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Abstract  

Production and properties of the Pseudomonas aeruginosa R-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. Biofilms are populations of microbial cells 

embedded in self-produced matrices and their formation can enhance survival of the 

pathogen in the host. Pseudomonas aeruginosa is a major cause of acute and chronic 

infections and an excellent model for the study of 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 Refractile-body (R-

body), a newly identified P. aeruginosa virulence factor and potential roles of this virulence 

factor during host colonization. R-bodies are large proteinaceous polymers that are 

produced as a coiled ribbon but can extend to form a spear-like structure that is longer than 

a bacterial cell. Further, the R-body 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 of the notorious 

pathogen P. aeruginosa. Further, the capacity for R-body 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 industry.  

 In Chapter 1, I 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, I describe the discovery of R-body polymers in the P. aeruginosa PA14 
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biofilm. Using mass spectrometry analysis, I identified a novel P. aeruginosa R-body protein 

absent in the Caedibacter taeniospiralis and Azorhizobium caulinodans genomes, two 

bacteria for which R-body production had previously been described. Further, results in the 

chapter elucidate the role of R-bodies in P. aeruginosa PA14 colonization in the plant and 

virulence in the nematode hosts.  

 The work described in Chapter 3 focuses on the transcription factor RcgA, which is 

required for R-body production. The gene encoding RcgA lies in a cluster and is co-expressed 

with R-ÂÏÄÙ ÓÔÒÕÃÔÕÒÁÌ ÇÅÎÅÓȢ 5ÓÉÎÇ ÅÓÔÁÂÌÉÓÈÅÄ ÇÅÎÅÔÉÃ ÔÏÏÌÓȟ ) ÁÓËÅÄ ÔÈÅ ÑÕÅÓÔÉÏÎȟ Ȱ×ÈÁÔ 

signal does RcÇ! ÓÅÎÓÅȩȱ ) ÆÏÕÎÄ ÔÈÁÔ 2ÃÇ! ÂÉÎÄÉÎÇ ÔÏ Á ÃÙÃÌÉÃ ÎÕÃÌÅÏÔÉÄÅ ÉÓ ÎÅÃÅÓÓÁÒÙ ÆÏÒ ÉÔÓ 

function in turning on R-body genes. I present data in Chapter 3 and 4 that sheds light on the 

regulatory logic of R-body production in P. aeruginosa. Specifically, using single-cell 

resolution methods, I have been able to characterize the impact of various genes on 

stochasticity of R-body production in the population. Data presented in these chapters are 

another example of the importance of studying heterogeneity and stochasticity 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. The R-body 

produced by P. aeruginosa, a 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 aeruginosa is a pathogenic bacterium that can infect diverse hosts and 

causes many types of infections in humans, including meningitis, endocarditis and 

pneumonia1. This thesis describes the characteristics, synthesis, and effects of a newly 

discovered P. aeruginosa virulence factor called the refractile body (R-body). In the 

introductory sections below, I 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 R-body production and the R-body mode 

of action 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 between P. aeruginosa R-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 the bacterial pathogen Bacillus anthracis in 1876 by Robert 

Koch2, 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 large enough 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, like B. anthracis and Mycobacterium tuberculosis, can cause rapid host 

https://paperpile.com/c/EAsiQr/LP2f
https://paperpile.com/c/EAsiQr/LjkM
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mortality, while others are able to persist in hosts and cause chronic infections over 

extended periods of time.  

 /ÕÒ ÕÎÄÅÒÓÔÁÎÄÉÎÇ ÏÆ ÂÁÃÔÅÒÉÁÌ ÐÁÔÈÏÇÅÎÓ ÈÁÓ ÂÕÒÇÅÏÎÅÄ ÓÉÎÃÅ +ÏÃÈȭÓ ÆÏÕÎÄÁÔÉÏÎÁÌ 

experiments in the 19th century. Now, we also take into account the 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 cepacia is an example of a microbe that causes respiratory tract 

infections only in immunocompromised people3. Additionally, there have also been 

instances where normally benign commensal bacteria suddenly become disease causing. 

Take for example Escherichia coli, which is required for general gut health, but has also been 

the causative agent of numerous deadly outbreaks around the world4. Further, 

Staphylococcus aureus, a bacterium commonly found on our skin and noses, is also able to 

cause fatal disease in humans5. 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 factors 

that are damaging to hosts. 

Our lab studies Pseudomonas aeruginosa, an opportunistic pathogen that can infect 

diverse hosts including mammals, invertebrates, and plants6,7. P. aeruginosa is a 

physiologically versatile bacterium that can thrive in myriad contexts. It is especially 

interesting as it can cause rapid mortality in some host contexts8ɀ10, but also notoriously 

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

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
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Figure 1.1. Pseudomonas aeruginosa is able 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 addiction1 (Figure 1.1 ). P. aeruginosaȭÓ ÓÕÃÃÅÓÓ ÁÓ Á ÐÁÔÈÏÇÅÎ ÃÁÎ ÂÅ 

partially attributed to th e variety of virulence factors and toxins encoded in its genome. 

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

as extracellular factors (e.g. elastases, endotoxins, pyocyanin, siderophores, 

rhamnolipids) 1,7,11. Despite a wealth of these host-damaging genes being found on 

ÐÁÔÈÏÇÅÎÉÃÉÔÙ ÉÓÌÁÎÄÓ ÉÎ ÔÈÅ ÂÁÃÔÅÒÉÕÍȭÓ ÇÅÎÏÍÅ12, P. aeruginosa has also been found to 

produce a plethora of host-damaging proteins from its accessory genome, and most of these 

genes appear to be conserved across diverse bacterial species13. Hence, P. aeruginosa is 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
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intriguing candidate to characterize the role of novel yet highly conserved virulence factors 

in pathogenesis.  

1.3 Virulence factors  

 

Figure 1.2. Classification of various bacterial virulence factors. Figure includes 

examples of virulence factors discussed below.  

 

 6ÉÒÕÌÅÎÃÅ ÆÁÃÔÏÒÓ ÁÒÅ ÍÏÌÅÃÕÌÅÓ ÔÈÁÔ ÅÎÈÁÎÃÅ Á ÍÉÃÒÏÂÅȭÓ ÁÂÉÌÉÔÙ ÔÏ ÉÎÆÅÃÔ Á ÈÏÓÔ ÁÎÄ 

cause disease3,11,14 and can be loosely categorized as secreted, membrane-associated, or 

cytosolic (Figure 1.2 ). One of the most notorious secreted virulence factors is the shiga toxin, 

which was first characterized in Shigella dysenteriae. After microbial synthesis and secretion, 

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 halts host translation by 

cleaving ribosomal subunits15. Infection by Shiga toxin-producing Escherichia coli causes 

https://paperpile.com/c/EAsiQr/Ewm9+Z9P9+Mzz5
https://paperpile.com/c/EAsiQr/sulV
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watery diarrhea specifically in humans, but not cows or pigs15,16. Shiga toxin is also 

responsible for the devastating outbreaks of foodborne illness caused by E. coli O157:H7 

(mentioned above), which contains a prophage carrying the gene for the toxin17. Other 

examples of secreted virulence factors include MptpA and MptpB from M. tuberculosis. These 

are protein-tyrosine phosphatases that are deployed to disrupt host cell signaling. 

Specifically, these phosphatases dephosphorylate a host substrate involved in 

phagolysosome acidification, thereby disrupting/inhibiting this process18. This in turn 

allows M. tuberculosis to survive within macrophages, evading host immune responses and 

causing disease. Inhibition of the production or function of these virulence factors is a design 

goal in the development of treatments for M. tuberculosis infections19. 

 Another class of virulence factors are the membrane-associated factors. Pili and 

fimbriae are appendages on the bacterial cell surface that are responsible for attachment to 

ÈÏÓÔ ÃÅÌÌÓ ÁÎÄ ÔÈÕÓ ÁÒÅ ÃÌÁÓÓÅÄ ÁÓ ȰÁÄÈÅÓÉÎÓȱȢ 4ÈÅÓÅ ÓÕÒÆÁÃÅ ÖÉÒÕÌÅÎÃÅ ÆÁÃÔÏÒÓ ÁÉÄ ÉÎ ÈÏÓÔ 

recognition, attachment and even toxin delivery into host cells20,21. Additionally, pili have 

been demonstrated to play a role in cell-cell competition between bacteria, for example in 

scenarios where pathogens are able to disrupt commensal populations to cause disease in a 

host22,23. Though they were previously thought to only assemble on the surfaces of gram-

negative bacteria, recent work has revealed a role for pili in the virulence of gram-positive 

bacteria as well24.  

 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 membrane-associated 

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

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
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themselves be categorized as virulence factors. Global regulators, such as Fis in Dickeya zeae 

and GacA in P. aeruginosa, which each control the regulation of a suite of virulence genes, 

have therefore been described as cytosolic virulence factors25,26. Additionally, metabolic 

sensors and enzymes have also been identified as virulence factors. In the pathogen S. 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 staphyloxanthin27. 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 hosts. Ramsey et al. (2011) 

described an example of this, in which they found that the ability of Aggregatibacter 

actinomycetemcomitans to metabolize L-lactate was necessary to establish co-culture 

infections with Streptococcus gordonii in mice hosts.  

1.4 The impact of biofilm formation during host infection  

1.4.1 Biofilms  

 

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
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 Lab-grown bacteria are typically cultured in complex, nutrient-rich, liquid growth 

media in well-aerated culture tubes. This is likened to these bacteria swimming in an all-you-

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 assemblages of cells embedded in 

a self-produced 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 various 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 impact29. The majority (estimated 66-80%) of bacterial infections in humans are also 

biofilm based30. The biofilm lifestyle has been shown to increase virulence in diverse 

pathogens and to provide protection against antibiotics via physical effects and effects on 

bacterial metabolism14,31. Here I will discuss various defining features of bacterial 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 chemical gradients, such as those 

observed for pH and oxygen32,33, 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
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Across bacterial species, scientists have observed differences in the growth rates, 

ribosomal contents, and physiological status of cells growing in distinct biofilm 

subzones32,34,35. 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 fermentation36,37. Additionally, cross-feeding 

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 aminoglycosides39. 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 

ÔÈÅ ÐÒÅÖÁÌÅÎÃÅ ÏÆ ȰÐÅÒÓÉÓÔÅÒȱ ÃÅÌÌÓ ÔÈÁÔ ÁÒÅ ÁÂÌÅ ÔÏ ÓÕÒÖÉÖÅ ÁÎÔÉÂÉÏÔÉÃ ÔÒÅÁÔÍÅÎÔÓ ÁÎÄ ÃÏÎÔÉÎÕÅ 

causing chronic infections in the host40,41.  

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 cells42. Here, I 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 cells44. 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 the P. aeruginosa 

siderophore pyoverdine. This peptide is produced and secreted by a subset of the cell 

https://paperpile.com/c/EAsiQr/ATFK+nMx2+Sr5c
https://paperpile.com/c/EAsiQr/d5Nf+YyIT
https://paperpile.com/c/EAsiQr/Obq1+dwsr
https://paperpile.com/c/EAsiQr/tUkQ
https://paperpile.com/c/EAsiQr/3ZIA+gxt5
https://paperpile.com/c/EAsiQr/UBXY
https://paperpile.com/c/EAsiQr/BOcQ
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population. Pyoverdine binds extracellular iron and can be taken up by P. aeruginosa cells 

that express appropriate receptors, and this peptide is regulated in a biofilm-dependent 

manner45,46 (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.  

 

Figure 1.4. Heterogeneity in the form of public good production. A subset of P. 

aeruginosa cells in a biofilm secrete pyoverdine to scavenge extracellular iron. Iron-

bound pyoverdine can then be utilized by the population. 
 

 

 The most extreme example of altruism relatÅÓ ÔÏ ÔÈÅ ȰÓÕÉÃÉÄÅȱ ÏÆ ÓÕÂÐÏÐÕÌÁÔÉÏÎÓ ÆÏÒ 

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 population47 (Figure 

1.5). Altruistic lysis is also observed in Bacillus subtilis populations, where the programmed 

https://paperpile.com/c/EAsiQr/bH9I+rlPV
https://paperpile.com/c/EAsiQr/X2qY
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cell death of some cells provides nutrients for the kin cells to prevent onset of sporulation48. 

Similarly, in Salmonella typhimurium, the expression of Type III secretion systems by a 

subset of the population enables them to invade host gut cells. These 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 identical S. typhimurium cells to thrive in 

the less populated host gut49. Interestingly, the authors found that this phenomenon is made 

possible by the stochastic expression of these Type III secretion systems, meaning only 15% 

of the genetically identical population expresses these genes, ensuring survival of the non-

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 in the form ÏÆ ȰÓÕÉÃÉÄÅȱȢ ! ÓÕÂÓÅÔ ÏÆ ÂÁÃÔÅÒÉÁÌ ÃÅÌÌÓ ɉÄÅÐÉÃÔÅÄ ÉÎ 

gray) in a biofilm have been shown to lyse to release extracellular DNA (depicted as 

open circles) and nutrients to benefit the surviving population.  

 

https://paperpile.com/c/EAsiQr/S97J
https://paperpile.com/c/EAsiQr/BueK
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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 non-altruists. Scientists have identified 

various virulence factors that appear to be produced 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 anti-host factors and/or 

attempt to fend off host immune responses to protect the rest of the population. Here I will 

discuss three examples of stochastically produced virulence factors in established 

pathogens. 

1.5.1 Staphylococcus aureus stochastic 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 of S. aureus biofilm formation      rely on the stochastic 

expression of nuc, a secreted nuclease that degrades extracellular DNA. This virulence factor 

had previously been implicated to affect S. aureus biofilm formation 50. Specifically, 

Moorimeier et al. (2014) demonstrated that the stochastic production 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 expresses nuc due to a defective saeS gene. 

Complementation of the strain with wildtype saeS restored the stochastic expression of nuc 

ÁÎÄ ÔÈÅ .Å×ÍÁÎ ÓÔÒÁÉÎȭÓ ÁÂÉÌÉÔÙ ÔÏ ÆÏÒÍ ÂÉÏÆÉÌÍÓ52. This underlines the necessity of 

stochastic expression in biofilm physiology and virulence.  

https://paperpile.com/c/EAsiQr/kNYT
https://paperpile.com/c/EAsiQr/NuGv


12 

 

1.5.2 Salmonella typhimurium bimodal expression of virulence factors  

Research in molecular biology has traditionally focused on bulk, population-level 

measurements of gene expression 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 approach, in which the authors profiled the transcriptomes of single macrophage cells 

infected with fluorescently labeled S. typhimurium cells. They used fluorescence-activated 

cell sorting (FACS) to determine the infection state of each macrophage cell and then used 

single cell RNA-seq 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 non-infected macrophages. Strikingly, the group observed that the 

heterogeneity in Type I interferon responses in macrophages was directly correlated to the 

stochastic expression of the PhoPQ two-component system53. 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 single S. typhimurium population, Sobota et al. (2022) posited 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. In S. typhimurium, 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 a hilD dependent manner. Using cell 

permeability as a measure of cell fitness, the authors asked the question of how hilD impacts 

https://paperpile.com/c/EAsiQr/DcfM
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cell permeability. In line with their hypothesis, knocking-out 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 fitness 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. subtilis biofilms exhibit a form of destructive cooperativity in a mechanism called 

ÃÁÎÎÉÂÁÌÉÓÍȢ ! ÓÕÂÐÏÐÕÌÁÔÉÏÎ ÏÆ ȰÃÁÎÎÉÂÁÌ ÃÅÌÌÓȱ ÐÒÏÄÕÃÅ ÁÎÄ ÓÅÃÒÅÔÅ Ô×Ï ÔÏØÉÎÓ, Skf and Sdp. 

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 sporulation. When B. subtilis cells 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 cells 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, Lopez et al. (2009) postulated that these processes could be restricted to the 

same subpopulation of cells. Indeed, using dual-fluorescence reporters, the authors show 

that cannibalism and matrix-production 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 assemblages. B. subtilis cannibalism is apparently a 

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

in diverse bacteria is also co-regulated with other processes such as biofilm formation.  

1.6 The R-body - a stochastic virulence factor   

 Refractile-bodies (R-bodies) are large protein polymers that are produced inside 

bacteria and appear as bright foci under phase-contrast microscopy57. R-body production 

has been directly observed in bacteria from only three generaɀCaedibacter, Azorhizobium, 

and Pseudomonasɀbut homologs of the reb genes, which are required for R-body production, 

are found in genomes throughout the Proteobacteria. R-bodies are synthesized as hyper-

coiled ribbons (300-500 nm in diameter) but can be triggered to unwind into needle-like 

javelins that are 10-20 µm in length and therefore much larger than the bacterial cell 

(generally 1-2 µm in diameter). R-bodies were first described in Caedibacter taeniospiralis, a 

bacterial symbiont of paramecia. R-body producing C. taeniospiralis cells confer on the 

ÐÁÒÁÍÅÃÉÕÍ ÈÏÓÔ Á ȰËÉÌÌÅÒȱ ÔÒÁÉÔȢ C. taeniospiralis resistant, killer paramecia shed R-body 

producing C. taeniospiralis into the environment, where they are taken up by sensitive 

paramecia. Phagocytosis of one R-body-containing bacterium is sufficient to kill a naive host 

paramecium and the R-body producer is thus sacrificed in the process55 (Figure 1.6 ). 

Because a single paramecium can eat hundreds of bacteria a day56, the R-body-containing 

bacteria in a population can perform an altruistic function by eliminating predators. 

Consistent with this notion, the production of R-bodies in a monoculture of C. taeniospiralis 

appears to be stochastic, with about 1-35% of the population producing the polymer 

depending on growth conditions and paramecial strain57.  

https://paperpile.com/c/EAsiQr/dswI
https://paperpile.com/c/EAsiQr/8mJQ
https://paperpile.com/c/EAsiQr/JagI
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Figure 1.6. Model for mode of action of R-bodies in C. taeniospiralis. R-body 

containing C. taeniospiralis is shed by the killer paramecium, taken into the sensitive 

ÐÁÒÁÍÅÃÉÕÍȭÓ ÐÈÁÇÏÌÙÓÏÓÏÍÅ ÖÉÁ ÅÎÄÏÃÙÔÏÓÉÓȟ ÃÁÕÓÉÎÇ 2-body extension and 

eventually lysis of the sensitive paramecium.  

 

 R-body production has also been studied in Azorhizobium caulinodans, a symbiont of 

the plant Sesbania rostrata. The bacterium forms nitrogen-fixing nodules on the stem and 

roots of S. rostrata and promotes the growth of the plant. Though the A. caulinodans genome 

contains functional reb genes, they are not expressed in the wild-type A. caulinodans and it 

therefore does not produce R-bodies. Akiba et al. (2010) identified an A. caulinodans 

regulator, PraR, that was necessary for S. rostrata symbiosis, but that also repressed R-body 

production. Deletion of praR allowed the bacterium to produce R-body polymers in the plant 

host. Furthermore, stem nodules formed by R-body producing A. caulinodans were defective 

in nitrogen fixation (Figure 1.7 ). Akiba et al. (2010) posited that PraR is a regulator 

responsible for switching the microbe between symbiotic and pathogenic lifestyles. Despite 
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Figure 1.7. Model for mode of action of R-bodies in A. caulinodans. Wild type A. 

caulinodans forms nitrogen-fixing stem nodules on the plant S. rostrata. Knocking 

out praR in this bacterium allows production of R-bodies that cause plant cell 

death and prevent nitrogen-fixing in the stem nodules formed.  

 

 ɝpraR mutants being able to make R-bodies, R-body production appears to be stochastic in 

these A. caulinodans mutant populations; the stochasticity may be mediated by an additional 

regulator they identified, an activator called RebR (discussed in Chapter 3). This is in line 

with observations in C. taeniospiralis R-body production, suggesting similar regulation of R-

bodies in diverse bacteria.  

