGAGTCCCATGGCTGGTATCTGACCCGCCCCTTG
LD3525 | CAAGGGGCGGGTCAGATACCAGCCATGGGACTCTCCTT
LD3526 | cagctatgaccatgattacg GGTTTCGTCGAGAGGGTCT
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LD3611

cctgcaggtcgactctagag GGGAGAAGATGGACGAACTG

LD3612

CTACACCGCAAAGAGCACCCTGGTGCATGTGAAAGGAAA

LD3613

TTTCCTTTCACATGCACCAGGGTGCTCTTTGCGGTGTAG

LD3614

cagctatgaccatgattacg GATGGCGATTGTGGTTTGTT

pLD4024

LD3753

cctgcaggtcgactctagagCAGGTAGGGGTTGTGGTAGG

LD3754

ATCGAGTCGTGGCACTATTGCTTTCCCACTAACCGATGCG

LD3755

CGCATCGGTTAGTGGGAAAGCAATAGTGCCACGACTCGAT

LD3756

cagctatgaccatgattacg TTCTTCCCGGTAGTACTCGC

pLD4230

LD3875

cctgcaggtcgactctagagGCAGGTGCGAATACTCCAC

LD3876

CAGCATATTCCGGCAAGCGTAGAAACCACCTGACGATGACC

LD3877

GGTCATCGTCAGGTGGTTTCTACGCTTGCCGGAATATGCTG

LD3878

cagctatgaccatgattacg CCTCATCCAGAACACCCAGA

pLD4323

LD3769

cctgcaggtcgactctagagCAATCCAACCGCTGCACC

LD3770

GGAGTCGCTGTGGGTGTCGGATCTTTTCATCGGCGCTT

LD3771

AAGCGCCGATGAAAAGATCCGACACCCACAGCGACTCC

LD3772

cagctatgaccatgattacg CTGTTTCGCTTGTGGATGGG

pLD4526

LD3761

cctgcaggtcgactctagagAGAGAGAGGTTTCGAAGGCC

LD3762

CCACCACTGCATTTCCCTEMATACAGCACGGTGAAGCT

LD3763

AGCTTCACCGTGCTGTATTCTGAGGGAAATGCAGTGGTGG

LD3764

cagctatgaccatgattacg CTGATCGGCCTGCTCAAATC

pLD4231
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LD268 TACAGTTTACGAACCGAACAGGC

LD269 GGCCAGGCCTGCAGATGATGNNNNNNNNNNGTAT
LD270 TGTCAACTGGGTTCGTGCCTTCATCCG

LD271 GGCCAGGCCTGCAGATGATG

LD272 GACCGAGATAGGGTTGAGTG

Transposon
Insertion
Sequencing
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Chapter 5: Conclusion

5.1 Thesis summary and implications

This thesis has focused on the characterization of a novEl aeruginosavirulence
factor, the Rbody, that is stochastically produced and presumably involved in destructive
altruism. My work investigated the function of Rbodies in host contexts while ale
elucidating the complex regulation of Rbody structural genes. Using the colony biofilm as a
model for studying stochastic processes has revealed the aspect of memory iFbéty
production, which would have otherwise been missed in planktonic culture studs. This
underscores the importance of studying the biofilnespecific biology of bacterial pathogens,
especially in characterizing virulence factors caegulated with quorum sensing and biofilm
formation.
5.2 Pseudomonas aeruginosa PAl14 produces R-bodies, extendable protein
polymers with roles in host colonization and virulence

As described in Chapter 2, | took on a project focused on the discovery ch&ly
polymers in P. aeruginos@?A14 biofilms and identified the novel Rbody structural protein
RapA, vhich does not exist inC. taeniospiralisgenomes. | also confirmed the previous
observation that Rbody genes exist in unique synteniés and identified genes unique to
pseudomonadreb gene clusters. Wing established genetic tools, | probed their function in
plant and worm hosts. Specifically, mutants deficient in4Rody production were less able to
colonize the plant hostA. thalianaand had attenuated killing phenotypes in a slowkill assay
against C. eleganswhen compared to their wildtype parent strains. Further, | worked
together with a collaborator and found that Rbody production contributed to host
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translational arrest and we attributed this to cleavage at the decoding center of worm
ribosomes.