 During a project characterizing the biochemistry of P. aeruginosa PA14 biofilms, Yu-

Cheng Lin (a fellow graduate student in the Dietrich lab) and I made the surprising discovery 

that PA14 produces R-bodies. These intriguing structures were visible in scanning electron 

microscope (SEM) images of SDS-insoluble fractions prepared from biofilms (Figure 1.8 ). 

Mass spectrometry (MS) of the fractions revealed proteins with homology to those involved 
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in R-body production in Caedibacter and Azorhizobium spp. Our initial observations raised 

many questions: How is PA14 R-body production regulated? What genes are required for 

PA14 R-body production? Given that P. aeruginosa is a notorious opportunistic pathogen, do 

R-bodies contribute to its virulence? I set out to address these questions in my graduate 

research.  

 

Figure 1.8. Scanning electron microscopy image of R-bodies found in P. 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 Lab59, we are able to image biofilms at 

https://paperpile.com/c/EAsiQr/CJrK
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single-cell resolution. My work employing engineered fluorescent reporter strains and the 

colony biofilm model has provided extensive insights into R-body production in PA14. 

Furthermore, by adapting models of biofilm-based infection for us in the Dietrich lab, I have 

established that R-bodies contribute to host colonization and virulence. Working in 

collaboration with researchers who have broad expertise in protein structure and nematode 

pathophysiology, I have uncovered key features of the molecular regulation of R-body 

production and the effects of R-body-containing PA14 on the model host Caenorhabditis 

elegans. The following chapters of my thesis describe findings regarding R-body production 

and its role during host infection by P. aeruginosa PA14.  

In Chapter 2, I describe the R-body as a novel P. aeruginosa virulence factor and 

elucidate its mechanism of action in an animal host. In Chapter 3, I discuss a dedicated R-

body regulator and the signals that control R-body production. Lastly, in Chapter 4, I discuss 

other genes that play a role in R-body regulation. Together, these results describe a new P. 

aeruginosa virulence factor. This work provides potential leads for the inhibition of host 

colonization or virulence as part of an approach to P. aeruginosa infection control. More 

broadly, it also has implications for the roles of R-bodies during the interactions of diverse 

R-body-producing bacteria with eukaryotes in clinical and agricultural contexts60. 

  

https://paperpile.com/c/EAsiQr/SFUe
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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., Vasquez-Rifo, A. et al. Pseudomonas aeruginosa PA14 produces R-bodies, 

extendable protein polymers with roles in host colonization and virulence. Nat Commun 12, 

4613 (2021). https://doi.org/10.1038/s41467 -021-24796-0 

 

I formulated all the hypotheses and created all deletion and reporter constructs for this 

work. I designed and performed all experiments, except mass spectrometry (Figure 2b; 

performed by Yu-Cheng Lin and Shujuan Tao McDonald), super-resolution microscopy 

(Figure 4d,  f, g; performed by Christian Sieben) and ribosomal integrity studies (Figure 7d;  

performed by Alejandro Vasquez-Rifo). I contributed to the analysis and interpretation of all 

generated data and in the writing of this paper.  

 

2.1 Abstract  

R-bodies are long, extendable protein polymers formed in the cytoplasm of some 

bacteria. They are best known for their role in killing of paramecia by bacterial 

endosymbionts. Pseudomonas aeruginosa PA14, an opportunistic pathogen of diverse hosts, 

contains genes (referred to as the reb cluster) with potential to confer production of R-bodies 

and that have been implicated in virulence. Here, we show that PA14 expresses reb genes 

during colonization of plant and nematode hosts. Products of the reb cluster associate with 

R-bodies and control stochastic expression of R-body structural genes. R-body production is 

required for full virulence in nematodes. Analyses of nematode ribosome content and 

immune response indicate that P. aeruginosa R-bodies act via a mechanism involving 

ribosome cleavage and translational inhibition. Our observations provide insight into the 

biology of R-body production and its consequences during P. aeruginosa infection. 

https://doi.org/10.1038/s41467-021-24796-0
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2.2 Introduction  

R-bodies are enigmatic biological machines that have been characterized most 

extensively in Caedibacter taeniospiralis, an obligate endosymbiont of paramecia. These 

structures are composed of ~ 12 kDa monomers that polymerize to form hypercoiled 

ribbons ~ 0.5 µm in diameter1. In response to changes in parameters such as pH, 

temperature, or ionic strength2ɀ4, R-body coils extend into 10-20-µm-long needle-like 

structures (i.e., ~ 10X the length of the producing cell) 4,5. In the Caedibacter-Paramecium 

endosymbiosis, tolerant host paramecia shed C. taeniospiralis into the environment, where 

the bacteria can be taken up by neighboring, sensitive paramecia. R-body-mediated lysis is 

triggered by lysosomal conditions and thought to release an unidentified factor that is toxic 

to sensitive paramecia. R-body-producing endosymbionts therefore confer onto their host 

ÃÅÌÌ Á ȰËÉÌÌÉÎÇȱ ÐÈÅÎÏÔÙÐÅ ÁÎÄ Á ÃÏÍÐÅÔÉÔÉÖÅ ÁÄÖÁntage in a phenomenon that was first 

described by Tracy M. Sonneborn in 19386. Subsequent genetic studies have implicated three 

genes--rebA, B, and D--in C. taeniospiralis R-body production. RebA, B, and D are all 

homologous to each other, but RebA and RebB constitute the primary C. taeniospiralis R-

body components7ɀ9. 

  The opportunistic pathogen Pseudomonas aeruginosa is a major cause of biofilm-

based infections. reb gene homologs are found in a substantial fraction (147/241) of P. 

aeruginosa complete strain genomes in the Pseudomonas Genome DB10, including that of 

strain PA14. These homologs occur as part of a cluster that includes the gene for the sigma 

factor FecI2 and targets of FecI211ȟ ÁÎÄ ×Å ÒÅÆÅÒ ÔÏ ÔÈÉÓ ÒÅÇÉÏÎ ÁÓ ÔÈÅ Ȱreb ÃÌÕÓÔÅÒȱȢ 'ÅÎÅÓ Én 

the reb cluster have been identified as contributing to increased virulence when distinct P. 

https://paperpile.com/c/53pkPH/BSgFA
https://paperpile.com/c/53pkPH/01tXC+30UMp+Ec19S
https://paperpile.com/c/53pkPH/VAL6s+Ec19S
https://paperpile.com/c/53pkPH/ewiAg
https://paperpile.com/c/53pkPH/YQCqZ+1iPyE+pwTf1
https://paperpile.com/c/53pkPH/vpEw
https://paperpile.com/c/53pkPH/RTG8l
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aeruginosa isolates are compared12,13. Notably, the popular model strain PAO1 does not 

contain a reb cluster and this is consistent with its relatively low virulence in a 

Caenorhabditis elegans infection assay. These observations, combined with the known 

contributions of R-bodies to host damage in other systems4,14,15, led us to hypothesize that 

PA14 produces R-bodies that contribute to pathogenicity. 

  In this report we provide evidence that PA14 produces R-bodies. We detail 

characteristics of the PA14 reb cluster and its expression, and identify products of the reb 

cluster that form or associate with R-body-like structures inside PA14 cells. We also show 

that R-body components are produced during interactions with plant and animal hosts. 

Moreover, we implicate R-body production in PA14-mediated ribosomal injury, a virulence 

mechanism that yields translational inhibition in the nematode host Caenorhabditis 

elegans16. Taken together, these observations identify the R-body as a PA14 virulence factor 

and raise the possibility that R-body production is a component of the marked strain-

dependent variation in pathogenicity observed for P. aeruginosa13,17,18. 

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 of C. taeniospiralis reb genes are broadly 

distributed throughout the proteobacterial clade19. To investigate the phylogenetic 

relationships between Reb homologs from proteobacterial genomes, we BLASTed 

PA14_27640, which is the PA14 protein most similar to C. taeniospiralis RebB, against all  

https://paperpile.com/c/53pkPH/zvRgN+OOwS4
https://paperpile.com/c/53pkPH/n1ong+Ec19S+whbfV
https://paperpile.com/c/53pkPH/Ql9F
https://paperpile.com/c/53pkPH/VsBhT+OOwS4+eTMjR
https://paperpile.com/c/53pkPH/AShV
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Figure 2.1. a 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 Fig. 6 of Raymann et al.19 plus 14 representative 

pseudomonads (see Supplementary Fig. 1 for the complete annotated tree). C. 

taeniospiralis RebA and RebB are shown in purple. The cluster-containing C. 

taeniospiralis RebD and its Pseudomonas homologs is shown in orange. We have 

assÉÇÎÅÄ ÔÈÅ ÄÅÓÉÇÎÁÔÉÏÎ Ȱ2ÅÂ0ȱ ÔÏ 2ÅÂ ÈÏÍÏÌÏÇÓ ÔÈÁÔ ÃÌÕÓÔÅÒ ×ÉÔÈ P. aeruginosa 

PA14_27630 and PA14_27640 (shown in blue). b Chromosomal arrangement of 

genes associated with R-body production in a set of strains that represent all 
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arrangements found in pseudomonads. Regulatory genes are shaded yellow. Genes 

shaded blue are homologs of rebP while genes shaded orange are homologous to C. 

taeniospiralis rebD. rapA (PA14_27680) and its homologs, which may code for a novel 

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

in BioCyc (PA14_RS11205)57, but not in the Pseudomonas Genome DB10. 

complete bacterial genomes used for prior analyses conducted by Raymann et al. (2013)19 

plus 14 representative pseudomonads. We generated a tree that shows the relationships of 

all Reb homologs from these proteobacteria (Figure 2.1a). In this tree, C. taeniospiralis RebA 

and RebB form a distinct grouping and are closely related to Reb homologs from non-

pseudomonad gammaproteobacteria, such as those in the genera Shewanella and Aliivibrio 

(Supplementary Figure 1 ). Reb homologs from pseudomonads fall into two groups: (i) one 

that contains C. taeniospiralis RebD and PA14_27685 and for which we have therefore 

ÄÅÓÉÇÎÁÔÅÄ ÉÔÓ ÍÅÍÂÅÒÓ ÁÓ Ȱ2ÅÂ$ȱȠ ÁÎÄ ɉÉÉɊ ÏÎÅ ÔÈÁÔ ÉÓ ÄÉÓÔÉÎÃÔ ÆÒÏÍ ÔÈÅ C. taeniospiralis Rebs 

but that includes representatives from many reb cluster-containing pseudomonads and 

chromobacteria, and for which we have therefore designated itÓ ÍÅÍÂÅÒÓ ÁÓ Ȱ2ÅÂ0ȱȢ 4ÈÅ 

two rebP homologs present in PA14, PA14_27640 and PA14_27630, are predicted to form an 

operon that we refer to as rebP1P210. 

  We examined the chromosomal regions of representative pseudomonad strains that 

contain rebD, rebP1, and rebP2 and refer to the strain-specific groups of genes in these loci 

ÁÓ Ȱreb ÃÌÕÓÔÅÒÓȱȢ )Î ÐÓÅÕÄÏÍÏÎÁÄÓ ÔÈÁÔ ÃÏÎÔÁÉÎ rebD, rebP1, and rebP2, there are three 

additional ORFs that are well-conserved. These include two regulatory genes, PA14_27700 

and fecI2, which code for a transcription factor and sigma factor, respectively, and which in 

a prior study were required for full virulence in a C. elegans killing assay18 (Figure 2.1b ). We 

have given PA14_27700 ÔÈÅ ÄÅÓÉÇÎÁÔÉÏÎ ȰÒÃÇ!ȱ (for reb cluster gene A). The third gene, 

https://paperpile.com/c/53pkPH/AShV
https://paperpile.com/c/53pkPH/vpEw
https://paperpile.com/c/53pkPH/eTMjR
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PA14_27680, was previously shown (together with PA14_27700) ÔÏ ÃÏÎÔÒÉÂÕÔÅ ÔÏ 0!ρτȭÓ 

enhanced virulence when it was compared to P. aeruginosa strain PAO1 in C. elegans 

infection studies12. PA14_27680 is conserved in all pseudomonads that contain at least one 

reb structural gene, suggesting that it may be associated with R-body function and we have 

ÔÈÅÒÅÆÏÒÅ ÎÁÍÅÄ ÉÔ ȰÒÁÐ!ȱ (R-body-associated protein A). Although rebP homologs are 

scattered across the phylogenetic tree of the genus Pseudomonas (Supplementary Figure 

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

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

Appendix A ) and among other pseudomonads (Figure 2.1b ). PA14_27650, PA14_27660 and 

PA14_27675 do not show homology to any characterized genes and are not conserved in reb 

clusters found in other pseudomonad species (Figure 2.1b ) or other proteobacteria19.  

2.3.2 PA14 cells growing in biofilms produce R -bodies  

For most bacteria that contain reb genes, the ability to produce R-bodies has not been 

investigated. To determine whether PA14 produces R-bodies, we applied a modified R-body 

enrichment protocol20 ÔÏ ÂÉÏÆÉÌÍÓ ÆÏÒÍÅÄ ÂÙ ÔÈÅ 74 ÁÎÄ ÂÙ Ўpel. 7Å ÉÎÃÌÕÄÅÄ ÔÈÅ Ўpel 

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 matrix and enhance our ability to detect 

R-bodies. We performed protein mass spectrometry (MS) and scanning-electron microscopy 

(SEM) on the isolated SDS-insoluble fractions (Figure 2.2a). Strikingly, three products of the 

reb clusterɂRapA, RebP1, and RebP2ɀwere detected by MS at similar levels and were among 

https://paperpile.com/c/53pkPH/zvRgN
https://paperpile.com/c/53pkPH/AShV
https://paperpile.com/c/53pkPH/Egc8
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the 20 most abundant proteins in our samples (Figure 2.2b, Appendix B ). One other

 

Figure 2.2. a Schematic showing method for preparation of SDS-insoluble material 

from PA14 biofilms. b Top 20 most abundant proteins detected in the SDS-insoluble, 

formic acid-ÓÏÌÕÂÉÌÉÚÅÄ ÆÒÁÃÔÉÏÎ ÏÆ 74 ɉÏÎÅ ÒÅÐÌÉÃÁÔÅɊ ÁÎÄ ɝpel (two biological 

replicates) biofilms by mass spectrometry (MS). c Scanning electron micrograph 

(SEM) image of R-bodies (false-colored turquoise) in the WT sample prepared as 

shown in (aɊȢ 3ÃÁÌÅ ÂÁÒ ÉÓ ρױʈÍȢ d SEM images, cartoon representations, and 

dimensions of individual selected R-bodies in fully coiled and fully extended states. 

3ÃÁÌÅ ÂÁÒÓ ÉÓ ςυπױÎÍȢ Å 3%- ÉÍÁÇÅ ÏÆ Á ÓÉÎÇÌÅȟ ÐÁÒÔÉÁÌÌÙ ÅØÔÅÎÄÅÄ 2-body. Scale bar is 

τππױÎÍȢ 0ÁÎÅÌÓ cɀe scanning electron microscopy are representative of 16 fields of 

view captured from three experiments. 

in the SDS-ÉÎÓÏÌÕÂÌÅ ÆÒÁÃÔÉÏÎÓ ÐÒÅÐÁÒÅÄ ÆÒÏÍ Ўpel biofilms and at levels two times lower than 

RebP1 and RebP2 (PA14_27675 was not detected in preparations from WT biofilms) (Figure 

2.2b). Consistent with the MS results, our SEM analyses revealed the presence of R-bodies 

ÉÎ ÐÒÅÐÁÒÁÔÉÏÎÓ ÆÒÏÍ 74 ÁÎÄ Ўpel biofilms (Figure 2.2c, Supplementary Figure 3 ). We 

detected R-bodies in various states ranging from hypercoiled (~ 450 nm long) to extended 

(~ 5.5 µm long) (Figure 2.2c, d, e). To assess whether rebP1P2 is required for R-body 

production, we prepared SDS-ÉÎÓÏÌÕÂÌÅ ÆÒÁÃÔÉÏÎÓ ÆÒÏÍ Ўpel and ВpelЎrebP1P2 biofilms and 
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analyzed 16 independent fields of view for each sample. R-bodies were found in all fields of 

ÖÉÅ× ÃÁÐÔÕÒÅÄ ÆÏÒ ÐÒÅÐÁÒÁÔÉÏÎÓ ÆÒÏÍ Ўpel biofilms, with an average of 10.8 R-bodies (range 

= 2-40 R-bodies) seen in each field. R-bodies 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 (ВpelЎrebP1P2::rebP1P2; average of 9.6 

R-bodies with a range of 1-30 R-bodies seen in each field). Taken together, our data indicate 

that R-bodies are produced by PA14 biofilms in a rebP1P2-dependent manner. 

2.3.3 rebP1 expression is stochastic and dependent on RcgA and FecI2, in both 

liquid cultures and biofilms  

 Having observed that rebP1P2 is 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 the rebP1 promoter (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 promoter21 (PPA1/04/03 -mScarlet) or a promoterless 

sequence in the WT background to use as controls. We grew the WT PrebP1 and control 

reporter strains in shaken liquid batch cultures to examine expression over the growth 

curve. We found that PrebP1 showed modest activity compared to that of the constitutive 

promoter and that it was expressed specifically in the stationary phase of growth (Figure 

2.3a). To assess the relative expression of these two reporters within single cells, we created 

a dual reporter strain containing PrebP1-mScarlet and PPA1/04/03-gfp and grew it to stationary 

phase in liquid culture before examination via fluorescence microscopy. This imaging 

https://paperpile.com/c/53pkPH/EoYP
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revealed that the low relative fluorescence of the PrebP1-mScarlet strain (Figure 2.3a) was  

 

 

Figure 2.3. a Reporter strain growth and expression of mScarlet under the control of 

the rebP1 promoter (PrebP1-mScarlet), no promoter (MCS-mScarlet), or a constitutive 
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promoter (PPA1/04/03-mScarlet) in shaken 1% tryptone liquid cultures incubated at 

25°C. nױЀױφ ÂÉÏÌÏÇÉÃÁÌ ÒÅÐÌÉÃÁÔÅÓ ÆÒÏÍ Ô×Ï ÅØÐÅÒÉÍÅÎÔÓȢ $ÁÔÁ ÁÒÅ ÐÒÅÓÅÎÔÅÄ ÁÓ ÍÅÁÎ 

ÖÁÌÕÅÓױϻ3$ױȢ b Image of fluorescence from PA14 cells containing PrebP1 

transcriptional reporter construct (P rebP1-mScarlet) and a constitutive promoter 

driving gfp (PPA1/04/03-gfp) in shaken 1% tryptone liquid cultures grown at 25°C for 

ρφױÈȢ )ÍÁÇÅ ÉÓ ÒÅÐÒÅÓÅÎÔÁÔÉÖÅ ÏÆ ÓÉØ ÒÅÐÌÉÃÁÔÅÓ ÆÒÏÍ ÔÈÒÅÅ ÅØÐÅÒÉÍÅÎÔÓȢ 3ÃÁÌÅ ÂÁÒ ÉÓ 

ρπױАÍȢ c Left: Schematic indicating plane of view, and legend defining fluorescence 

signal, in right-hand panels. Right: Bright-field and fluorescence microscopy images 

of 3-day-old biofilms formed by the indicated genotypes, containing the PrebP1 

transcriptional reporter construct (PrebP1-mScarlet). Dotted lines demarcate the edges 

ÏÆ ÂÉÏÆÉÌÍÓȢ 3ÃÁÌÅ ÂÁÒ ÉÓ ςױÍÍȢ d Left: schematic indicating plane of view, and legend 

defining fluorescence signals, for right-hand panels. Right: representative images of 

thin sections prepared from 3-day-old biofilms formed by strains containing PrebP1-

mScarlet and constitutively expressing GFP (via PPA1/04/03-gfp). Dotted lines denote the 

ÉÎÔÅÒÆÁÃÅÓ ×ÉÔÈ ÁÉÒ ɉÔÏÐɊ ÁÎÄ ÁÇÁÒ ɉÂÏÔÔÏÍɊȢ 3ÃÁÌÅ ÂÁÒ ÉÓ ςπױʈÍȢ e Three-day-old WT 

ÁÎÄ ЎrebP1P2 biofilms grown on colony morphology medium. Images are 

representative of nine replicates from three expÅÒÉÍÅÎÔÓȢ 3ÃÁÌÅ ÂÁÒ ÉÓ τױÍÍȢ f Relative 

percentages of colony forming units (CFUs) of each strain obtained from mixed-strain 

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

and one constitutively expressing mScarlet. Error bars represent standard deviation 

of biological triplicates. 

 

not due to low uniform expression but instead to stochastic expression from the rebP1 

promoter, with mScarlet fluorescence visible in just 0.26% of the cell population (Figure 

2.3b). 

  Based on the conservation of rcgA and fecI in Pseudomonas reb clusters (Figure 2.1b; 

Supplementary Figure 1; Appendix A ), we reasoned that the encoded transcriptional 

regulators control expression from PrebP1. To test this, we moved the PrebP1-mScarlet construct 

ÉÎÔÏ ÔÈÅ 0!ρτ ЎrcgA ÁÎÄ ЎfecI2 mutant backgrounds. Deletion of one or both of these 

putative regulatory genes resulted in abrogation of PrebP1-driven expression, indicating that 

RcgA and FecI2 are both required for this activity. Complementation of these genes back into 

their endogenous loci restored PrebP1-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 along the z-axis22, we chose to visualize PrebP1 activity 

across colony depth. To do this, we employed a thin sectioning protocol to prepare vertical 

sections taken from the center region of three-day-old colony biofilms23. Confocal 

microscopy of the dual reporter (PrebP1-mScarlet PPA1/04/03-gfp) biofilm sections revealed that 

cells expressing rebP1 are present in thin striations such that both bright and dark cells are 

situated at the same depth (red fluorescence in Figure 2.3d ). The constitutive reporter 

(PPA1/04/03-gfp) showed green fluorescence that is relatively homogenous (Figure 2.3d ). In 

agreement with our findings for liquid culture, PrebP1-driven expression in biofilms appears 

to be stochastic. The vertical arrangement of PrebP1-active cells may indicate that expression 

status is heritable during vertical growth in the biofilm.  

  In many hosts and various infection sites in humans, biofilm formation by pathogens 

such as P. aeruginosa is critical to bacterial colonization and virulence. Biofilm formation also 

exacerbates the challenge of treating resistant infections. Matrix secretion is a defining 

ÆÅÁÔÕÒÅ ÏÆ ÂÉÏÆÉÌÍÓȠ ÔÈÅ ÍÁÔÒÉØ ÆÕÎÃÔÉÏÎÓ ÁÓ ÔÈÅ ȰÇÌÕÅȱ ÔÈÁÔ ÈÏÌÄÓ ÂÁÃÔÅÒÉÁÌ ÃÅÌÌÓ ÔÏÇÅÔÈÅÒ ÁÎÄ 

can facilitate attachment to the host 24,25. Having observed R-body production by PA14 

biofilms, we sought to examine whether this activity contributes to biofilm development, 

matrix production, or fitness during biofilm growth. We examined biofilm development 

using a standardized colony morphology assay26,27, in which the dye Congo red is provided 

in the medium and binds to biofilm matrix. We found that matrix production and biofilm 

ÄÅÖÅÌÏÐÍÅÎÔ ×ÅÒÅ ÕÎÁÌÔÅÒÅÄ ÉÎ ÔÈÅ ЎrebP1P2 mutant (Figure 2.3eɊȢ &ÕÒÔÈÅÒÍÏÒÅȟ ЎrebP1P2 

https://paperpile.com/c/53pkPH/xv5Mz
https://paperpile.com/c/53pkPH/wk3LK
https://paperpile.com/c/53pkPH/rhWOY+Szhuj
https://paperpile.com/c/53pkPH/rhWOY+Szhuj
https://paperpile.com/c/53pkPH/X1zr+hq08
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showed no fitness disadvantage when grown in mixed-strain 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 R-body 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 study C. taeniospiralis R-

bodies20. In this strain, a construct containing an N-terminal GFP-RebP1 fusion is inserted on 

the chromosome after the native rebP1P2 locus (Figure 2.4a), and is expressed under the 

control of a weak ribosomal binding site (BBa_BB00σσɊȢ 4ÈÉÓ ÁÒÒÁÎÇÅÍÅÎÔ ÙÉÅÌÄÓ ȰÌÅÁËÙȱ 

expression of the tagged RebP1, which (relative to tagging of the entire RebP1 population) 

is thought to decrease potential effects of GFP labeling on R-body structure and function. 

This strain also contains the PrebP1-mScarlet transcriptional 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 of PrebP1-mScarlet in vertically 

arranged striations. GFP-tagged RebP1 formed discrete spots, with one punctum per cell that 

could not be further resolved using confocal microscopy. We thus turned to super-resolution 

microscopy (Zeiss Airyscan228), which revealed that RebP1 is organized as a tubular 

structure with a diameter of ~ 250 µm 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 images of the SDS-insoluble fractions prepared from biofilm samples (Figure 

2.4d, Figure 2.2d ). 

https://paperpile.com/c/53pkPH/Egc8
https://paperpile.com/c/53pkPH/ZHlA
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Figure 2.4 . a Schematic of constructs present in the strain engineered to produce 

GFP-tagged RebP1, showing the PrebP1-mScarlet transcriptional reporter and the gfp-

rebP1 translational 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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ÅÄÇÅÓ ÏÆ ÔÈÅ ÂÉÏÆÉÌÍȢ 3ÃÁÌÅ ÂÁÒ ÉÓ ρπױАÍȢ c Higher-magnification image of the boxed 

region shows R-bodies within eaÃÈ ÃÅÌÌȢ 3ÃÁÌÅ ÂÁÒ ÉÓ ρױАÍȢ d Zooming in on single cells 

reveals fluorescently tagged R-bodies forming a characteristic ring structure. 

Orthogonal projections reveal the tubular open organization of GFP-RebP1. Scale bar 

ÉÓ υππױÎÍȢ .ÏÔÅ ÔÈÁÔ ÔÈÅ ÎÏÎ-isotropic resolution slightly deforms the structure along 

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

tagged RebP1 and mScarlet-tagged RapA, showing the gfp-rebP1 translational fusion 

and the mScarlet-rapA translational fusion. f Representative confocal image of a thin 

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

ÄÅÍÁÒÃÁÔÅ ÔÈÅ ÅÄÇÅÓ ÏÆ ÔÈÅ ÂÉÏÆÉÌÍȢ 3ÃÁÌÅ ÂÁÒ ÉÓ ρπױАÍȢ g Super-resolution imaging 

reveals colocalization of mScarlet-RapA with the R-body ring structure formed by 

GFP-2ÅÂ0ρȢ 3ÃÁÌÅ ÂÁÒ ÉÓ υױАÍȢ h Zoom-in of the boxed region shown above. Scale bar 

ÉÓ υππױÎÍȢ )ÍÁÇÅÓ ÁÒÅ ÒÅÐÒÅÓÅÎÔÁÔÉÖÅ ÏÆ ÔÈÒÅÅ ÆÉÅÌÄÓ ÏÆ ÖÉÅ× ÆÒÏÍ Ô×Ï ÅØÐÅÒÉÍÅÎÔÓȢ 

  The results of the MS analysis indicated that RapA 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 an N-terminal 

mScarlet-RapA fusion from a weak ribosomal binding site and inserted it on the chromosome 

after the native rapA gene (Figure 2.4e). The resulting strain was also engineered to contain 

the construct for leaky expression of GFP-RebP1 as described above. We grew this dual-

labeled strain as a colony biofilm and prepared thin sections for confocal and super-

resolution microscopy. Confocal imaging revealed that RebP1 and RapA co-localize resulting 

in a Pearson correlation coefficient of ~0.59 (Figure 2.4f, g, Supplementary Figure 5 ). 

Consistent with this observation, super-resolution 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 R-bodies 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 the C. taeniospiralis R-body structural genes are found in 

diverse free-living bacteria suggests that their roles extend beyond endosymbiotic 

interactions19. In C. taeniospiralis and the plant symbiont Azorhizobium caulinodans, R-body 

production has been linked to host toxicity4,14,15,29. P. aeruginosa is an extracellular pathogen 

that colonizes a range of hosts, including plant and nematode models30,31. We therefore 

sought to probe the roles of R-bodies during these interactions. We first examined whether 

PrebP1 is active and whether rebP1P2 contributes to colonization after inoculation of the 

model plant Arabidopsis thaliana. We compared bacterial mScarlet expression patterns on A. 

thaliana seedlings that had been infected with strains containing either the PrebP1-mScarlet 

reporter or the constitutive PPA1/04/03-mScarlet construct. We found that while constitutive 

mScarlet production was uniform and fuzzy across colonized regions of A. thaliana leaves, 

PrebP1-driven expression was stochastic and restricted to a subset of PA14 cells (Figure 2.5a). 

To test whether R-body production contributes to host colonization, we inoculated A. 

thaliana seedlings with either PA14 74 ÏÒ ЎrebP1P2 and quantified the bacteria recovered 

after fivÅ ÄÁÙÓ ÏÆ ÐÌÁÎÔ ÇÒÏ×ÔÈȢ 7ÈÅÎ ÃÏÍÐÁÒÅÄ ÔÏ 74 0!ρτȟ ЎrebP1P2 displayed attenuated 

A. thaliana colonization that was restored to WT levels upon complementation of rebP1P2 

(Figure 2.5b ). Together, these results indicate a potential role for R-bodies in P. aeruginosa-

plant host interactions. 

 

 

 

https://paperpile.com/c/53pkPH/AShV
https://paperpile.com/c/53pkPH/n1ong+Ec19S+whbfV+1EII
https://paperpile.com/c/53pkPH/mfjo+7tP5
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Figure 2.5. a Fluorescent micrographs of A. thaliana leaves infected with WT PA14 

expressing mScarlet under the control of the rebP1 promoter (PrebP1-mScarlet), no 

promoter (MCS-mScarlet), or a constitutive promoter (PPA1/04/03-mScarlet). 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. 

3ÃÁÌÅ ÂÁÒÓ ÁÒÅ ρױÍÍȢ b CFUs obtained from A. 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 indicate means. p values were calculated using 

unpaired, two-tailed t-tests. nױІ6ױ biological replicates from three experiments. c 

Images of C. elegans fed WT PA14 containing the indicated reporter constructs. Top 

panels, Nomarski; middle panels, fluorescence; bottom panels, overlay. White boxes 
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indicate regions shown in close-up images. Images are representative of 15 replicates 

ÆÒÏÍ ÔÈÒÅÅ ÅØÐÅÒÉÍÅÎÔÓȢ 3ÃÁÌÅ ÂÁÒÓ ÁÒÅ ρπױАÍȢ d Images of C. elegans fed WT PA14 

containing indicated transcriptional and translational reporter constructs (construct 

schematics are shown in Fig. 2.4a). Left: Nomarski image. Dotted white box indicates 

region shown in close-up image at right. Right: Nomarski image overlain 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 the gfp ÃÈÁÎÎÅÌȢ 3ÃÁÌÅ ÂÁÒÓ ÁÒÅ υױАÍȢ )ÍÁÇÅÓ ÁÒÅ 

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 and animal models32. To investigate R-body production and toxicity 

in an animal host, we used intestinal colonization and pathogenicity assays in the nematode 

model Caenorhabditis elegans. Consistent with our observations in colony biofilms and on A. 

thaliana, we found that worms fed the strain containing the PrebP1-mScarlet reporter showed 

stochastic fluorescence in the intestine, in contrast to the more uniform fluorescence 

exhibited by the strain containing the constitutive PPA1/04/03-mScarlet construct (Figure 

2.5c). The distinct PrebP1-driven expression pattern we observed in the colony biofilm and 

host contexts may indicate that there is an advantage to restricting R-body production to a 

subset of cells in the population. To ask whether R-bodies are present during colonization of 

the intestine, we infected worms with the strain containing constructs for expression of the 

GFP-RebP1 fusion protein and the transcriptional reporter PrebP1-mScarlet. Fluorescence 

imaging revealed discrete puncta of GFP-labeled RebP1 in cells expressing mScarlet, 

indicating that these bacteria contain R-bodies (Figure 2.5d ). 

https://www.nature.com/articles/s41467-021-24796-0#Fig4
https://paperpile.com/c/53pkPH/41R2
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Figure 2.6 a, b Killing kinetics of C. elegans following exposure to P. aeruginosa with 

the indicated genotypes. The role of gacA in C. elegans pathogenicity has been 

described previously41 and gacA::Tn therefore serves as a control for defective killing 

in this assay. Error bars denote standard deviation and p values were calculated using 

unpaired, two-tailed t-tests. nױІ5ױ biological replicates from four experiments. The n 

values indicate the number of plates, each containing a PA14 lawn and 30ɀ40 worms. 

$ÁÔÁ ÁÒÅ ÐÒÅÓÅÎÔÅÄ ÁÓ ÍÅÁÎ ÖÁÌÕÅÓױϻ3$ױȢ 
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 To test whether R-body production contributes to PA14 virulence in C. elegans, we 

quantified percent survival for up to four days after synchronized populations of worms 

were exposed to PA14 WT and mutant strains. Mutants lacking rcgA or rapA displayed 

attenuated virulence, consistent with previously reported results (Figure 2.6bɊȢ ЎrebP1P2 

also displayed attenuated virulence, which was restored to WT levels upon complementation 

of rebP1P2 (Figure 2.6aɊȢ 4ÈÅ ÒÅÄÕÃÔÉÏÎ ÉÎ ÖÉÒÕÌÅÎÃÅ ×ÁÓ ÍÏÒÅ ÐÒÏÎÏÕÎÃÅÄ ÆÏÒ ЎrcgA and 

ЎrapA ÔÈÁÎ ÉÔ ×ÁÓ ÆÏÒ ЎrebP1P2, suggesting that RcgA and RapA act via RebP-dependent and 

RebP-independent mechanisms to enhance virulence. Nevertheless these results, together 

with the results of our genetic and imaging analyses with engineered strains (Figures 2.3c,d 

and 2.4e), indicate that the contributions of these proteins to PA14 virulence arise in part 

from their roles in inducing rebP1P2 expression or associating with RebP1, respectively. 

2.3.7 R-body production contributes to translational inhibition in P . 

aeruginosa -infected C. elegans 

 A recent study revealed that ribosome damage--specifically, cleavage of the 

ribosomal RNA at helix 69 (H69), a highly conserved feature of the decoding center--is a 

component of PA14 pathogenicity in C. elegans and that the regulator RcgA strongly 

promotes this infection outcome16. Ribosome cleavage leads to translational inhibition, 

which activates a C. elegans immune surveillance mechanism mediated by the zip-2 

pathway33,34. Based on this work and our observations, we hypothesized that host ribosome 

cleavage and zip-2 pathway activation are mediated, at least in part, by RcgA-dependent 

induction of R-body production. We tested this by first employing a C. elegans strain that  

 

https://paperpile.com/c/53pkPH/Ql9F
https://paperpile.com/c/53pkPH/a6uI+iI5U
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Figure 2.7 a Quantification of fluorescence intensity of irg-1::gfp in the images 

obtained in b using ImageJ/Fiji. p values indicated were calculated using unpaired, 

two-tailed t-ÔÅÓÔÓȢ ÎױІױρυ ÂÉÏÌÏÇÉÃÁÌ ÒÅÐÌÉÃÁÔÅÓ ÆÒÏÍ ÆÏÕÒ ÅØÐÅÒÉÍÅÎÔÓȢ b Images of C. 

elegans containing the irg-1::gfp transgene fed P. aeruginosa with the indicated 

ÇÅÎÏÔÙÐÅÓ ÆÏÒ ρςױÈȢ %ÁÃÈ ÐÁÎÅÌ ÓÈÏ×Ó ÆÌÕÏÒÅÓÃÅÎÃÅ ÏÖÅÒÌÁÙÅÄ ×ÉÔÈ .ÏÍÁÒÓËÉȢ )ÍÁÇÅÓ 

ÁÒÅ ÒÅÐÒÅÓÅÎÔÁÔÉÖÅ ÏÆ Іρυ ÒÅÐÌÉÃÁÔÅÓ ÆÒÏÍ ÆÏÕÒ ÅØÐÅÒÉÍÅÎÔÓȢ 3ÃÁÌÅ ÂÁÒ ÉÓ ρππױАÍȢ c H69 

cleavage levels (as percentage of the total 26S rRNA) in adult worms exposed to the 

PA14 wild type (WT) or the indicated mutants. p values indicated were calculated 

using unpaired, two-tailed t-tests. nױЀױτ ÂÉÏÌÏÇÉÃÁÌ ÒÅÐÌÉÃÁÔÅÓ ÆÒÏÍ Ô×Ï ÅØÐÅÒÉÍÅÎÔÓȢ 

$ÁÔÁ ÁÒÅ ÐÒÅÓÅÎÔÅÄ ÁÓ ÍÅÁÎ ÖÁÌÕÅÓױϻ3$ױȢ d Total RNA profile of adult worms exposed 

ÆÏÒ ςτױÈ ÔÏ ÔÈÅ ÉÎÄÉÃÁÔÅÄ P. aeruginosa strains. Black arrows denote the H69-cleaved 

Ò2.! ÆÒÁÇÍÅÎÔÓȢ 2&5 ÒÅÌÁÔÉÖÅ ÆÌÕÏÒÅÓÃÅÎÃÅ ÕÎÉÔÓȠ Ȱ-ȱ ÉÎÄÉÃÁÔÅÓ Á ρυ-nt marker used 

in the electrophoretic separation system. 
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 reports expression of irg-1, a target of the zip-2 pathway, as GFP fluorescence. When irg-

1::gfp ×ÏÒÍÓ ×ÅÒÅ ÆÅÄ ЎrcgAȟ ЎrapAȟ ÏÒ ЎrebP1P2, we observed little or no induction of irg-

1ȟ ×ÈÉÌÅ ÆÅÅÄÉÎÇ ×ÉÔÈ 74 0!ρτ ÏÒ ÔÈÅ ÃÏÍÐÌÅÍÅÎÔÅÄ ЎrebP1P2::rebP1P2 strain yielded 

strong reporter expression localized to the worm intestine (Figure 2.7a, b). These results 

suggest that these reb cluster genes are involved in PA14-effected translational inhibition in 

C. elegans. 

  Next, we investigated whether this translational inhibition correlated with ribosomal 

cleavage by analyzing the integrity of rRNA isolated from C. elegans fed WT PA14 or reb 

cluster mutant strains. Consistent with prior results16ȟ ×Å ÆÏÕÎÄ ÔÈÁÔ ЎrcgA showed a marked 

defect in induction of C. elegans ribosomal cleavage when compared to WT PA14. A similar 

ÄÅÆÅÃÔ ×ÁÓ ÅØÈÉÂÉÔÅÄ ÂÙ ÔÈÅ ЎrapA ÍÕÔÁÎÔȢ 4ÈÅ ЎrebP1P2 mutant also showed diminished 

induction of ribosomal cleavage, though the defect was not as pronÏÕÎÃÅÄ ÁÓ ÔÈÁÔ ÏÆ ЎrcgA 

ÁÎÄ ЎrapA ÁÎÄ ÎÏÒÍÁÌ ÌÅÖÅÌÓ ÏÆ ÒÉÂÏÓÏÍÁÌ ÃÌÅÁÖÁÇÅ ×ÅÒÅ ÒÅÓÔÏÒÅÄ ÉÎ ÔÈÅ ЎrebP1P2 

complemented strain (Figure 2.7c, d). These results, together with the pathogenicity defects 

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

translational inhibition contributes to PA14 virulence in C. elegans. 