R-body production is restricted stochastically to a subset of the bacterial population.
Aspects of theC. taenispiralisParameciuminteraction and observations of the effect of PA14
on C. elegansave led us to propose a model for the process of host céimage by Rbody-
harboring PA14. After endocytosis by a host cell, the-Body harboring cell is lysed in the
host phagolysosome. This releases the-Body into a now acidic environment, causing the
polymer to hyper extend. This extension causes lysosomahuhage, releasing other bacterial
toxins into the cytoplasm of the host cell, eliciting translational arrest via a targeted
ribosomal cleavage.

5.3 Modulation of Pseudomonas aeruginosaR-body production by temperature,
cyclic nucleotide(s), and the transcr iption factor RcgA

In Chapter 3, | asked the question: what signal is sensed to stochastically restrict R
body production to a subpopulation? For this | turned to characterizing the transcription
factor in the reb gene cluster, RcgA. | found thatgA is autoregulated and isalso regulated
by LasR, connecting ®ody production to quorum sensing. | found a putative RcgA binding
site upstream of rcgA and rebP1 via promoter bashing. Further, genetic modulation of
intracellular cAMP levels affected Fbody production. Increasing ntracellular cAMP levels
caused an increase inebPlexpression but depleting intracellular cAMP did not seem to turn
off the rebP1signal. This meant that cCAMP as a signal was necessary but not sufficient. My
results suggest that Roody production is moduated by a second messenger other than
cAMP and hint at novel signaling pathways that have previously been understudied h

aeruginosa
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5.4 Identification and characterization of additional factors affecting R  -body
production and assembly

Chapter 4 summarizes unpublished data from efforts to further investigate the
regulation of the PAl4reb cluster. These included unbiased mutagenesis studies as well as
targeted clean deletions of specific genes of intereseb cluster gene expression occurs at
25°C hut not at 37°C. Screens for mutants that expresgb cluster genes at the restrictive
temperature yielded an enrichment for genes encoding outer membrane proteins but did
not identify any candidate suppressor proteins. A large fraction of hits in the scraefor
mutants expressingreb cluster genes at 37°C were genes in thieb cluster itself, highlighting
the importance of these genes in Rody regulation. Experiments revealedapA and rebDto
be necessary for Fbody assembly, while the function of other gees in the cluster remain
largely unknown.

On the other hand, our partial screen for mutants defective imeb cluster gene
expression at 25°C yielded an enrichment for mutants with transposons in metabolic genes.
This is in line with previous studies inA. caulinodanghat show that the type of carbon source
provided impacts Rbody productionz. Further studies are required to confirm the
observations of these screens because these phenotypes could also be caused by polar effects
of transposon insertion. Infact, the five clean deletion mutants created to follow up on hits
from these screens did not phenocopy their transposcinsertion counterparts.

The mutations described in section 4.4 only impacted-Body production moderately
or not at all. For instane, we found that modulating intracellular edi-GMP levels did not
impact reb expression at all, ruling out this second messenger as a signal. Future studies

could help contextualize the subtle phenotypes observed in some of these mutants, but
117



currently the specific regulatory circuits, and particularly those that act upstream of RcgA,

to control R-body production in P. aeruginosaemain elusive.