2.4 Discussion 

 We have identified genes required for R-body production by P. aeruginosa PA14. In C. 

taeniospiralis, the proteins RebA, RebB, and RebD have been implicated in R-body 

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 R-body 

production. PA14 contains one homolog to RebD, and two RebB homologs that we have 

https://paperpile.com/c/53pkPH/Ql9F
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ÄÅÓÉÇÎÁÔÅÄ ÁÓ Ȱ2ÅÂ0ρȱ ÁÎÄ Ȱ2ÅÂ0ςȱ ÄÕÅ ÔÏ ÔÈÅÉÒ ÄÉÓÔÉÎÃÔ ÐÈÙÌÏÇÅÎÅÔÉÃ ÇÒÏÕÐÉÎÇȢ 3ÉÍÉÌÁÒ ÔÏ 

the case in C. taeniospiralis, RebP1 and RebP2 are longer than PA14 RebD, and RebP1 and 

RebP2 were both detected in SDS-insoluble preparations from PA14 biofilms, while RebD 

was not. These preparations also contained the product of rapA, another reb cluster gene 

that is well-conserved in the pseudomonads, and we found via high-resolution microscopy 

that RapA is associated with RebP1 inside PA14 cells. Expression of the putative rebP1P2 

operon is regulated by the transcription factor RcgA and sigma factor FecI2. RcgA and FecI2 

had previously been associated with virulence13,18, but their exact roles have eluded 

definition. We have also provided evidence that rebP1P2 expression is stochastic and that it 

can be observed both in independent biofilms and during association with hosts. While 

expression patterns between these two systems 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 context-dependent. An interesting possibility is that R-body 

production is a defense mechanism against       protozoa and nematodes that can graze       on 

P. aeruginosa, which are also found in soil and aquatic environments that harbor 

pseudomonads35ɀ38. In this context, R-body production could represent a protective strategy 

that, like e.g. type III secretion and rhamnolipid production, has been co-opted into a 

virulence-factor role39.  

  Though R-body production was initially thought to be limited to parasitic bacteria40, 

it has since been shown that reb gene homologs are found in diverse proteobacteria, 

including many non-symbionts19. Our results indicate that R-bodies made by P. aeruginosa 

PA14 contribute to colonization of a plant host and to virulence in a C. elegans model of 

https://paperpile.com/c/53pkPH/eTMjR+OOwS4
https://paperpile.com/c/53pkPH/ceyY+jfrj+JrQO+JtPZ
https://paperpile.com/c/53pkPH/e05p
https://paperpile.com/c/53pkPH/u9qX1
https://paperpile.com/c/53pkPH/AShV
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infection. Aside from C. taeniospiralis, and now P. aeruginosa, to our knowledge a role for R-

bodies in host damage has been observed only for the plant symbiont A. caulinodans. The reb 

genes in this plant symbiont are repressed by the regulatory protein PraR under both free-

living and host-associated conditions, but deletion of PraR allows R-body production and 

leads to killing of host plant cells15. Because R-body production has not been observed in 

wild type A. caulinodans, its significance in the context of bacterium-plant symbiosis is 

unclear15. Nevertheless, the fact that the damaging effects of R-bodies have now been 

described for three divergent bacterial species hints at a general role for these structures in 

interactions between proteobacteria and eukaryotes. 

  The reb cluster genes rcgA, fecI2, and rapA had previously been shown to contribute 

to PA14 virulence in C. elegans12,13,18. rcgA, specifically, had also been implicated in the 

ribosomal cleavage that occurs during C. elegans infection16. Here, we have shown that the 

rebP1P2 locus also contributes to PA14 virulence and ribosomal cleavage, though to a lesser 

extent than rcgA and rapA. 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 with our genetic and imaging results suggesting (i) RcgA-dependent 

activation of PrebP1, and (ii) an interaction between RapA and RebP1, our observations in C. 

elegans indicate that RcgA and RapA contribute to virulence via their roles associated with 

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

  Caedibacter R-body extension is triggered by low pH and occurs in phagolysosomes 

of naive paramecia, prompting Caedibacter lysis and the release of other toxins within 

Caedibacter cells, thereby killing the eukaryotic predator4,5. We speculate that PA14 R-body 

https://paperpile.com/c/53pkPH/whbfV
https://paperpile.com/c/53pkPH/whbfV
https://paperpile.com/c/53pkPH/zvRgN+eTMjR+OOwS4
https://paperpile.com/c/53pkPH/Ql9F
https://paperpile.com/c/53pkPH/VAL6s+Ec19S
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extension is similarly triggered in a host-specific manner. Cells in the PA14 R-body-

ÐÒÏÄÕÃÉÎÇ ÓÕÂÐÏÐÕÌÁÔÉÏÎ ×ÏÕÌÄ ÔÈÅÒÅÆÏÒÅ ÁÃÔ ÁÓ ȰËÁÍÉËÁÚÅÓȱ ÔÏ ÒÅÌÅÁÓÅ ÏÔÈÅÒ ÂÁÃÔÅÒÉÁÌ 

 

 

Figure 2.8  R-body-containing P. aeruginosa cells, or contracted R-bodies themselves, 

are endocytosed by the host cell (e.g., a C. elegans intestinal cell). Conditions of the 

phagolysosome disrupt the integrity of the bacterial cell wall and/or trigger extension 

of the R-body. The R-body pierces the phagolysosomal membrane, releasing P. 

aeruginosa cell contents into the host cell cytoplasm. P. aeruginosa toxins and/or host 

responses to lysosomal disruption lead to cleavage of the C. elegans ribosome, 

translational inhibition, and, ultimately, host killing. 

 

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

model of potential roles for R-bodies in host cell damage is shown in Figure 2.8 . In this 

model, either R-body-containing bacteria, or contracted R-bodies themselves, are taken up 

by host cells via endocytosis. For C. elegans, this is supported by the finding that the dynamin 

gene (dyn-1), which is necessary for endocytosis, is integral to the effects of PA14 on C. 

elegans rRNA16 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 cleaves C. elegans rRNA. This ribosomal damage then leads to translational inhibition, 

https://paperpile.com/c/53pkPH/Ql9F
https://paperpile.com/c/53pkPH/a6uI+Ql9F


46 

 

activating the zip-2 pathway and inducing target genes such as irg-1. The results of this study 

therefore indicate that the R-body is a virulence factor and raise the question of whether 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 free-living 

bacteria via analogous mechanisms during association with other organisms.  

2.5 Methods 

2.5.1 Bacterial strains and growth conditions  

Strains used in this study are listed in Table 2.1. Cultures of Pseudomonas aeruginosa strain 

UCBPP-PA14 (PA1441) were grown in lysogeny broth (LB; 1% tryptone, 1% NaCl, 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 clonal-source 

colonies grown on LB + 1.5% agar plates. Overnight precultures were grown for 14-16 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 mid-exponential 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 in Table 2.3 and inserted into pMQ30 through gap repair 

cloning in Saccharomyces cerevisiae InvSc144. Each plasmid, listed in Table 2.2, was 

transformed into Escherichia coli strain UQ950, verified by restriction digests and 

sequencing, and moved into P. aeruginosa PA14 using biparental conjugation via the E. coli 

https://paperpile.com/c/53pkPH/7bvAA
https://paperpile.com/c/53pkPH/FaSmD
https://paperpile.com/c/53pkPH/oRmq1
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donor strain BW29427. PA14 single recombinants were selected on LB agar plates 

containing 100 µg/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 mutants as hosts 

for biparental conjugation as indicated in Table 2.1. 

2.5.3 Phylogenetic analysis  

 All trees were generated with Geneious Prime 2020.2.4 using Muscle for sequence 

alignment and the neighbor-joining method for tree building (genetic distance model: Jukes-

Cantor (Supplementary Figure 1 ); Tamura-Nei (Supplementary Figure 2 )). Trees in 

Figure 1a and Supplementary Figure 2 were displayed using the online Interactive Tree Of 

Life (iTOL) tool45. 

2.5.4 Construction of PA14 reporter strains  

 A transcriptional reporter for the putative rebP1P2 operon was constructed using 

primers listed in Table 2.3 to amplify the promoter region (500 bp upstream of rebP1), 

ÁÄÄÉÎÇ ÁÎ 3ÐÅ) ÄÉÇÅÓÔ ÓÉÔÅ ÔÏ ÔÈÅ υȭ ÅÎÄ ÁÎÄ ÁÎ %ÃÏ2) ÄÉÇÅÓÔ ÓÉÔÅ ÔÏ ÔÈÅ σȭ ÅÎÄ ÏÆ ÔÈÅ ÐÒÏÍÏÔÅÒȢ 

Purified PCR products were digested and ligated into the multiple cloning site of the 

pLD3208 vector, upstream of the mScarlet coding sequence. This plasmid (pLD3210) was 

transformed into E. coli UQ950, verified by sequencing, and integrated into a neutral site in 

the PA14 genome using biparental conjugation with E. coli S17. PA14 single recombinants 

were selected on M9 minimal medium agar plates (47.8 mM Na2HPO4Ɇχ(2O, 22 mM KH2PO4, 

8.6 mM NaCl, 18.6 mM NH4Cl, 1 mM MgSO4, 0.1 mM CaCl2, 20 mM sodium citrate, 1.5% agar) 

containing 70 µg/ml gentamicin. The plasmid backbone was resolved out of PA14 using FLP-

https://paperpile.com/c/53pkPH/10ENM
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FRT recombination by introduction of the pFLP2 plasmid46 and selected on M9 minimal 

medium agar plates containing 300 µg/ml carbenicillin and confirmed on LB agar plates 

without NaCl and modified to contain 10% sucrose. The presence of mScarlet in the final 

clones was confirmed by PCR. To create the strain that constitutively expresses mScarlet, the 

constitutively expressing synthetic lac promoter (PPA1/03/04) was ligated into pLD3208 and 

mating the resulting plasmid, pLD3433, into the glmS locus of the PA14 genome via 

triparental mating with E. coli donor strain BW29427 and E. coli helper strain ß2155. 

2.5.5 Colony biofilm morphology assays  

 Ten µl of liquid subcultures were spotted onto 60 mL of colony morphology medium 

(1% tryptone, 1% agar containing 40 µg/mL Congo red dye and 20 µg/mL Coomassie blue 

dye) in 100mm x 100mm x 15mm square Petri dishes (LDP D210-16)27. Plates were 

incubated for up to five days in the dark at 25°C with >90% humidity (Percival CU-22L) and 

imaged daily with an Epson Expression 11000XL scanner. Images shown are representative 

of at least six biological replicates from three independent 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, mScarlet-expressing and 

non-fluorescent cells. Ten µl of 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 

ωω Ó ÏÎ ÔÈÅ ȰÈÉÇÈȱ Óetting. Serial dilutions of homogenized cells were plated onto 1% tryptone 

+ 1.5% agar plates and grown overnight at 37°C and colony forming units (CFU) were 

https://paperpile.com/c/53pkPH/XwKaU
https://paperpile.com/c/53pkPH/hq08
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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 sulfate-insoluble (SDS-insoluble) fraction of biofilms, 

we used wildtype PA14 and a mutant defective in producing the main exopolysaccharide Pel 

ɉɝpel). Biological replicates of five-day-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 phosphate-buffered saline (PBS), and sonicated for 2 x 10 s 

ÏÎ ÉÃÅ ×ÉÔÈ ÔÈÅ ÍÉÃÒÏÔÉÐ ÏÆ Á 3ÏÎÉÆÉÅÒ ςυπ ɉ"ÒÁÎÓÏÎɊȢ 3$3 ÁÎÄ ɼ-mercaptoethanol were added 

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; ~ ςυȍ#Ɋ ÆÏÒ φπ ÍÉÎȢ 4ÈÅ 

sample was then transferred into 1.5-mL 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, SDS-insoluble fraction) were pooled together.  

2.5.8 Mass spectrometry of SDS-insoluble proteins  

 The SDS-insoluble pellet was washed three times with Optima water (Fisher 

Scientific), solubilized in 100 µL 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 trypsin47. 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 

https://paperpile.com/c/53pkPH/VFrOW
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ProteinLynx Global Server (PLGS)48. Proteins were also identified and semi-quantitatively 

measured with a Q Exactive HF (Orbitrap, Thermo Scientific) with Mascot V. 2.549. 

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 for Pseudomonas aeruginosa strain 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 repository (https://massive.ucsd.edu). 

2.5.9 Scanning-electron microscopy  

 The SDS-insoluble pellet was resuspended in pre-fixative solution (2% 

paraformaldehyde, 2.5% glutaraldehyde, 0.0075% L-lysine 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 series of ethanol washes (25%, 50%, 75%, 95%, 3 x 100% ethanol). Samples were 

visualized with a Helios NanoLab DualBeam 660 (FEI). 4-10 fields of view per sample were 

captured at high magnification to screen for the presence of R-bodies per biological replicate. 

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 µl of 1% 

tryptone in a flat bottom, polystyrene, 96-well plate (Greiner Bio-One 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, 

https://paperpile.com/c/53pkPH/fwhsK
https://paperpile.com/c/53pkPH/mFVxU
https://massive.ucsd.edu/
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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 µl of overnight PA14 cultures were mounted on a 2% agarose pad on a glass slide, 

and imaged at 63x on a Zeiss Axio Imager D1 epifluorescence microscope 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 Fiji50,51. 

2.5.12 Fluorescence visualization in P. aeruginosa colony biofilms  

 For whole-colony fluorescence imaging, ten µl 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 CU-22L). 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 (excitation, υτυױÎÍȠ 

ÅÍÉÓÓÉÏÎȟ φπυױÎÍ ÆÏÒ ÉÍÁÇÉÎÇ ÏÆ Í3ÃÁÒÌÅÔȠ ÅØÃÉÔÁÔÉÏÎȟ τψψ ÎÍȠ ÅÍÉÓÓÉÏÎȟ υπω ÎÍ ÆÏÒ ÉÍÁÇÉÎÇ 

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 60-min ethanol washes (25%, 50%, 70%, 95%, 3 x 

100% ethanol) and cleared via three 60-min incubations in Histoclear-II (National 

Diagnostics); these steps were performed using an STP120 Tissue Processor (Thermo Fisher 

https://paperpile.com/c/53pkPH/B96CD+819i
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Scientific). Biofilms were then infiltrated with wax via two separate 2-h washes of 100% 

paraffÉÎ ×ÁØ ɉ0ÁÒÁÐÌÁÓÔ 8ÔÒÁɊ ÁÔ υυȍ#ȟ ÁÎÄ ÁÌÌÏ×ÅÄ ÔÏ ÐÏÌÙÍÅÒÉÚÅ ÏÖÅÒÎÉÇÈÔ ÁÔ τЈ#Ȣ 4ÒÉÍÍÅÄ 

blocks were sectioned in 10-µm-thick sections perpendicular to the plane of the biofilm, 

floated onto water at 42°C, and collected onto slides. Slides were air-dried 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 TRIS-buffered DAPI:Fluorogel (Electron 

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

each strain were prepared in this manner. Differential interference contrast (DIC), 

fluorescence confocal, and super-resolution imaging were performed using LSM800 and 

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

software. Colocalization was quantified using the JACoP plugin for ImageJ52. 

2.5.14 A. thaliana colonization assays  

 Arabidopsis thaliana ecotype Columbia (Col-0) seeds were sterilized using standard 

bleach protocols53. Washed, surface-sterilized seeds were resuspended in 0.1% agar and 

ÓÕÂÊÅÃÔÅÄ ÔÏ ςτ È ÏÆ ÃÏÌÄ ÔÒÅÁÔÍÅÎÔ ÁÔ τȍ#ȟ ÔÈÅÎ Ðlated and germinated on half-strength MS 

agar medium containing Gamborg vitamins54. Seeds were incubated at 22°C with a 12-h-

light/12 -h-dark photoperiod (100-150 µE/m2/s; Percival CU-22L) for three weeks. A. 

thaliana seedlings were then inoculated with PA14 using a flood inoculation assay55 and 

incubated under the same light/dark conditions for five days. For visualization of PA14-

infected A. thaliana, leaves were excised and mScarlet fluorescence was visualized with a 

Zeiss Axio Zoom.V16 fluorescence stereo zoom microscope. For quantification of PA14 

colonization of A. thaliana, seedlings were harvested, weighed, and surface-sterilized with 1 

mL of 5% H2O2 in water for 3 min. These seedlings were washed five times with sterile PBS 

https://paperpile.com/c/53pkPH/BvWg
https://paperpile.com/c/53pkPH/NqVOL
https://paperpile.com/c/53pkPH/dY0yx
https://paperpile.com/c/53pkPH/Kfsbl
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ÁÎÄ ÈÏÍÏÇÅÎÉÚÅÄ ÉÎ ρ Í, ÏÆ 0"3 ÉÎ Á ÂÅÁÄ ÍÉÌÌ ÈÏÍÏÇÅÎÉÚÅÒ ÏÎ ÔÈÅ ȰÈÉÇÈȱ ÓÅÔÔÉÎÇ ÆÏÒ ωω ÓÅÃȢ 

Serial dilutions of homogenized tissue were plated onto LB agar plates containing 4 µg/ml 

tetracycline and grown overnight at 37°C to select for P. aeruginosa, and CFU counts were 

quantified. 

2.5.15 C. elegans pathogenicity assays  

 Ten µl of overnight PA14 cultures were spotted onto NGM agar plates56 and incubated at 24 

È ÁÔ σχȍ#ȟ ÆÏÌÌÏ×ÅÄ ÂÙ ςτ È ÁÔ ςυȍ#Ȣ 4ÈÉÒÔÙ ÔÏ συ ÌÁÒÖÁÌ ÓÔÁÇÅ τ ɉ,τɊ ×ÏÒÍÓ ×ÅÒÅ ÐÉÃËÅÄ ÏÎÔÏ ÔÈÅ 0!ρτ-

ÓÅÅÄÅÄ ÐÌÁÔÅÓ ÁÎÄ ÉÎÃÕÂÁÔÅÄ ÁÔ ςυȍ#Ȣ &ÏÒ ÖÉÓÕÁÌÉÚÁÔÉÏÎ ÏÆ 0!ρτ-infected worms, worms were exposed 

to PA14 for three 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 modified from30, live/dead worms 

were counted for up to four days after plating onto PA14-seeded plates. unc-44(e362) worms, which 

exhibit body movement deficits, were used instead of wild-type to prevent worms from crawling off 

the plates. 

2.5.16 Measurement of ribosome cleavage levels in P. aeruginosa fed C. elegans 

 Standard slow killing (SK) assays30 were used to measure the effect that PA14 strains 

have on the level of ribosome cleavage at helix 6916Ȣ ςυ ʈ, ÁÌÉÑÕÏÔÓ ÏÆ ÏÖÅÒÎÉÇÈÔ ÂÁÃÔÅÒÉÁÌ 

liquid LB culture were plated on SK agar plates. The bacterial 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 adult C. elegans 

worms were then added to the plates and exposed for 24 h at 25°C. The worms were 

collected with M9 buffer and decanted 3 times in 15-mL tubes to allow digestion of bacteria 

inside the worms and to separate adults from larval progeny. Worm total RNA was extracted 

https://paperpile.com/c/53pkPH/qlJ1M
https://paperpile.com/c/53pkPH/mfjo
https://paperpile.com/c/53pkPH/mfjo
https://paperpile.com/c/53pkPH/Ql9F
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using acid guanidinium thiocyanate phenol-chloroform extraction. A profile of the total RNA 

×ÁÓ ÓÕÂÊÅÃÔÅÄ ÔÏ ÃÁÐÉÌÌÁÒÙ ÅÌÅÃÔÒÏÐÈÏÒÅÓÉÓ ÕÓÉÎÇ Á ȰÓÔÁÎÄÁÒÄ ÓÅÎÓÉÔÉÖÉÔÙȱ 2.! ÁÓÓÁÙ ÉÎ Á υσππ 

Fragment Analyzer instrument (Agilent Technologies). The profile was analyzed using the 

Prosize software 2.0 (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 µl of overnight PA14 cultures were spread onto NGM agar plates56 and incubated 

ÁÔ ςτ È ÁÔ σχȍ#ȟ ÆÏÌÌÏ×ÅÄ ÂÙ ςτ È ÁÔ ςυȍ#Ȣ 4ÈÉÒÔÙ ÔÏ συ ÙÏÕÎÇ ÁÄÕÌÔ ɉ9!Ɋ ×ÏÒÍÓ ÃÏÎÔÁÉÎÉÎÇ ÔÈÅ 

irg-1::gfp transgene (strain AU133) were picked onto the PA14-seeded plates and incubated 

ÁÔ ςυ ȍ#Ȣ &ÏÒ ÖÉÓualization of irg-1::gfp activation, 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. GFP fluorescence intensity was quantified using ImageJ/Fiji51. 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 plotted. 