5.5 Concluding remarks

My thesis sheds light on a fascinating virulence factor found in diverse bacteria and
expands its scope of impact to include a human pathogen that is a significant clinical burden.
The Rbody is yet another weapon in the arsenal of the hypervirulent pathogel. aeruginosa
In the three bacteria where Rbodies have been described, the structer and regulation
diverge significantly, thus it would be fascinating to characterize the {ody in other
bacterial species. The work in this thesis also highlights the importance of studying
pathogenicity in the context of the biofilm lifestyle, because #ures such as heritable gene
expression and altruism may not be detectable or apparent in liquid cultures but have the
potential to play important roles during infection. Fundamentally, my work has used
current-day genetic approaches to study an enigmatmolymer first discovered in 1938, and
shown the value of revisiting older biological questions that were not addressed due to

technical limitations and that may have been forgotten over time.
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Appendix A

Pseudomonas aeruginosastrains that contain homologues of rebP1 (PA14_27640), fecl2
(PA14_27690) and thereb gene cluster PA14 2763@PA14 27700. Strains were identified with a
nucleotide NCBI BLAST against 312 complete genomesHseudomonas aeruginoggaxid: 287). 189
strains contained the reb cluster with rebP1and fecl2 in one strain the cluster lackedfecl2 122
strains lacked thereb cluster, rebPland fecl2.

Strains rebP1 Fecl2 reb gene cluster
(PA14_27630) (PA14_27690) (PA14_27630-
PA14_27700)

Pseudomonas aeruginos&8136-33, complete sequence + + +
Pseudomonas aeruginosa-BIN2 isolate early isolate NN2 (clone C) + + +
chromosome |

Pseudomonas aeruginosa DHSO01 strain DHO1 chromosome, complete genornr + + +
Pseudomonas aeruginosa DK1 substr. NH5738&hromosome | + + +
Pseudomonas aeruginosa DK2, complete sequence + + +
Pseudomonas aeruginosa isolate B10W, complete genome + + +
Pseudomonas aeruginosa isolate PA140r_reads chromosome PA140R + + +
Pseudomonas aeruginosa isolate paerg0aghromosome 0 + + +
Pseudomonas aeruginosa isolate paerg005 chromosome 0 + + +
Pseudomonas aeruginosa isolate paerg009 chromosome 0 + + +
Pseudomonas aeruginosa isolate Pcyll0 chromosome PcyH10 + + +
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Pseudomonas aeruginosa LES431, complegenome +

Pseudomonas aeruginosa LESB58, complete genome +

Pseudomonas aeruginosa MT8, complete sequence +

Pseudomonas aeruginosa NCGM2.S1 chromosome 1, complete sequence +

Pseudomonas aeruginosa PA1, complete sequence +
Pseudomonas aeruginosa PA1R, complete genome +
Pseudomonas aeruginosa PA99 chromosome, complete genome +
Pseudomonas aeruginosa PAK chromosome 1 +
Pseudomonas aeruginosa PAK chromosome, complete genome +
Pseudomonas aeruginos&P73, complete sequence +
Pseudomonas aeruginosa SCV20265, complete sequence +
Pseudomonas aeruginosa SJ¥Dchromosome, complete genome +
Pseudomonas aeruginosa strain 12939 chromosome, complete genome +

Pseudomonasaeruginosa strain 181113R031 chromosome, complete genome +

Pseudomonas aeruginosa strain 181:18R001 chromosome, complete genome +
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Pseudomonas aeruginosa strain 243931 chromosome, complete genome

Pseudomonas aeruginosa strai@4Pael12 chromosome, complete genome

Pseudomonas aeruginosa strain 268 chromosome, complete genome

Pseudomonas aeruginosa strain 60503 chromosome, complete genome

Pseudomonas aeruginosa strain 8380

Pseudomonasaeruginosa strain A681 chromosome, complete genome

Pseudomonas aeruginosa strain AA2 chromosome, complete genome

Pseudomonas aeruginosa strain ACR20 chromosome, complete genome

Pseudomonas aeruginosa strain AES1M chromosonmemplete genome

Pseudomonas aeruginosa strain AES1R chromosome, complete genome

Pseudomonas aeruginosa strain AR_0095 chromosome, complete genome

Pseudomonas aeruginosa strain AR_0110 chromosome, complete genome

Pseudomonas aeruginosa strain AR_0111 chromosome, complete genome

Pseudomonas aeruginosa strain AR_0230 chromosome, complete genome

Pseudomonas aeruginosa strain AR_0353 chromosome, complete genome
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Pseudomonas aeruginosa straid\R_0354 chromosome, complete genome