  

https://paperpile.com/c/53pkPH/qlJ1M
https://paperpile.com/c/53pkPH/819i
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2.7 Tables  

Table 2.1: Strains used in this study.  

 

Strain  Number  Description  Source Appears in 
figure  

Pseudomonas aeruginosa 

UCBPP-PA14  Clinical isolate UCBPP-PA14.  32 2.2b-e, 
2.3e-f, 2.4c-
d, Appendix 
B 

0!ρτ Ўpel LD82 PA14 with deletion in PA14_24490 (pelB)-
24560 (pelG). 

58 2.2b-e, S3, 
Appendix B 

0!ρτ ЎÐÅÌ ВÒÅÂ0υ0φ  
 

LD2720 PA14 with deletion in PA14_24490-24560 and 
PA14_27640 (rebP1)-27640 (rebP2). Made by 
mating pLD2934 into LD2720.  
 

This study S3 

0!ρτ ЎÐÅÌ ВÒÅÂ0υ0φ:: 
rebP1P2 

LD3026 0!ρτ ɝpelB-G ɝPA14_27640 (rebP1)-27630 
(rebP2) with wild -type PA14_27630-27640 
complemented back into the site of deletion. 
Made by mating pLD3016 into LD2936. 

This study S3 

PA14 PrebP1-mScarlet LD3224 PA14 with PrebP1-mScarlet inserted at the attB 
site using pLD3210.  

This study  2.3a, 2.4a-b 

0!ρτ ЎrcgAfecI2 LD3137 PA14 with deletion in PA14_27690 (fecI2) -
27700 (rcgA). Made by mating pLD3136 into 
UCBPP-PA14. 

This study - 

0!ρτ ЎfecI2  LD3144 PA14 with deletion in PA14_27690 (fecI2). 
Made by mating pLD3142 into UCBPP-PA14. 

This study - 

0!ρτ ЎrcgA  LD3145 PA14 with deletion in PA14_27700 (rcgA). 
Made by mating pLD3143 into UCBPP-PA14. 

This study - 

0!ρτ ЎrcgAfecI2:: 
rcgA-fecI2  

LD3180 0!ρτ ɝPA14_27700 (rcgA)-27690 (fecI2) strain 
with wild -type PA14_27700-27690 
complemented back into the site of deletion. 
Made by mating pLD3179 into LD3137. 

This study - 

0!ρτ ЎrcgAfecI2 PrebP1-
mScarlet 

LD3782 0!ρτ ɝPA14_27690 (rcgA)-27700 (fecI2) with 
PrebP1-mScarlet inserted at the attB site using 

This study 2.3a 
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pLD3210.  

0!ρτ ЎfecI2 PrebP1-mScarlet LD3780 0!ρτ ɝPA14_27690 (fecI2) with PrebP1-mScarlet 
inserted at the attB site using pLD3210. 

This study 2.3a 

0!ρτ ЎrcgA PrebP1-mScarlet LD3781 0!ρτ ɝPA14_27700 (rcgA) with PrebP1-mScarlet 
inserted at the attB site using pLD3210. 

This study 2.3a 

0!ρτ ЎrcgAfecI2:: 
rcgAfecI2 PrebP1-mScarlet 

LD3783 0!ρτ ɝPA14_27700 (rcgA)-27690 (fecI2) strain 
with wild -type PA14_27700-27690 
complemented back into the site of deletion. 
The strain also has PrebP1-mScarlet inserted at 
the attB site using pLD3210. 

This study 2.3a 

PA14 MCS-mScarlet LD3294 PA14 without a promoter driving mScarlet 
expression inserted at the attB site using 
pLD3208.  

This study 2.3a, 2.4a-b 

PA14 PrebP1-mScarlet 
PPA1/04/03-gfp 

LD3657 PA14 with PrebP1-mScarlet inserted at the attB 
site and PPA1/04/03-gfp inserted at the glmS site 
by mating pLD3655 into LD3224.  

This study 2.3b-d 

0!ρτ ɝrcgAfecI2 PrebP1-
mScarlet 
PPA1/04/03-gfp 

LD3786 0!ρτ ɝPA14_27700 (rcgA)-27690 (fecI2) with 
PrebP1-mScarlet inserted at the attB site using 
pLD3210 and PPA1/04/03-gfp inserted at the 
glmS site by mating pLD3655 into LD3782. 

This study 2.3c-d 

0!ρτ ɝfecI2 PrebP1-mScarlet 
PPA1/04/03-gfp 

LD3784 0!ρτ ɝPA14_27690 (fecI2)with PrebP1-mScarlet 
inserted at the attB site and PPA1/04/03-gfp 
inserted at the glmS site by mating pLD3655 
into LD3780. 

This study 2.3c-d 

0!ρτ ɝrcgA PrebP1-mScarlet 
PPA1/04/03-gfp 

LD3785 0!ρτ ɝPA14_27700 (rcgA) with PrebP1-mScarlet 
inserted at the attB site and PPA1/04/03-gfp 
inserted at the glmS site by mating pLD3655 
into LD3781. 

This study 2.3c-d 

0!ρτ ɝrcgAfecI2:: 
rcgA-fecI2 PrebP1-mScarlet 
PPA1/04/03-gfp 

LD3787 0!ρτ ɝPA14_27700 (rcgA)-27690 (fecI2) strain 
with wild -type PA14_27700-27690 
complemented back into the site of deletion. 
The strain also has PrebP1-mScarlet inserted at 
the attB site and PPA1/04/03-gfp inserted at the 
glmS site by mating pLD3655 into LD3783. 

This study 2.3c-d 

0!ρτ ɝrebP1P2 LD2935 PA14 with deletion in PA14_27640 (rebP1)-
27630 (rebP2). Made by mating pLD2934 into 
UCBPP-PA14. 

This study 2.3e-f, 2.4c-
f 

PA14 
PPA1/04/03-mScarlet 

LD3765 PA14 constitutively expressing mScarlet. 
Made by mating pLD3433 into UCBPP-PA14. 

This study 2.3f 

0!ρτ ɝrebP1P2 
PPA1/04/03-mScarlet 

LD3766 0!ρτ ɝPA14_27640 (rebP2)-27630 (rebP2) 
constitutively expressing mScarlet. Made by 
mating pLD3433 into LD2935. 

This study 2.3f 
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PA14 PPA1/04/03-mScarlet LD3295 PA14 with lac-derived constitutive PA1/04/03 
promoter driving mScarlet expression 
inserted at the attB site using pLD3293. 

This study 2.4a-b 

0!ρτ ɝrebP1P2:: 
rebP1P2 

LD3025 0!ρτ ɝPA14_27640 (rebP1)-27630 (rebP2) 
with wild -type PA14_27640-27630 
complemented back into the site of deletion. 
Made by mating pLD3016 into LD2935. 

This study 2.4c-d 

PA14 gacA::Tn  LD1560 MAR2xT7 transposon insertion into 
PA14_30650 (gacA). 

59 2.4c-d 

Arabidopsis thaliana  

Col-0 
 

  J. Reed, 
UNC-
Chapel 
Hill  

2.4a,c 

Caenorhabditis elegans  

unc-44(e362) 
 

LD3326  56 

M. Chalfie, 
Columbia 
University 

2.4b,d 

Escherichia coli  

UQ950  LD44 E. coli $(υɻ ʇɉpir) strain for cloning; F-
ɝɉargF-lacɊ ρφωʒψπÄlacZυψɉɝ-ρυɊ 
glnV44(AS) rfbD1 gyrA96(NaIR) recA1 endA1 
spoT thi-υ ÈÓÄ2υϋ ÄÅÏ2 ʇÐÉÒϽ 

D. Lies, 
Caltech  

 

BW29427 LD661 Donor strain for biparental conjugation; 
thrB1004 pro thi rpsL hsdS lacZ ɝ-ρυ20τ-
ρσφπ ɝɉaraBAD)567 ɝdapA1341::[erm 
pir(wt)]  

W. 
Metcalf, 
University 
of Illinois  

 

S17-1  LD2901 StrR, TpR, F-RP4-2-4Ãȡȡ-Õ ÁÐÈ!ȡȡ4Îϋ ÒÅÃ! ʇÐÉÒ 
lysogen 
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ß2155 LD69 Helper strain. thrB1004 pro thi strA hsdsS 
lacZɝ-ρυ ɉ&ᴂ lacZɝ-ρυ lacIq traD36 proA+ 
proB+Ɋ ɝdapA::erm (Ermr) pir ::RP4 [::kan 
(Kmr) from SM10] 
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Saccharomyces cerevisiae  

 InvSc1 
 

LD676 -!4ÁȾ-!4ɻ ÌÅÕφȾÌÅÕφ ÔÒÐυ-289/trp1 -289 
ura3-52/ ura3-52 his3-ɝ1/his3-ɝ1 

Invitrogen  
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Table 2.2: Plasmids used in this study.  

Plasmids  Number  Description  Source 

pMQ30 LD621 Yeast-based allelic-exchange vector; sacB+, CEN/ ARSH, URA3+, 
GmR .  

44 

pLD3208  LD3208 MCS-mScarlet GmR, TetR flanked by Flp recombinase target 
(FRT) sites to resolve out resistance cassettes. Cloned by 
swapping gfp sequence with mScarlet (XhoI + SacI) 

This study 

pFLP2 LD743 Site-specific excision vector with cI857-controlled FLP 
recombinase encoding sequence, sacB, ApR. 

46 

pLD3210 (PrebP1-
mScarlet) 

LD3210 487 bp of rebP1 promoter sequence inserted at the MCS (SpeI 
and EcoRI) of pLD3208 

This study 

pLD3655 LD3655 gfp coding region cloned into pAKN69 plasmid replacing the yfp 
coding region excised with SphI and NheI 

This study 

pLD3293 (mScarlet+) LD3293 lac-derived constitutive promoter PA1/04/03 inserted at the 
MCS (SpeI and EcoRI) of pLD2722 

This study 

pLD3136 LD3136 ɝPA14_27700 (rcgA)-27690 (fecI2) flanking fragments 
introduced into pMQ30 by gap repair cloning in yeast strain 
InvSc1 

This study 

pLD3142 LD3142 ɝPA14_27690 (fecI2) flanking fragments introduced into pMQ30 
by gap repair cloning in yeast strain InvSc1 

This study 

pLD3143 LD3143 ɝPA14_27700 (rcgA) flanking fragments introduced into pMQ30 
by gap repair cloning in yeast strain InvSc1 

This study 

pLD3179 LD3179 Full genomic sequence of PA14_27700 (rcgA)-27690 (fecI2) PCR 
fragment introduced into pMQ30 by gap repair cloning in yeast 
strain InvSc1. Verified by illumina sequencing. 

This study 

pLD2934 LD2934 ɝrebP1P2 flanking fragments introduced into pMQ30 by gap 
repair cloning in yeast strain InvSc1 

This study 

pLD3016 LD3016 Full genomic sequence of rebP1P2 and native promoter PCR 
fragment introduced into pMQ30 by gap repair cloning in yeast 
strain InvSc1. Verified by illumina sequencing. 

This study  

pLD3433 LD3433 mScarlet coding region cloned into pAKN69 plasmid replacing 
the yfp coding region that was excised with BlpI and NheI. 

This study 
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Table 2.3: Primers used in this study.  

Primer 
number  

Sequence Used for 
plasmid  

LD2609 acgtacgtctcgagtctagatttaagaaggagatatacatatgagtaaaggagaagc pLD3208 

LD2635 actgactggagctcataaaacgaaaggcccagtctttcg 

LD2113 acgtacgtacACTAGTccagatcctgcagaacgtc pLD3210 

LD2114 acgtacgtacGAATTCgatgtgactccctgtgagtgaa 

LD1087 AGGGCCAATCGATAGAGTTT 

LD1088 TCTTCGTGATCTGAAGCCATT 

LD3139 acgtacgtacgcatgctg AGTAAAGGAGAAGAACTTTTCACTGG pLD3655 

LD3141 acgtacgtacgctagc GGCGGATTTGTCCTACTCAG 

LD2731 acgtacgtacACTAGTtatttagaaaaataaacaaataggggttccgc pLD3293 

LD2732 acgtacgtacGAATTCgcttaatttctcctctttaattctagatgtgtg 

LD2507 ggaattgtgagcggataacaatttcacacaggaaacagctCTACGATTGGGTGTCCTTGC pLD3136 
(LD2507-
2510), 
pLD1853 
(LD2507 
and 
LD2510) 

LD2508 TGTTCACGCCACTACACCCGCGACGTTTCACAAGACAGA 

LD2509 TCTGTCTTGTGAAACGTCGCGGGTGTAGTGGCGTGAACA 

LD2510 aggcaaattctgttttatcagaccgcttctgcgttctgatAGCGCTTCGACGAACAAC 

LD2507 ggaattgtgagcggataacaatttcacacaggaaacagctCTACGATTGGGTGTCCTTGC pLD3142 

LD2521 TATGGATCGTCCGAATCAGCGCGACGTTTCACAAGACAGA 

LD2522 TCTGTCTTGTGAAACGTCGCGCTGATTCGGACGATCCATA 

LD2523 aggcaaattctgttttatcagaccgcttctgcgttctgatCTCGCTACCCTTTCCGAATA 
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LD2525 ggaattgtgagcggataacaatttcacacaggaaacagctACATGTCTGGGCACTCCTG pLD3143 

LD2526 CACGCCACTACACCCTGCCTGTCACCCAGGTAACAGCC 

LD2527 GGCTGTTACCTGGGTGACAGGCAGGGTGTAGTGGCGTG 

LD2510 aggcaaattctgttttatcagaccgcttctgcgttctgat AGCGCTTCGACGAACAAC 

LD2191 ggaattgtgagcggataacaatttcacacaggaaacagctCGCGCGCAACTCTTCTAT pLD2934 
(LD2191- 
LD2194),  
 
pLD3016 
(LD2191 
and 
LD2194) 

LD2192 gagttttccgaccgcagtcCTGCTGACGGTGCTCAAAG 

LD2193 ctttgagcaccgtcagcagGACTGCGGTCGGAAAACTC 

LD2194 aggcaaattctgttttatcagaccgcttctgcgttctgatGAAATATCGGACAGCGATGC 

LD2507 ggaattgtgagcggataacaatttcacacaggaaacagct CTACGATTGGGTGTCCTTGC pLD3136 
(LD2507-
LD2509), 
pLD3179 
(LD2507 
and 2509) 

LD2508 TGTTCACGCCACTACACCCGCGACGTTTCACAAGACAGA 

LD2509 TCTGTCTTGTGAAACGTCGCGGGTGTAGTGGCGTGAACA 

LD2510 aggcaaattctgttttatcagaccgcttctgcgttctgat AGCGCTTCGACGAACAAC 

LD2811 acgtacgtGCTGAGC AGTAAAGGAGAAGCTGTGATTAAAG pLD3433 

LD2812 acgtacgtGCT GAGCAGTAAAGGAGAAGCTGTGATTAAAG 
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2.8 Figure supplements  

 

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. taeniospiralis RebA and RebB are shown in purple. 

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

ÓÈÏ×Î ÉÎ ÏÒÁÎÇÅȢ 7Å ÈÁÖÅ ÁÓÓÉÇÎÅÄ ÔÈÅ ÄÅÓÉÇÎÁÔÉÏÎ Ȱ2ÅÂ0ȱ ÔÏ 2ÅÂ ÈÏÍÏÌÏÇÓ ÔÈÁÔ 

cluster with P. aeruginosa PA14_27630 and PA14_27640 (shown in blue). Green 

circles at the end of each branch indicate the presence of FecI2 homologs in the 

respective strains, while red circles indicate its absence.  
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Supplementary Figure 2.  16S rRNA-based phylogenetic tree showing all 

Pseudomonas species with complete genomes available in the Pseudomonas Genome 

Database. Species with at least one strain containing one or more rebP1 homolog(s) 

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

rebP1 homologs out of the total number of strains with complete genomes for a 

respective species. 
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Supplementary Figure 3.  SEM images of SDS-insoluble fractions prepared from 

ÂÉÏÆÉÌÍÓ ÏÆ ÓÔÒÁÉÎÓ ×ÉÔÈ ÔÈÅ ÉÎÄÉÃÁÔÅÄ ÍÕÔÁÔÉÏÎÓȢ 4ÈÅ Ўpel background was used 

because this parent strain is more amenable to disruption. Scale bar is 500 nm. The 

images are representative of 16 fields of view captured for each strain from three 

ÅØÐÅÒÉÍÅÎÔÓȢ &ÏÒ Ўpel ÁÎÄ ЎpelЎrebP1P2::rebP1P2 samples, every field of view 

captured had an R-body present whereas none wÅÒÅ ÄÅÔÅÃÔÅÄ ÉÎ ÔÈÅ ЎpelЎrebP1P2 

sample. On average, 10.8 R-bodies were seen in each field of view (range from 1-40 

R-ÂÏÄÉÅÓɊ ÆÏÒ Ўpel and 9.6 R-bodies with a range of 1-30 R-bodies in 

ЎpelЎrebP1P2::rebP1P2. 

 
 

Supplementary Figure 4.  Expression of mScarlet by the indicated genotypes 

containing the PrebP1 or 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 from two experiments. Data are presented as mean 

values. Error bars represent standard deviation. 
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Supplementary Figure 5.  Colocalization of GFP-RebP1 and mScarlet-RapA. 

Representative confocal image of a thin section prepared from three-day-old biofilms 

of the dual-labeled strain shown in Figure 4b. To visualize the degree of 

colocalization, we generated a binary mask of GFP-RebP1 in ImageJ. The mask was 

then applied (ImageJ image calculator, Subtract) to the mScarlet-RapA 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 

ʈÍȢ 
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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. I was responsible 

for all the work below, except for experiments testing the effect of temperature on PrebP1-

mScarlet expression (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 (10-20 uM in length)1. Rɀbody structural genes 

ɉȰrebȱ ÇÅÎÅÓɊ ÁÒÅ ÆÏÕÎÄ ÉÎ ÄÉÖÅÒÓÅ ÐÒÏÔÅÏÂÁÃÔÅÒÉÁȟ ÂÕÔ 2-body production has been directly 

observed in only a few isolates. We recently discovered that Pseudomonas aeruginosa PA14 

produces the R-body as a virulence factor and that it plays a role in plant host colonization 

and nematode killing2. Specifically, we found that R-body-producing PA14 elicited 

translational inhibition in the worm host Caenorhabditis elegans by promoting host rRNA 

cleavage during infection2. A survey of pseudomonad genomes harboring reb genes, 

identified adjacent, co-conserved genes coding for a sigma factor called FecI2 and the 

transcription factor RcgA. Both of these regulatory genes have also previously been 

implicated in C. elegans virulence3,4. In pseudomonads, the region of the chromosome that 

harbors fecI2, rcgA, and the R-body structural genes also typically contains 1-4 interspersed 

genes that vary with respect to their conservation and roles in R-body production (Figure 

2.1b), and we refer to all genes in this locus collÅÃÔÉÖÅÌÙ ÁÓ ȰÔÈÅ reb ÃÌÕÓÔÅÒȱ2,5. Peculiarly, the 

hypothetical genes that lie within pseudomonad reb clusters have no known homologs or 

protein motifs.  

https://paperpile.com/c/UJnQON/9xvph
https://paperpile.com/c/UJnQON/rGjzk
https://paperpile.com/c/UJnQON/rGjzk
https://paperpile.com/c/UJnQON/OUfNX+JOOpj
https://paperpile.com/c/UJnQON/gREew+rGjzk
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In all R-body-producing bacteria that have 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 the reb gene cluster has been 

found to be modulated by a predicted cyclic nucleotide-binding transcription factor, RebR. 

Additionally, reb genes in A. caulinodans have also been shown to be tightly controlled in 

response to temperature and the type of carbon source provided6,7. We previously showed 

that PA14 reb cluster gene expression requires both the transcription factor RcgA and the 

sigma factor FecI22. RcgA, an orthologue of RebR, is also predicted to be a cNMP binding 

protein, and one of the major second messengers detected in P. aeruginosa is cAMP. 

Additionally, cAMP levels have previously been reported to be heterogeneous in P. 

aeruginosa8, leading us to hypothesize that RcgA senses intracellular cAMP levels and 

thereby tunes R-body production. 

In this study, we identify global and local regulators of the reb gene cluster, which 

contribute to its expression by a stochastic subpopulation of cells. We found that 

temperature impacts the number of cells expressing reb genes in the population. 

Furthermore, temperature of growth also influences the heritability of reb genes in a biofilm. 

Through mutagenesis of 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 modulates reb 

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 of reb gene expression.  

https://paperpile.com/c/UJnQON/IGwUL+womA7
https://paperpile.com/c/UJnQON/rGjzk
https://paperpile.com/c/UJnQON/EPI5c
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3.2 Results 

3.2.1 Identification of local  and global regulators required for activity of rebP1 

and rcgA promoters  

 We have routinely used fluorescent reporter strains to study P. aeruginosa promoter 

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 this approach, we have previously 

demonstrated that the rebP1 operon is expressed stochastically and its expression requires 

both rcgA and fecI2 (Figure 3.1a).2 To test whether RcgA regulates its own expression, we 

generated a construct that reports expression from the rcgA promoter (PrcgA) as red 

fluorescence (mScarlet) and moved it into wild-ÔÙÐÅȟ ЎrcgAȟ ÁÎÄ ЎfecI2 strain backgrounds. 

Growth of these strains in liquid cultures or as biofilms revealed that deleting either rcgA or 

fecI2 abrogated PrcgA activity (Figure 3.1b, Figure 3.2a ). This result indicates that RcgA 

engages in positive autoregulation.  

 It has previously been observed that gacA deficient mutants of P. protegens Pf-5 

suppressed the expression of reb genes9. To investigate whether this was the case in PA14, 

we moved the PrebP1 and PrcgA reporters into a gacA deletion background. Indeed, the 

expression of both reporters were heavily repressed in liquid culture and biofilms (Figure 

3.1d, Figure 3.2a). Since the downstream quorum-sensing pathways controlled by GacA are 

well characterized (Figure 3.1c), we took a step further and moved both reporters into 

ɝÌÁÓ2ȟ ɝrhlR and ɝpqsA-C backgrounds. Each of these mutants interfere with different GacA-

controlled quorum-sensing systems. LasR and RhlR sense distinct homoserine lactone, while 

https://paperpile.com/c/UJnQON/rGjzk
https://paperpile.com/c/UJnQON/j47jd
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PqsA-C are required for the biosynthesis of quinolones10. 3ÔÒÉËÉÎÇÌÙȟ ÏÎÌÙ ÔÈÅ ɝlasR mutant 

ÐÈÅÎÏÃÏÐÉÅÄ ɝgacA, exhibiting attenuated expressions of PrebP1 and PrcgA promoters in both 

liquid culture and biofilms (Figure 3.1d, Figure 3.2a ). This confirms that reb cluster genes 

are also quorum-sensing regulated in P. aeruginosa PA14, 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 segments are identified by      

sequentially truncating the promoter. We found that expression from the rcgA promoter was 

abolished when it was truncated to 108 bp upstream of the rcgA start codon (Figure 3.1e). 

Scanning this promoter for binding sequences revealed a predicted LasR binding site from 

107-125 bp upstream of the rcgA coding sequence, which we had removed when we created 

the 108-bp construct. This suggested direct binding of LasR to the rcgA promoter to 

modulate rcgA expression. Prior studies have shown that LasR controls expression of some 

of its targets via cooperative binding10, and our observation that RcgA is 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 30-bp regions immediately downstream of tÈÅ ,ÁÓ2 ÂÉÎÄÉÎÇ ÓÉÔÅ ɉȰÓÈÕÆÆÌÅ-ρȱ ÁÎÄ 

ȰÓÈÕÆÆÌÅ-ςȱȠ Figure 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 sequence contains the RcgA binding site. Taken together, our 

observations are consistent with a model in which LasR and RcgA directly control rcgA 

expression.  

https://paperpile.com/c/UJnQON/Yus8
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Figure 3.1. a Chromosomal arrangement of genes associated with R-body production 

in P. aeruginosa PA14. Regulatory genes are shaded yellow. Genes shaded blue are R-
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body structural genes. Genes shaded purple have unknown functions. b Expression 

of mScarlet under the control of the rebP1 (left) or rcgA (right) promoters in liquid 

cultures and in the indicated strain backgrounds. n = 3 biological replicates. Data are 

ÐÒÅÓÅÎÔÅÄ ÁÓ ÍÅÁÎ ÖÁÌÕÅÓױϻ3$ױȢ c Schematic of tested regulatory cascades associated 

with quorum sensing and involved in controlling the reb gene cluster. d Expression 

of mScarlet under 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 panel. n = 3 biological replicates. Data are presented as 

ÍÅÁÎ ÖÁÌÕÅÓױϻ3$ױȢ e Schematics of promoter-mScarlet fusion constructs in which the 

rcgA promoter region was truncated or shuffled upstream of the rcgA start codon. 

Yellow boxes indicate the predicted lasR binding site. Gray boxes indicate the 

sequences that were shuffled. MCS refers to a promoter-less mScarlet construct that 

serves as a negative control.  

 

3.2.3 PrebP1 and PrcgA activity are in the same subpopulations in biofilms  

 In our analyses of PrebP1 and PrcgA activity, the two promoters behave similarly at the 

population level and both are induced by RcgA (Figure 3.1b ). We were interested in whether 

rcgA and rebP1 are expressed in the same subpopulation. To investigate this, we constructed 

a dual-fluorescence reporter strain that contains PrebP1-gfp and PrcgA-mScarlet (Figure 3.2b ). 

We grew this strain as a biofilm and prepared thin-sections for confocal analysis, and found 

that PrebP1 and PrcgA were active in the same cells (Figure 3.2b ). This indicates that stochastic 

regulation of the reb gene cluster occurs upstream of rcgA expression. Through flow 

cytometry analysis, we found that the percentage of the population expressing both rebP1 

and rcgA was higher in a 3-day-old biofilm (~10%) when compared to a 24-hour 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 confirms that both genes are indeed 

expressed in the same cells, and provides additional evidence that stochasticity is conferred 

upstream of RcgA.  
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Figure 3.2. a Left: Schematic showing plane of view. Right: Bright-field and 

fluorescence microscopy images of 3-day-old biofilms formed by strains with the 

indicated genotypes, containing the dual PrebP1 and PrcgA transcriptional reporter. 

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

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

ÐÒÅÓÅÎÔÅÄ ÁÓ ÍÅÁÎ ÖÁÌÕÅÓױϻ3$ױȢ 3ÃÁÌÅ ÂÁÒ ÉÓ ςױÍÍȢ b Left: Schematic showing plane of 

view. Right: Fluorescence microscopy image of a thin-section prepared from a 3-day-

old, wild-type biofilm containing the dual PrebP1 and PrcgA transcriptional reporter 

ÃÏÎÓÔÒÕÃÔ ɉÓÈÏ×Î ÉÎ ÔÈÅ ÓÃÈÅÍÁÔÉÃ ÂÅÌÏ×ɊȢ 3ÃÁÌÅ ÂÁÒ ÉÓ ςπױʈÍȢ c Red fluorescence 

counts obtained via flow cytometry analysis of the dual PrebP1 and PrcgA transcriptional 

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 zoomed-in view of red fluorescence 

positive population peaks. d Results of flow cytometry analysis showing green and 

red fluorescence intensities for a liquid-culture population of the dual PrebP1 and PrcgA 

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. caulinodans is temperature-dependent7 and reporter-based 

assays have shown that increasing the growth temperature leads to a decrease in the 

expression of reb genes in this bacterium. To test whether this is also the case for PA14 reb 

genes, we grew the PrebP1-mScarlet ÒÅÐÏÒÔÅÒ ÓÔÒÁÉÎ ÁÔ ÔÅÍÐÅÒÁÔÕÒÅÓ ÒÁÎÇÉÎÇ ÆÒÏÍ ςυȍ# ÔÏ σχȍ# 

and measured the fluorescence of each culture after 24 h of incubation. Similar to the 

observations made in A. caulinodans, we found that the expression of rebP1 decreased with 

increasing temperatures. However, the transition from permissive to restrictive conditions 

for PA14 reb ÇÅÎÅ ÅØÐÒÅÓÓÉÏÎ ÏÃÃÕÒÒÅÄ ÂÅÔ×ÅÅÎ σςȍ# ÁÎÄ συȍ# ɉFigure 3.3a), while in A. 

caulinodans ÔÈÉÓ ÔÒÁÎÓÉÔÉÏÎ ÏÃÃÕÒÓ ÁÔ ÈÉÇÈÅÒ ÔÅÍÐÅÒÁÔÕÒÅÓ ɉÂÅÔ×ÅÅÎ συȍ# ÁÎÄ σψȍ#Ɋ. Flow 

cytometry analysis revealed that the decrease in fluorescence signal is due to both a decrease 

in the number of cells expressing reb genes as well as fluorescence intensity of the reporter 

(Figure 3.3b ).  

Previously, we have demonstrated that reb expression is stochastic and heritable in 

ÂÉÏÆÉÌÍÓ ÇÒÏ×Î ÁÔ ςυȍ#Ȣ2 Since temperature appears 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 constitutively expressing gfp, at a 

frequency of 2% (to mark clonal populations within the biofilm), and cells containing the 

transcriptional reporter P rebP1-mScarlet at a frequency of 98%. This strain mixture allows us 

to visualize the PrebP1-mScarlet-expressing population in the context of the biofilm 

architecture. At low temperatures, clonality of reb expressing cells are maintained, evident 

ÆÒÏÍ ÔÈÅ ÖÅÒÔÉÃÁÌÌÙ ÁÒÒÁÎÇÅÄ ÓÔÒÉÁÔÉÏÎÓ ÏÆ ÃÅÌÌÓȢ 3ÔÒÉËÉÎÇÌÙȟ ÁÔ σχȍ# ÁÌÔÈÏÕÇÈ ÐÉÌÌÁÒÓ ÅØÐÒÅÓÓÉÎÇ 
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Figure 3.3. a Levels of rebP1 promoter activity in liquid cultures grown for 24 h at 

the indicated temperatures. MCS refers to a promoter-less mScarlet construct that 

serves as a negative control. b Results of flow cytometry analysis showing percentage 

of population expressing PrebP1-mScarlet after 24 h of liquid-culture growth at the 

indicated temperatures. Inset shows fluorescence intensity of red fluorescence 

positive population. c Percentage of cells expressing PrebP1-mScarlet transcriptional 

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 

ÔÅÍÐÅÒÁÔÕÒÅÓȢ 4ÈÅ 2&0 ÐÁÎÅÌ ÁÔ σχȍ# ÉÓ ÓÐÌÉÔ ÔÏ ÓÈÏ× ÔÒÕÅ ÓÉÇÎÁÌ ɉÌÅÆÔɊ ÁÎÄ ÁÒÔÉÆÉÃÉÁÌÌÙ 

ÂÏÏÓÔÅÄ ÓÉÇÎÁÌ ɉÒÉÇÈÔɊ ÔÏ ÁÉÄ ÉÎ ÖÉÓÕÁÌÉÚÁÔÉÏÎ ÏÆ ÔÈÉÓ ÓÅÃÔÉÏÎȢ 3ÃÁÌÅ ÂÁÒ ÉÓ ςπױʈÍȢ )ÍÁÇÅÓ 

are representative of six replicates from three experiments.  

 

gfp are still present, the PrebP1 expressing cells now appear to be randomly arranged, 

suggesting the loss of heritability of reb expression at high temperatures. (Figure 3.3d ). We 

measured the area of mScarlet signal in each thin-section and used this as a proxy for the 
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number of cells expressing PrebP1-mScarlet. Higher incubation temperatures led to decreases 

in the reb-expressing population within biofilms, consistent with our findings for liquid 

cultures (Figure 3.3c).  

 

σȢςȢυ )ÄÅÎÔÉÆÉÃÁÔÉÏÎ ÏÆ ÒÅÓÉÄÕÅÓ ÉÎ 2ÃÇ!ȭÓ ÐÕÔÁÔÉÖÅ ÃÙÃÌÉÃ ÎÕÃÌÅÏÔÉÄÅ ÂÉÎÄÉÎÇ 

pocket that are required for rebP1 expression  

 The PA14 genome codes for two proteins that are similar to RcgA: a hypothetical 

protein predicted to bind cyclic nucleotides (PA14_03580) and Vfr (PA14_08370), a well-

characterized cAMP-activated transcription factor. These proteins share 28.6% and 23.2% 

identity to RcgA, respectively. Alignment of the RcgA sequence with those of Vfr and the E. 

coli ortholog CRP revealed a cNMP binding pocket that is largely conserved among the three 

proteins (Figure 3.2a). An X-ray crystal structure of Vfr previously revealed three amino 

acids that participate in cAMP binding: a glutamic 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 PrebP1 activity, we created rcgA point mutants in the PrebP1 reporter strain 

background by replacing each of these amino acids with alanine. Strikingly, each of these 

point-mutants abolished PrebP1 ÁÃÔÉÖÉÔÙȟ ÐÈÅÎÏÃÏÐÙÉÎÇ ÔÈÅ ɝrcgA phenotype (Figure 3.4c). 

This suggests that RcgA binding to a cyclic nucleotide is necessary for reb 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 nucleotide-binding proteins, we 

hypothesized that RcgA senses cAMP and modulates PrebP1 expression in response to 

intracellular levels of this signal. In P. aeruginosa, cAMP can be synthesized by either of the  

 
Figure 3.4. a Left: Depiction of RcgA bound to PrebP1. Right: Alignment of the putative 

ligand binding pocket of RcgA with those of PA14 Vfr and E. coli CRP. b Structure of 
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cAMP. c Expression of mScarlet in liquid cultures of the indicated strains, containing 

the PrebP1 or promoter-less transcriptional reporter. n = 3 biological replicates. Data 

ÁÒÅ ÐÒÅÓÅÎÔÅÄ ÁÓ ÍÅÁÎ ÖÁÌÕÅÓױϻ3$ױȢ d Top: Reactions catalyzing cAMP synthesis or 

degradation in P. aeruginosa. Bottom: Fluorescence of liquid cultures expressing 

mScarlet under the control of PrebP1 in the indicated strain backgrounds. n = 3 

ÂÉÏÌÏÇÉÃÁÌ ÒÅÐÌÉÃÁÔÅÓȢ $ÁÔÁ ÁÒÅ ÐÒÅÓÅÎÔÅÄ ÁÓ ÍÅÁÎ ÖÁÌÕÅÓױϻ3$ױȢ e Flow cytometry 

analysis of populations expressing mScarlet under the control of PrebP1 . 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 PrebP1-mScarlet in the indicated 

backgrounds. Scale bar = 20 µm. 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. Trends 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 activate cAMP-dependent signaling cascades that control various outputs 

including virulence factor production. To probe whether cAMP levels affect RcgA expression, 

we moved the PrebP1-mScarlet ÃÏÎÓÔÒÕÃÔ ÉÎÔÏ ÔÈÅ ɝcpdA ÁÎÄ ɝcyaAɝcyaB backgrounds, which 

have previously been described to have higher and lower levels of intracellular cAMP 

respectively11.  

As expected, deletion of cpdA caused an increase in PrebP1 activity while a double 

deletion of cyaA and cyaB caused a slight decrease in PrebP1 activity 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 expressing 

PrebP1-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, representing the PrebP1-active cells, 

https://paperpile.com/c/UJnQON/UezJW
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correlated with expected changes in intracellular cAMP levels (Figure 3.4f ). Intriguingly, the 

ÅØÐÒÅÓÓÉÏÎ ÏÆ ÔÈÅ ÒÅÐÏÒÔÅÒ ×ÁÓ ÎÏÔ ÅÎÔÉÒÅÌÙ ÁÂÒÏÇÁÔÅÄ ÉÎ ɝcyaAɝcyaB liquid cultures or 

biofilms, suggesting that cAMP is sufficient but not necessary for boosting its PrebP1 activity. 

3.3 Discussion 

 This study has focused on characterizing the regulation of the P. aeruginosa PA14 reb 

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 of reb gene 

expression lies upstream of RcgA, as both rebP1 and rcgA are co-expressed in the same 

cellular subpopulation. The finding that rcgA, and thus the reb cluster, requires the quorum-

sensing regulators gacA and lasR for full expression classes the R-body as another quorum-

sensing regulated virulence factor. In A. caulinodans, the expression of reb genes is 

upregulated in association with the host in comparison to free-living states, suggesting a 

possible quorum sensing regulation of R-bodies in this bacterium as well7. R-body 

production in A. caulinodans is controlled by a transcription factor called RebR that is 

predicted to bind cyclic nucleotides, but R-body production is normally repressed by PraR 

in wildtype A. caulinodans strains. This suggests a different regulation logic compared to P. 

aeruginosa PA14, suggesting the possibility that these gene clusters horizontally transferred 

into diverse bacteria and evolved to be regulated by gene circuits unique to each bacterium.  

The heterogeneous production of R-bodies has been observed in three evolutionarily 

distinct bacteria1,2,6, suggesting that it is important to limit R-body production to a subset of 

cells. According to our model of R-body action2, in which R-body producing cells are 

altruistically sacrificed to cause host cell damage, it would make sense to limit R-body 

production to a stochastic population. Studies have shown that the population of cells 

https://paperpile.com/c/UJnQON/rGjzk
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producing R-bodies can be influenced by the available carbon source, the ambient 

temperature, and iron availability7,12. This suggests that R-body production is context-

dependent and carefully tuned at a population scale. The stochastic expression of rcgA and 

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

expression of the rcgA gene and other genes in the reb cluster.  

5ÓÉÎÇ ÔÁÒÇÅÔÅÄ ÐÏÉÎÔ ÍÕÔÁÔÉÏÎÓȟ ×Å ÉÄÅÎÔÉÆÉÅÄ ËÅÙ ÒÅÓÉÄÅÓ ÉÎ 2ÃÇ!ȭÓ ÐÕÔÁÔÉÖÅ cyclic 

nucleotide-binding pocket that are required for its control of gene expression. Further, 

genetic modulation of intracellular cAMP levels altered the size of the R-body-producing 

population. However, we found that cAMP was sufficient but not necessary for R-body 

production. Though the production of cyclic nucleotides other than cAMP has not been 

directly observed in P. aeruginosa PA14, it is possible that one of theseɀyet to be identifiedɀ

is being sensed by RcgA to modulate reb expression.  

To get at the temperature control of R-body production in A caulinodans, Matsuoka et 

al. (2017) tested whether the binding of RebR to promoters was temperature sensitive.      