Pseudomonas aeruginosa strain AR_0357 chromosome, complete genome

Pseudomonas aeruginosa strain AR_0360 chromosome, complete genome

Pseudomonas aeruginosa strain AR_455 chromosome, complgenome

Pseudomonas aeruginosa strain AR_458 chromosome, complete genome

Pseudomonas aeruginosa strain AR_460 chromosome, complete genome

Pseudomonas aeruginosa strain AR442 chromosome, complete genome

Pseudomonasaeruginosa strain AR444 chromosome, complete genome

Pseudomonas aeruginosa strain B14130 chromosome, complete genome

Pseudomonas aeruginosa strain B17932 chromosome, complete genome

Pseudomonas aeruginosa strain B41226hromosome, complete genome

Pseudomonas aeruginosa strain BA15561 chromosome, complete genome

Pseudomonas aeruginosa strain BA7823 chromosome, complete genome

Pseudomonas aeruginosa strain BAMCPA@IB, complete genome

Pseudomonas aeruginosa strain GZ5 isolate C7#25 chromosome C725
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Pseudomonas aeruginosa strain C79 chromosome, complete genome

Pseudomonas aeruginosa strain CCUG 51971 chromosome, complete genon

Pseudomonas aeruginosa strai@CUG 70744 chromosome, complete genome

Pseudomonas aeruginosa strain CDN118 chromosome, complete genome

Pseudomonas aeruginosa strain CDN129 chromosome, complete genome

Pseudomonas aeruginosa strain CFSAN084950 chromosormemplete
genome

Pseudomonas aeruginosa strain CMC15 chromosome, complete genome

Pseudomonas aeruginosa strain Cul1510, complete genome

Pseudomonas aeruginosa strain DN1 chromosome, complete genome

Pseudomonasaeruginosa strain DVT401 chromosome, complete genome

Pseudomonas aeruginosa strain DVT410 chromosome, complete genome

Pseudomonas aeruginosa strain DVT413 chromosome, complete genome

Pseudomonas aeruginosa strain DVT41ghromosome, complete genome

Pseudomonas aeruginosa strain DVT417 chromosome, complete genome

Pseudomonas aeruginosa strain DVT419 chromosome, complete genome
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Pseudomonas aeruginosa strain DVT421 chromosome, complete genome

Pseudomonas aeruginosa strain DVT423 chromosome, complete genome

Pseudomonas aeruginosa strain DVT425 chromosome, complete genome

Pseudomonas aeruginosa strain DVT427 chromosome, complete genome

Pseudomonas aeruginosa straidVT429 chromosome, complete genome

Pseudomonas aeruginosa strain DVT729 chromosome, complete genome

Pseudomonas aeruginosa strain DVT779 chromosome, complete genome

Pseudomonas aeruginosa strain E6130952 chromosome, complegenome

Pseudomonas aeruginosa strain E80 chromosome, complete genome

Pseudomonas aeruginosa strain E90 chromosome, complete genome

Pseudomonas aeruginosa strain F63912 chromosome, complete genome

Pseudomonas aeruginosatrain F9676, complete genome

Pseudomonas aeruginosa strain FANZ1, complete genome

Pseudomonas aeruginosa strain FDAARGOS_501 chromosome, complete
genome

Pseudomonas aeruginosa strain FDAARGOS_570 chromosome, complete
genome
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Pseudomonas aeruginosa strain FDAARGOS_571 chromosome, complete
genome

Pseudomonas aeruginosa strain FDAARGOS_610 chromosome, complete
genome

Pseudomonas aeruginosa strain H25883 chromosome, complete genome

Pseudomonasaeruginosa strain H26023 chromosome, complete genome

Pseudomonas aeruginosa strain H26027 chromosome, complete genome

Pseudomonas aeruginosa strain H47921 chromosome, complete genome

Pseudomonas aeruginosa strain H5708hromosome, complete genome

Pseudomonas aeruginosa strain HS9 chromosome, complete genome

Pseudomonas aeruginosa strain IMP66 chromosome, complete genome

Pseudomonas aeruginosa strain IMP67 chromosome, complete genome

Pseudomonas aeruginosa strain IMP68 chromosome, complete genome

Pseudomonas aeruginosa strain INB3 chromosome, complete genome

Pseudomonas aeruginosa strain IOMTU 133

Pseudomonas aeruginosa strain JB2 chromosome, complgenome

Pseudomonas aeruginosa strain INQPIA57 chromosome, complete genome
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Pseudomonas aeruginosa strain K3Z chromosome, complete genome

Pseudomonas aeruginosa strain KRP1 chromosome, complete genome

Pseudomonasaeruginosa strain L10 chromosome, complete genome

Pseudomonas aeruginosa strain LW chromosome, complete genome

Pseudomonas aeruginosa strain LYT4 chromosome, complete genome

Pseudomonas aeruginosa strain M1608 chromosomegpmplete genome

Pseudomonas aeruginosa strain M37351 chromosome, complete genome

Pseudomonas aeruginosa strain MRSN12280 chromosome, complete genom:

Pseudomonas aeruginosa strain MS14403 chromosome, complete genome

Pseudomonas aeruginosa strain N:91092 chromosome, complete genome

Pseudomonas aeruginosa strain NXZ chromosome, complete genome

Pseudomonas aeruginosa strain NCGM1900

Pseudomonas aeruginosa strain NCGM1984

Pseudomonas aeruginosa strain NCGM257

Pseudomonas aeruginosa strain NCTC10728 chromosome 1
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Pseudomonas aeruginosa strain NCTC13359 genome assembly, chromosom: +
1

Pseudomonas aeruginosa strain NCTC13618 genome assemblyomosome: +
1

Pseudomonas aeruginosa strain NCTC13620 genome assembly, chromosom: +
1

Pseudomonas aeruginosa strain NCTC13715 chromosome 1 +

Pseudomonas aeruginosa strain NCTC9433 genome assembly, chromosome +

Pseudomonas aeruginosa strain NHmuc, complete genome +

Pseudomonas aeruginosa strain Oceahl55 chromosome, complete genome  +

Pseudomonas aeruginosa strain Oceahl75 chromosome, complete genome  +

Pseudomonas aeruginosa straifPA_154197, complete genome +
Pseudomonas aeruginosa strain PA_D1, complete genome +
Pseudomonas aeruginosa strain PA_D16, complete genome +
Pseudomonas aeruginosa strain PA_D2, complete genome +
Pseudomonas aeruginosa straiffA_D21, complete genome +
Pseudomonas aeruginosa strain PA_D22, complete genome +
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Pseudomonas aeruginosa strain PA_D25, complete genome

Pseudomonas aeruginosa strain PA_D5, complete genome

Pseudomonas aeruginosa strain PA_D&mplete genome

Pseudomonas aeruginosa strain R& chromosome, complete genome

Pseudomonas aeruginosa strain Pal24 chromosome, complete genome

Pseudomonas aeruginosa strain Pal27 chromosome, complete genome

Pseudomonas aeruginosa strain PAIRG chromosome, complete genome

Pseudomonas aeruginosa strain PA34 chromosome, complete genome

Pseudomonas aeruginosa strain Pa58 chromosome, complete genome

Pseudomonas aeruginosa strain PA5&hromosome, complete genome

Pseudomonas aeruginosa strain PA83 chromosome, complete genome

Pseudomonas aeruginosa strain Pa84 chromosome, complete genome

Pseudomonas aeruginosa strain PAAK088 chromosome, complete genome

Pseudomonas aeruginosa strain PABL012 chromosome, complete genome

Pseudomonas aeruginosa strain PABL017 chromosome, complete genome
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Pseudomonas aeruginosa strain PABL048 chromosome, complete genome