Intriguinglyȟ ÔÅÍÐÅÒÁÔÕÒÅ ÄÉÄ ÎÏÔ ÓÅÅÍ ÔÏ ÁÆÆÅÃÔ 2ÅÂ2ȭÓ ÁÂÉÌÉÔÙ ÔÏ ÂÉÎÄ $.!ȟ ÓÕÇÇÅÓÔÉng 

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 R-body production in both PA14 and A. 

caulinodans is intriguing as cyclic nucleotides are known to modulate temperature sensing 

in plants13. Bacterial cyclases have also been demonstrated to respond to changes in 

temperature14, pointing at cyclic nucleotides being a possible signal for temperature-

sensitive expression of R-bodies. Further, cAMP has also been shown to play a role in 

https://paperpile.com/c/UJnQON/womA7+EFYTe
https://paperpile.com/c/UJnQON/JFFQb
https://paperpile.com/c/UJnQON/a9oca
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population memory15. This study characterized the influence of cAMP on R-body regulation 

in PA14, but found cAMP to be necessary but not sufficient for R-body production. Thus, the 

main signal behind the temperature-specific and heritability of R-body gene expression 

remains elusive. Such a signal could potentially influence R-body production in diverse 

bacteria.  

3.4 Methods 

3.4.1 Bacterial strains and growth conditions  

 Strains used in this study are listed in Table 3.1. Cultures of Pseudomonas aeruginosa 

strain UCBPP-PA14 (PA14)16 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 extract 

unless otherwise indicated. Biological replicates were inoculated from distinct clonal-source 

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 LB in 13 mm x 100 

ÍÍ ÃÕÌÔÕÒÅ ÔÕÂÅÓ ÁÎÄ ÇÒÏ×ÉÎÇ ÁÔ σχȍ# ×ÉÔÈ ÓÈÁËÉÎÇ ÁÔ ςυπ ÒÐÍ ÕÎÔÉÌ ÍÉÄ-exponential phase 

(OD at 500 nm ~ 0.5). Subcultures were used in experiments unless otherwise noted.  

3.4.2 Construction of mutant strains  

 Markerless deletion and point mutation strains were made as described previously17. 

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 cerevisiae InvSc118. Each plasmid, listed in Table 3.2, was transformed into 

Escherichia coli strain UQ950, verified by restriction digests and sequencing, and moved into 

P. aeruginosa PA14 using biparental conjugation. PA14 single recombinants were selected 

https://paperpile.com/c/UJnQON/vg77O
https://paperpile.com/c/UJnQON/0hmXl
https://paperpile.com/c/UJnQON/XxyK2
https://paperpile.com/c/UJnQON/6gzpw
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on LB agar plates containing 100 µg/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 mutants as hosts for biparental conjugation as indicated in Table 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 the rcgA operon), adding 

ÁÎ 3ÐÅ) ÄÉÇÅÓÔ ÓÉÔÅ ÔÏ ÔÈÅ υȭ ÅÎÄ ÁÎÄ ÁÎ %ÃÏ2) ÄÉÇÅÓÔ ÓÉÔÅ ÔÏ ÔÈÅ σȭ ÅÎÄ ÏÆ ÔÈÅ ÐÒÏÍÏÔÅÒȢ 0ÕÒÉÆÉÅÄ 

PCR products were digested and ligated into the multiple cloning site of the pLD3208 vector, 

upstream of the mScarlet coding sequence. These plasmids were transformed into E. coli 

UQ950, verified by sequencing, and integrated into a neutral site in the PA14 genome using 

biparental conjugation with E. coli S17. PA14 single recombinants were selected on M9 

minimal medium agar plates (47.8 mM Na2HPO4Ɇχ(2O, 22 mM KH2PO4, 8.6 mM NaCl, 18.6 

mM NH4Cl, 1 mM MgSO4, 0.1 mM CaCl2, 20 mM sodium citrate, 1.5% agar) containing 100 

µg/ml gentamicin. The plasmid backbone was resolved out of PA14 using FLP-FRT 

recombination by introduction of the pFLP2 plasmid19 and selected on M9 minimal medium 

agar plates containing 300 µg/ml carbenicillin and confirmed on LB agar plates without NaCl 

and modified to contain 10% sucrose. The presence of mScarlet in the final clones was 

confirmed by PCR. To create a dual fluorescence reporter, the PrcgA-mScarlet fragment was 

ÁÍÐÌÉÆÉÅÄȟ ÁÄÄÉÎÇ ÁÎ 3ÐÅ) ÄÉÇÅÓÔ ÓÉÔÅ ÔÏ ÔÈÅ υȭ ÅÎÄ ÁÎÄ Á "ÁÍ() ÄÉÇÅÓÔ ÓÉÔÅ ÔÏ ÔÈÅ σȭ ÅÎÄ ÏÆ ÔÈÅ 

fragment. Purified PCR products were digested and ligated upstream of the PrebP1-gfp plasmid 

(LD2757) to create a dual fluorescence reporter running in opposite directions. This was 

mated into P. aeruginosa in the same way described above.  

https://paperpile.com/c/UJnQON/I2V88
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3.4.4 Liquid culture growth assays  

 Overnight precultures grown in 1% tryptone were diluted 1:100 in 200 µl of 1% 

tryptone in a flat bottom, polystyrene, 96-well plate (Greiner Bio-One 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 µl of liquid subcultures were 

spotted onto 1% tryptone, 1% agar and colony biofilms were grown in the dark at various 

temperatures with >90% humidity (Percival CU-22L). After three days, bright field images 

and fluorescence images were visualized with a Zeiss Axio Zoom.V16 fluorescence stereo 

ÚÏÏÍ ÍÉÃÒÏÓÃÏÐÅ ɉÅØÃÉÔÁÔÉÏÎȟ υτυױÎÍȠ ÅÍÉÓÓÉÏÎȟ φπυױÎÍ ÆÏÒ ÉÍÁÇÉÎÇ ÏÆ Í3ÃÁÒÌÅÔȠ ÅØÃÉÔÁÔÉÏÎȟ 

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

 
Thin sections of PA14 colony biofilms were prepared as described previously20. 

Briefly, 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 60-min ethanol washes (25%, 50%, 70%, 95%, 3 x 

100% ethanol) and cleared via three 60-min incubations in Histoclear-II (National 

Diagnostics); these steps were performed using an STP120 Tissue Processor (Thermo Fisher 

https://paperpile.com/c/UJnQON/XDQuB
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Scientific). Biofilms were then infiltrated with wax via two separate 2-h washes of 100% 

ÐÁÒÁÆÆÉÎ ×ÁØ ɉ0ÁÒÁÐÌÁÓÔ 8ÔÒÁɊ ÁÔ υυȍ#ȟ ÁÎÄ ÁÌÌÏ×ÅÄ ÔÏ ÐÏÌÙÍÅÒÉÚÅ ÏÖÅÒÎÉÇÈÔ ÁÔ τЈ#Ȣ 4ÒÉÍÍÅÄ 

blocks were sectioned in 10-µm-thick sections perpendicular to the plane of the biofilm, 

floated onto water at 45°C, and collected onto slides. Slides were air-dried 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 TRIS-buffered DAPI:Fluorogel (Electron 

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 in 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 dispersed by 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 MA900 ÅÑÕÉÐÐÅÄ ×ÉÔÈ Á χπ АÍ ÓÏÒÔ ÃÈÉÐ ɉÅØÃÉÔÁÔÉÏÎȟ τψψױÎÍȠ 

ÅÍÉÓÓÉÏÎȟ υςυױÎÍ ÆÏÒ ÄÅÔÅÃÔÉÏÎ ÏÆ '&0Ƞ ÅØÃÉÔÁÔÉÏÎȟ υφρ ÎÍȠ ÅÍÉÓÓÉÏÎȟ υψυ ÎÍ ÆÏÒ ÄÅÔÅÃÔÉÏÎ ÏÆ 

mScarlet). Each sample was analyzed measuring 100 000 to 10 000 000 events. Further 

analysis was performed using 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 

UCBPP-PA14  Clinical isolate UCBPP-PA14.   21  

PA14 attB::PrcgA-mScarlet LD3681 PA14 with PrebP1-mScarlet inserted at the attB 
site using pLD3670.  

This 
study 

3.1b-e 

0!ρτ ЎfecI2 attB::PrcgA-
mScarlet 

LD3709 0!ρτ ɝPA14_27690 (fecI2) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

3.1b 

0!ρτ ЎrcgA attB::PrcgA-
mScarlet 

LD3745 0!ρτ ɝPA14_27700 (rcgA) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

3.1b 

PA14 attB::PrebP1-mScarlet LD3224 PA14 with PrebP1-mScarlet inserted at the attB 
site.  

2 3.1b-e, 
3.3c-f 

0!ρτ ЎfecI2 attB::PrebP1-
mScarlet 

LD3780 0!ρτ ɝPA14_27690 (fecI2) with PrebP1-mScarlet 
inserted at the attB site. 

2 3.1b 

0!ρτ ЎrcgA attB::PrebP1-
mScarlet 

LD3781 0!ρτ ɝPA14_27700 (rcgA) with PrebP1-mScarlet 
inserted at the attB site. 

2 3.1b 

0!ρτ ЎgacA attB::PrcgA-
mScarlet 

LD3708 0!ρτ ɝPA14_30650 (gacA) with PrcgA-mScarlet 
inserted at the attB site. 

This 
study 

3.1d 

0!ρτ ЎlasR attB::PrcgA-
mScarlet 

LD3712 0!ρτ ɝPA14_45960 (lasR) with PrcgA-mScarlet 
inserted at the attB site. 

This 
study 

3.1d 

0!ρτ ЎgacA attB::PrebP1-
mScarlet 

LD3680 0!ρτ ɝPA14_30650 (gacA) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

3.1d 

0!ρτ ЎlasR attB::PrebP1-
mScarlet 

LD3705 0!ρτ ɝPA14_45960 (lasR) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

3.1d 

PA14 attB::MCS-mScarlet LD3294 PA14 without a promoter driving mScarlet 
expression inserted at the attB site.  

2 3.1e 
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PA14 atttB ::PrcgA200bp-
mScarlet 

LD4433 PA14 with PrcgA-mScarlet truncated promoter  
(200bp) inserted at the attB site.  

This 
study 

3.1e 

PA14 atttB ::PrcgA139bp-
mScarlet 

LD4516 PA14 with PrcgA-mScarlet truncated promoter  
(139bp) inserted at the attB site.  

This 
study 

3.1e 

PA14 atttB ::PrcgA108bp-
mScarlet 

LD4434 PA14 with PrcgA-mScarlet truncated promoter  
(108bp) inserted at the attB site.  

This 
study 

3.1e 

PA14 atttB ::PrcgA139bp-shuffle-1- 
mScarlet 

LD4526 pPA14 with PrcgA-mScarlet truncated promoter  
(139bp) with 77 -107bp shuffled and inserted at 
the attB site.  

This 
study 

3.1e 

PA14 atttB ::PrcgA139bp-shuffle-2- 
mScarlet 

LD4530 pPA14 with PrcgA-mScarlet truncated promoter  
(139bp) with 46 -76bp shuffled and inserted at 
the attB site.  

This 
study 

3.1e 

PA14 attB::PrebP1-gfp PrcgA-
mScarlet 

LD4328 PA14 with PrebP1-gfp PrcgA-mScarlet inserted at 
the attB site.  

This 
study 

3.2a-c 

0!ρτ ɝfecI2 attB::PrebP1-gfp 
PrcgA-mScarlet 

LD4422 0!ρτ ɝPA14_27690 (fecI2) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

3.2a 

0!ρτ ɝrcgA attB::PrebP1-gfp 
PrcgA-mScarlet 

LD4421 0!ρτ ɝPA14_27700 (rcgA) with PrebP1-gfp PrcgA-
mScarlet inserted at the attB site. 

This 
study 

3.2a 

0!ρτ ɝgacA attB::PrebP1-gfp 
PrcgA-mScarlet 

LD4423 0!ρτ ɝPA14_30650 (gacA) with PrebP1-gfp PrcgA-
mScarlet inserted at the attB site. 

This 
study 

3.2a 

0!ρτ ɝlasR attB::PrebP1-gfp 
PrcgA-mScarlet 

LD4424 0!ρτ ɝPA14_45960 (lasR) with PrebP1-gfp PrcgA-
mScarlet inserted at the attB site. 

This 
study 

3.2a 

PA14 attB::PPA1/04/03-
mScarlet 

LD3295 PA14 with lac-derived constitutive 
PA1/04/03 promoter driving mScarlet 
expression inserted at the attB. 

2 3.3a 

PA14 glmS::PPA1/04/03-gfp LD3801 PA14 with PPA1/04/03 inserted at the glmS site.  This 
study 

3.3c 

PA14 rcgAE92A attB::PrebP1-
mScarlet 

LD4112 PA14 with PrebP1-mScarlet inserted at the attB 
site and a point mutation in RcgA coding 
sequence.  

This 
study 

3.4c 

PA14 rcgAR101A attB::PrebP1-
mScarlet 

LD4113 PA14 with PrebP1-mScarlet inserted at the attB 
site and a point mutation in RcgA coding 
sequence.  

This 
study 

3.4c 

PA14 rcgAR141A attB::PrebP1-
mScarlet 

LD4114 PA14 with PrebP1-mScarlet inserted at the attB 
site and a point mutation in RcgA coding 
sequence.  

This 
study 

3.4c 
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0!ρτ ɝcyaAɝcyaB 
attB::PrebP1-mScarlet 

LD3924 0!ρτ ɝPA14_69610 (cyaA) ɝPA14_22620 (cyaB) 
with PrebP1-gfp PrcgA-mScarlet inserted at the attB 
site. 

This 
study 

3.4d-f 

0!ρτ ɝcpdA attB::PrebP1-
mScarlet 

LD3915 0!ρτ ɝPA14_65690 (cpdA) with PrebP1-gfp PrcgA-
mScarlet inserted at the attB site. 

This 
study 

3.4d-f 

Escherichia coli  

UQ950  LD44 E. coli $(υɻ ʇɉpir) strain for cloning; F-ɝɉargF-
lacɊ ρφωʒψπÄlacZυψɉɝ-ρυɊ glnV44(AS) rfbD1 
gyrA96(NaIR) recA1 endA1 spoT thi-1 hsdR17 
ÄÅÏ2 ʇÐÉÒϽ 

D. Lies, 
Caltech  

 

BW29427 LD661 Donor strain for biparental conjugation; 
thrB1004 pro thi rpsL hsdS lacZ ɝ-ρυ20τ-1360 
ɝɉaraBAD)567 ɝdapA1341::[erm pir(wt)]  

W. 
Metcalf, 
Universit
y of 
Illinois  

 

S17-1  LD2901 StrR, TpR, F-RP4-2-4Ãȡȡ-Õ ÁÐÈ!ȡȡ4Îϋ ÒÅÃ! ʇÐÉÒ 
lysogen 

22  

ß2155 LD69 Helper strain. thrB1004 pro thi strA hsdsS 
lacZɝ-ρυ ɉ&ᴂ lacZɝ-ρυ lacIq traD36 proA+ 
proB+Ɋ ɝdapA::erm (Ermr) pir ::RP4 [::kan (Kmr) 
from SM10] 

23  

Saccharomyces cerevisiae  

 InvSc1 
 

LD676 -!4ÁȾ-!4ɻ ÌÅÕφȾÌÅÕφ ÔÒÐυ-289/trp1 -289 ura3-
52/ ura3-52 his3-ɝ1/his3-ɝ1 

Invitrogen  

 

Table 3.2: Plasmids used in this study.  

 

Plasmids  Number  Description  Source 

pMQ30 LD621 Yeast-based allelic-exchange vector; sacB+, CEN/ ARSH, URA3+, 
GmR 

18 

pLD3208  LD3208 MCS-mScarlet GmR, TetR flanked by Flp recombinase target 
(FRT) sites to resolve out resistance cassettes. Cloned by 
swapping gfp sequence with mScarlet (XhoI + SacI) 

2 

pFLP2 LD743 Site-specific excision vector with cI857-controlled FLP 
recombinase encoding sequence, sacB, ApR 

19 
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pLD3210 (PrebP1-
mScarlet) 

LD3210 487 bp of rebP1 promoter sequence inserted at the MCS (SpeI 
and EcoRI) of pLD3208 

2 

pLD3670 
(PrcgA-mScarlet) 

LD3670 497 bp of rcgA promoter sequence inserted at the MCS (SpeI 
and EcoRI) of pLD3208 

This study 

pLD4328 
(PrebP1-gfp PrcgA-
mScarlet) 

LD4328 487 bp of rebP1 promoter sequence upstream of gfp, and 497 
bp of rcgA promoter sequence upstream of mScarlet inserted at 
the MCS of pLD2757 

This study 

pLD3293 (mScarlet+) LD3293 lac-derived constitutive promoter  PA1/04/03 inserted at the 
MCS (SpeI and EcoRI) of pLD2722 

2 

pLD3079 LD3079 ɝPA14_30650 (gacA) flanking fragments introduced into pMQ30 
by gap repair cloning in yeast strain InvSc1 

This study 

pLD4228 LD4228 ɝPA14_45960 (lasR) flanking fragments introduced into pMQ30 
by gap repair cloning in yeast strain InvSc1 

This study 

pLD4430 LD4430 200 bp of rcgA promoter sequence inserted at the MCS (SpeI 
and EcoRI) of pLD3208 

This study 

pLD4454 LD4454 139 bp of rcgA promoter sequence inserted at the MCS (SpeI 
and EcoRI) of pLD3208 

This study 

pLD4438 LD4438 108 bp of rcgA promoter sequence inserted at the MCS (SpeI 
and EcoRI) of pLD3208 

This study 

pLD4520 LD4520 139 bp of rcgA promoter sequence with 77-107bp shuffled and 
inserted at the MCS (SpeI and EcoRI) of pLD3208 

This study 

pLD4522 LD4522 139 bp of rcgA promoter sequence with 46-76bp shuffled and 
inserted at the MCS (SpeI and EcoRI) of pLD3208 

This study 

pLD3655 LD3655 gfp coding region cloned into pAKN69 plasmid replacing the yfp 
coding region excised with SphI and NheI 

2 

pLD4063 LD4063 Full genomic sequence of rcgA with point mutation E92A 
introduced into pMQ30 by gap repair cloning in yeast strain 
InvSci1. Verified by illumina sequencing.  

This study 

pLD4064 LD4064 Full genomic sequence of rcgA with point mutation R101A 
introduced into pMQ30 by gap repair cloning in yeast strain 
InvSci1. Verified by illumina sequencing.  

This study 

pLD4065 LD4065 Full genomic sequence of rcgA with point mutation R141A 
introduced into pMQ30 by gap repair cloning in yeast strain 
InvSci1. Verified by illumina sequencing.  

This study 

pLD3910 LD3910 ɝPA14_69610 (cyaA) flanking fragments introduced into pMQ30 This study 
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by gap repair cloning in yeast strain InvSc1 

pLD3911 LD3911 ɝPA14_22620 (cyaB) flanking fragments introduced into pMQ30 
by gap repair cloning in yeast strain InvSc1 

This study 

pLD3909 LD3909 ɝPA14_65690 (cpdA) flanking fragments introduced into pMQ30 
by gap repair cloning in yeast strain InvSc1 

This study 

 

 

Table 2.3: Primers used in this study.  