Pseudomonas aeruginosa straifAC1 chromosome, complete genome

Pseudomonas aeruginosa strain PAC6 chromosome, complete genome

Pseudomonas aeruginosa strain Paer4_119 chromosome, complete genome

Pseudomonas aeruginosa strain PAG5 chromosome, complete genome

Pseudomonas aeruginosa strain PASGNDM345 chromosome, complete

genome

Pseudomonas aeruginosa strain PASGNDM699 chromosome, complete

genome

Pseudomonas aeruginosa strain PB350 chromosome,

complete genome

Pseudomonas aeruginosatrain PB353 chromosome, complete genome

Pseudomonas aeruginosa strain PB354 chromosome,

Pseudomonas aeruginosa strain PB367 chromosome,

Pseudomonas aeruginosa strain PB367 chromosome,

Pseudomonas aeruginosa strain PB368 chromosome,

Pseudomonas aeruginosa strain PB369 chromosome,

complete genome

complete genome

complefenome

complete genome

complete genome

Pseudomonas aeruginosa strain PcyH0 isolate Pcylt40 chromosome PcyH

40
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Pseudomonas aeruginosa strain PRE chromosome, complete genome

Pseudomonas aeruginosa strain PSE6684 chromosome, complete genome

Pseudomonas aeruginosa strain RB2 chromosome, complete genome

Pseudomonas aeruginosa strain SCVFeb, complete genome

Pseudomonas aeruginosa strain SCVJan, complete genome

Pseudomonas aeruginosa strain SE5331 chromosome, complete genome

Pseudomonas aeruginosa strain SE5443 chromoson@mplete genome

Pseudomonas aeruginosa strain SE5458 chromosome, complete genome

Pseudomonas aeruginosa strain SP2230 chromosome, complete genome

Pseudomonas aeruginosa strain SP4371 chromosome, complete genome

Pseudomonas aeruginosa strain SP4527 chromosome, complete genome

Pseudomonas aeruginosa strain SP4528 chromosome, complete genome

Pseudomonas aeruginosa strain ST773 chromosome, complete genome

Pseudomonas aeruginosa strain T210&éhromosome, complete genome

Pseudomonas aeruginosa strain T2436 chromosome, complete genome
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Pseudomonas aeruginosa strain T63266 chromosome, complete genome

Pseudomonas aeruginosa strain USDARSUSMARE41639 chromosome,
complete genome

Pseudomonas aeruginosa strain VIT PC9 chromosome, complete genome

Pseudomonas aeruginosa strain W16407 chromosome, complete genome

Pseudomonas aeruginosa strain W36662 chromosome, complete genome

Pseudomonas aeruginosa strain W45909 chromosome, complete genome

Pseudomonas aeruginosa strain W60856 chromosome, complete genome

Pseudomonas aeruginosa strain X78812 chromosome, complete genome

Pseudomonas aeruginosa strain Y7¢hromosome, complete genome

Pseudomonas aeruginosa strain Y89 chromosome, complete genome

Pseudomonas aeruginosa strain YBO1 chromosome, complete genome

Pseudomonas aeruginosa strain ZM03 chromosome, complete genome

Pseudomonas aeruginosa UCBFPA14, complete sequence

Pseudomonas aeruginosa VRFPA04 chromosome, complete genome

Pseudomonas aeruginosa YL84 chromosome, complete genome
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Appendix B

List of all 126 proteins (represented by two or more peptides) found in the SD&soluble fraction
by tandem mass spectrometry.
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