Primer 
number  

Sequence Used for 
plasmid  

LD3195 acgtacgtacACTAGTCAGGACCTGATTTCCCAG pLD3670 

LD3196 acgtacgtacGAATTCGCCTGCGCCTTCGCCAGA 

LD3893 acgtacgtacACTAGTCAGGACCTGATTTCCCAGG pLD4328 

LD3894 acgtacgtacggatccAACCTGCTGTTTTCATTGATGTTT 

LD1932 ccaggcaaattctgttttatcagaccgcttctgcgttctgatAGCGTGCGACGTTATGTCT pLD3079 

LD1933 gaagatgcggtagcgatagACCACTTGCAAGCCTTCG 

LD1934 cgaaggcttgcaagtggtCTATCGCTACCGCATCTTC 

LD1935 ggaattgtgagcggataacaatttcacacaggaaacagctTCACGTTGACGATCAACTCC 

LD2507 cctgcaggtcgactctagagACAGGTCCCCGTCATGAAAC pLD4228 

LD2521 GTTTTCTTGAGCTGGAACGCATGGCCGTTAATTTGGGTCT 

LD2522 AGACCCAAATTAACGGCCATGCGTTCCAGCTCAAGAAAAC 

LD2523 cagctatgaccatgattacgGATCAACATGGTCACCTCCA 

LD3972 acgtacgtacACTAGT CAGCCCAAACCTCGCTAC pLD4430 

LD3196 acgtacgtacGAATTC GCCTGCGCCTTCGCCAGA 
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LD4044 acgtacgtacACTAGT GCGCCGAGTCCGTACC pLD4454 

LD3196 acgtacgtacGAATTC GCCTGCGCCTTCGCCAGA 

LD3973 acgtacgtacACTAGT GTAGCCGGAGCTTCACACC pLD4438 

LD3196 acgtacgtacGAATTC GCCTGCGCCTTCGCCAGA 

LD4044 acgtacgtac ACTAGT GCGCCGAGTCCGTACC pLD4520 

LD4067 AGCCAGCCTACTCGCCTACACGCATCCGTGCCGTCCCCACTGATTGCTCTGC 

LD4068 GCACGGATGCGTGTAGGCGAGTAGGCTGGCTCCCGGCAGAACTGCTAGG 

LD3196 acgtacgtacGAATTC GCCTGCGCCTTCGCCAGA 

LD4044 acgtacgtac ACTAGT GCGCCGAGTCCGTACC pLD4522 

LD4069 TACTGGCCTGGCGATTCAAACGGCCGCCTTCTCGTACCTCGCCGGAGCTG 

LD4070 GAAGGCGGCCGTTTGAATCGCCAGGCCAGTATGTGCGGCGAAGGGG 

LD3196 acgtacgtacGAATTC GCCTGCGCCTTCGCCAGA 

LD3653 cctgcaggtcgactctagagAGCGCTTCGACGAACAAC pLD4063 

LD3641 GCTGGATCAGCGCGGTcgcCCCGATCACTTCGCCAGG 

LD3642 CCTGGCGAAGTGATCGGGgcgACCGCGCTGATCCAGC 

LD3654 cagctatgaccatgattacgACATGTCTGGGCACTCCTG 

LD3653 cctgcaggtcgactctagagAGCGCTTCGACGAACAAC pLD4064 

LD3643 GGCGTAGGCAGAGGTCTCcgcGCGGTTCGGCTGGATCA 

LD3644 TGATCCAGCCGAACCGCgcgGAGACCTCTGCCTACGCC 

LD3654 cagctatgaccatgattacgACATGTCTGGGCACTCCTG 
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LD3653 cctgcaggtcgactctagagAGCGCTTCGACGAACAAC pLD4065 

LD3645 CGGAGGCTTCGCGCAGcgcCGAACAGAGGAGGGCCAG 

LD3646 CTGGCCCTCCTCTGTTCGgcgCTGCGCGAAGCCTCCG 

LD3654 cagctatgaccatgattacgACATGTCTGGGCACTCCTG 

LD3502 cctgcaggtcgactctagagCAGCTCAATCCCTACCCCTA pLD3910 

LD3503 TAACGCAGATAGTGCAGCGTGTCGAGATCGAGGCTGAGTG 

LD3504 CACTCAGCCTCGATCTCGACACGCTGCACTATCTGCGTTA 

LD3505 cagctatgaccatgattacgAAGGCAAGGTCTCGATCCTC 

LD3510 cctgcaggtcgactctagagCCTGGTTACCGCAAGTCAAC pLD3911 

LD3511 CGTGCTGGCCTATATCGCCCTACGCGACAAGGTCATCCT 

LD3512 AGGATGACCTTGTCGCGTAGGGCGATATAGGCCAGCACG 

LD3513 cagctatgaccatgattacgGCTCGACATCAGCGCATAG 

LD3494 cctgcaggtcgactctagagGTCGATGACTTCCAGCGAGT pLD3909 

LD3495 CGTACTGCTGGTGCAGCTTTTCGAAGTGGACTACGACACC 

LD3496 GGTGTCGTAGTCCACTTCGAAAAGCTGCACCAGCAGTACG 

LD3497 cagctatgaccatgattacg CCTGATCGACAAGGACGAG 
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Chapter 4: Identification and characterization of additional 
factors affecting R -body production and assembly 

 

I have discussed the discovery of R-bodies in P. aeruginosa PA14 biofilms and 

identifying a novel R-body structural protein RapA, the function of R-bodies in plant and 

worm host virulence (Chapter 2) and the regulation of R-body production by the 

transcription factor RcgA (Chapter 3). While the work described in these chapters has 

provided extensive insight into the regulation of the reb cluster gene expression and has also 

identified factors involved in R-body assembly, many open questions remain regarding the 

physiology of R-body production in P. aeruginosa. The following sections will describe 

various efforts toward elucidating additional mechanisms that control production and 

assembly of the R-body. 

4.1 Screen for loci required for suppression of reb cluster genes at restrictive 

temperature  

One intriguing aspect of R-body production is its strong dependence on temperature 

(Chapter 3, Figure 3.3): mScarlet-based reporter strains representing each of the R-body 

genes show expression at 25°C, but when 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 PrebP1-mScarlet when grown at 37°C, decreases dramatically 

compared to 25°C grown cultures, such that less than <0.1% of cells are now expressing reb 

genes (Figure 3.3b ). I hypothesized that a repressor protein could be acting to turn off reb 

cluster gene expression at 37°C. To test this, I worked with Eugenia Jin Lee, an undergraduate 

assistant, to design and execute three screens aimed at identifying such a temperature-
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specific repressor. For this purpose, we mutagenized PA14 using the Tn7 transposon, which 

randomly inserts into the bacterial genome. If the transposon insertion causes a change 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 genome sizes. For example, 50,000 

transposon mutants are needed to target all of P. aeruginosaȭÓ ÍÏÒÅ ÔÈÁÎ φπππ ÇÅÎÅÓ1. We 

mutagenized three reporter strains, containing either PrebP1-mScarlet, PrcgA-mScarlet, or the 

dual translation construct gfp-rebP1 mScarlet-rapA. These strains were selected to 

investigate not only the impact of transposon mutagenesis on reb cluster gene expression 

and regulation but also translation of structural components of the R-body 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 via nested 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 R-body gene cluster itself and likely were due to 

polar effects of transposon insertions since 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_73110 (once in the PrebP1-mScarlet and once in the PrcgA-mScarlet screens), 

which is predicted to encode an ABC-type transporter subunit. The substrate of this 

transporter could act as a signal that controls reb cluster gene expression. Thus, disruption 

of the transporter causes accumulation of this substrate and could lead to these transposon 



97 

 

mutants to express reb 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 though 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 R-body production is linked to membrane 

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

Disappointingly, the screens did not identify any genes for DNA-binding proteins other than 

rcgA, meaning that no canonical transcriptional repressors were identified.  

Table 4.1: List of genes hit in transposon mutagenesis that were required for 

suppression of reb cluster genes at 37°C 

Gene 
name 

PA14 Locus PAO1 
Locus 

Predicted 
Localization  

Annotation  

nirS PA14_06750 PA0519 Periplasmic Nitrite reductase 

impA PA14_07430 PA0572 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 

 PA14_26165 PA2928 Cytoplasmic 
membrane 

 

rebP1 PA14_27640 
(promoter)  

- Unknown  

rapA PA14_27680 - Unknown  

rapA PA14_27680 
(promoter)  

- Unknown  

rcgA PA14_27700 - Cytoplasmic  

rcgA PA14_27700 
promoter  

- Cytoplasmic  
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rcgA PA14_27700 right 
after stop codon 

- Cytoplasmic  

rcgA PA14_27700 right 
before stop codon 

- Cytoplasmic  

rcgA PA14_27700 
promoter  

- Cytoplasmic  

 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 
promoter  

PA1552 Unknown cytochrome c oxidase, cbb3-type subunit III, 
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 
membrane 

fatty acid desaturase 

 PA14_69590 PA5270 Non-cytoplasmic ABC-type amino acid transporter 

 PA14_73110 PA5544 Cytoplasmic 
membrane 

TRAP Transporter/ABC transporter 

 PA14_73110 PA5544 Cytoplasmic 
membrane 

TRAP Transporter/ABC transporter 

  

4.2 Screen for loci required for rebP1 expression at permissive temperature  

Our three independent screens for a reb 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 random mutagenesis 
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on the PrebP1-mScarlet strain again but this time grew mutagenized colonies at a permissive 

temperature, 25°C, and screened for colonies that showed decreased PrebP1 expression 

relative to the parent strain. Since this phenotype, i.e., attenuated PrebP1 expression, is more 

subtÌÅ ÔÈÁÎ ÔÈÅ ȰÓ×ÉÔÃÈÉÎÇ ÏÎȱ ÏÆ reb gene expression at restrictive temperature (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 mutants that express 

reb cluster genes at high temperature, this screen yielded five hits of metabolic enzyme genes 

that caused a decrease in rebP expression. It has previously shown that citrate suppresses 

reb expression while 2-oxoglutarate increases reb expression in A. caulinodans. Thus, 

analogous effects may be working in P. aeruginosa PA14 where carbon sources or specific 

metabolites could impact regulation of R-body production. This screen did identify vqsR as a 

candidate for rebP1 expression, which is in line with our finding that rebP1 expression is 

quorum-sensing regulated (Figure 3.1d ). Besides vqsR, no other DNA-binding proteins were 

identified in this screen, suggesting no canonical R-body regulator genes were found. 

Furthermore, this screen did not directly hit genes for known regulators of reb cluster gene 

expression such as gacA, lasR or 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 transposon mutagenesis that caused loss of rebP1 expression at 25°C 

Gene 
name 

PA14 Locus PAO1 
Locus 

Predicted 
Localization  

Annotation  

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+ ABC transporter periplasmic 
component-like protein  

 PA14_28390 PA2761 Unknown/Transme
mbrane 

Hypothetical protein 

clpS PA14_30210 PA2621 Cytoplasmic ATP-dependent Clp protease adaptor 
protein ClpS 

vqsR PA14_30580 PA2591 Cytoplasmic LuxR family transcriptional regulator  

bkdB PA14_35500 PA2249 Cytoplasmic branched-chain alpha-keto acid 
dehydrogenase subunit E2 

 PA14_49910 PA1118 cytoplasmic 
Membrane 

Hypothetical protein 

 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, the reb genes across phylogeny often co-localize with genes 

associated with R-body regulation and function2. We have shown that rcgA and fecI2 are 

necessary for R-body production, and our studies have led to a model in which RcgA senses 

intracellular cAMP levels to tune R-body production. Further we know that the reb clusters 

between P. aeruginosa and C. taeniospiralis differ greatly. P. aeruginosa appears to have 7 

more genes in its reb cluster than C. taeniospiralis. Via mass spectrometry analysis, we found 

PA14_27675 and RapA to be associated with the R-body 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 R-bodies between P. 



101 

 

aeruginosa and C. taeniospiralis, and was worth exploring further. To query whether other 

genes in the P. aeruginosa reb cluster play a role in R-body assembly, we utilized the gfp-

rebP1 ÔÒÁÎÓÌÁÔÉÏÎÁÌ ÒÅÐÏÒÔÅÒ ÁÓ ÁÎ ȰÁÓÓÅÍÂÌÙ ÒÅÐÏÒÔÅÒȱȢ &ÌÕÏÒÅÓÃÅÎÃÅ ÉÍÁÇÉÎg shows that the 

tag yields punctate fluorescence consistent with the formation of a contracted R-body 

(Figure 4.1b ). Moreover, superresolution microscopy shows that this fluorescence is 

present in a ring structure reminiscent of contracted R-bodies (Figur e 2.4d). When rapA is 

deleted in this strain background, tagged-RebP1 fluorescence fills each expressing cell 

(Figure 4.1b ). Quantifying the area of green fluorescence, we find that it is, on average, 6X 

ÌÁÒÇÅÒ ÆÏÒ ÅÁÃÈ ЎrapA cell compared to the average area observed for each WT cell (Figure 

4.1c). Similar phenotypes were observed when rebD was deleted suggesting that both RapA 

and RebD are necessary for R-body assembly. RapA is elusive in that it has no known 

predicted domains or homologous proteins outside of the Pseudomonas reb clusters. It was 

also detected at equivalent amounts in our mass spectrometry analysis of SDS-insoluble 

fraction of the PA14 biofilm. On the other hand, 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 R-bodies. Further studies would have to 

be conducted on both RapA and RebD to characterize their respective roles in R-body 

assembly. Lastly, heterologous expression of the four PA14 genes rebP1, rebP2, rapA and 

rebD was not sufficient for R-body production, indicating the lack of an additional component 

required for P. aeruginosa R-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 GFP-tagged. b GFP-RebP1 is located in a punctate structure. Scale bar is 

3.5 µm. c Quantification of area of GFP-RebP1 fluorescence per cell in the indicated 

strain backgrounds. The constitutive GFP construct is driven by the PPA1/04/03 

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, I also carried 

out targeted screens to test whether specific mutations impact R-body gene expression 

(Table 4.3). Below is a summary of how the deletion of listed genes impacted PrebP1-mScarlet 

expression. Strains 1 to 4 are mutants with in-frame 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 PrebP1 activity are largely comparable to the 

parent strain, indicating that c-di-GMP levels do not impact reb cluster gene expression. 

Strains 8-12 are mutants in pili and flagellar synthesis as well as a pel matrix operon 

knockout, but none of these genes seem to affect R-body production. Lastly, I created some 

clean deletions (Strains 13-19) to follow up hits from the screen discussed in 4.1 and 4.2, 

unfortunately none of these mutants phenocopied their transposon mutagenized 
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counterparts. Furthermore, none of the strains listed in Table 4.3 displayed drastic shifts in 

reb expression, in comparison to the almost binary effects of knocking out rcgA, fecI2 or lasR 

(Figure 3.1d ) and therefore most will not be the focus of more in-depth studies. However, 

the upregulation of reb ÅØÐÒÅÓÓÉÏÎ ÉÎ ÔÈÅ ɝÐÉÌ9ρ ÍÕÔÁÎÔ ÏÎÌÙ ÉÎ ÔÈÅ ÂÉÏÆÉÌÍ ÉÓ ÉÎÔÒÉÇÕÉÎÇ 

because PilY1 has previously been implicated in cyclic nucleotide-based signaling3 and may 

therefore be a focus of follow up studies in the lab.  

 
Figure 4.2. Levels of rebP1 promoter activity in the indicated strain backgrounds, 

detected as mScarlet fluorescence, 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 values significantly (p <0.05) different compared to WT levels of 

expression.  

 

Table 4.3: Summary of the effect of indicated backgrounds on PrebP1-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 
background  

Effect on PrebP1-mScarlet 
expression  

Fold change in PrebP1-mScarlet 
expression  

1 ɝptsP Down -0.60 

2 ɝrpoS Up +1.40 
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3 ɝphz -  

4 ɝvfr -  

5 ɝrmcA Down -0.36 

6 ɝdipA Down -0.43 

7 ɝroeA -  

8 ɝpilY1 -  

9 ɝpelA-G -  

10 ɝpilA -  

11 ɝpilB -  

12 ɝfliA -  

13 ɝccoP1 -  

14 ɝcco1 -  

15 ɝnirS Down -0.24 

16 ɝPA14_27990 -  

17 ɝexoY Down -0.24 

18 ɝPA14_54810 -  

19 ɝimpA -  

 

4.5 Concluding remarks  

 Coiled R-bodies 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 investigation of 

the physiology of this undertaking in PA14. Section 4.3 reveals a novel R-body assembly 

factor unique to the Pseudomonas family. Results in sections 4.1, 4.2 and 4.4 hint at aspects 

of cellular physiology that affect R-body 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 R-body 

assembly in PA14.  

4.6 Methods 

4.6.1 Bacterial strai ns and growth conditions  

 Strains used in this study are listed in Table 4.4. Cultures of Pseudomonas aeruginosa 

strain UCBPP-PA14 (PA14)4 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 subcultures were prepared by diluting precultures 1:100 in LB in 13 mm x 100 mm 

ÃÕÌÔÕÒÅ ÔÕÂÅÓ ÁÎÄ ÇÒÏ×ÉÎÇ ÁÔ σχȍ# ×ÉÔÈ ÓÈÁËÉÎÇ ÁÔ ςυπ ÒÐÍ ÕÎÔÉÌ ÍÉÄ-exponential phase (OD 

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 previously5. 

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 cerevisiae InvSc19. Each plasmid, listed in Table 4.5, was 

transformed into Escherichia coli strain UQ950, verified by restriction digests and 

sequencing, and moved into P. aeruginosa PA14 using biparental conjugation. PA14 single 

recombinants were selected on LB agar plates containing 100 µg/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 



106 

 

mutants were constructed by using single mutants as hosts for biparental conjugation 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 the rcgA operon), adding 

ÁÎ 3ÐÅ) ÄÉÇÅÓÔ ÓÉÔÅ ÔÏ ÔÈÅ υȭ ÅÎÄ ÁÎÄ ÁÎ %ÃÏ2) ÄÉÇÅÓÔ ÓÉÔÅ ÔÏ ÔÈÅ σȭ ÅÎÄ ÏÆ ÔÈÅ ÐÒÏÍÏÔÅÒȢ 0ÕÒÉÆÉÅÄ 

PCR products were digested and ligated into the multiple cloning site of the pLD3208 vector, 

upstream of the mScarlet coding sequence. These plasmids were transformed into E. coli 

UQ950, verified by sequencing, and integrated into a neutral site in the PA14 genome using 

biparental conjugation with E. coli S17. PA14 single recombinants were selected on M9 

minimal medium agar plates (47.8 mM Na2HPO4Ɇχ(2O, 22 mM KH2PO4, 8.6 mM NaCl, 18.6 

mM NH4Cl, 1 mM MgSO4, 0.1 mM CaCl2, 20 mM sodium citrate, 1.5% agar) containing 100 

µg/ml gentamicin. The plasmid backbone was resolved out of PA14 using FLP-FRT 

recombination by introduction of the pFLP2 plasmid10 and selected on M9 minimal medium 

agar plates containing 300 µg/ml carbenicillin and confirmed on LB agar plates without NaCl 

and modified to contain 10% sucrose. The presence of mScarlet in 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 µl of 1% 

tryptone in a flat bottom, polystyrene, 96-well plate (Greiner Bio-One 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. aeruginosaPA14 were mutagenized via biparental 

mating with Escherichia coli BW29427 harboring pMAR2xT7. PA14 transposon mutants 

were selected on LB agar plates (1.5% agar) containing 100 µg/ml gentamicin. These 

transposon mutants were either grown at 37°C or 25°C depending on which screen was 

being performed and fluorescently screened using a Zeiss Axio Zoom.V16 fluorescence 

ÓÔÅÒÅÏ ÚÏÏÍ ÍÉÃÒÏÓÃÏÐÅ ɉÅØÃÉÔÁÔÉÏÎȟ υτυױÎÍȠ ÅÍÉÓÓÉÏÎȟ φπυױÎÍ ÆÏÒ ÉÍÁÇÉÎÇ ÏÆ Í3ÃÁÒÌÅÔȠ 

ÅØÃÉÔÁÔÉÏÎȟ τψψױÎÍȠ ÅÍÉÓÓÉÏÎȟ υπωױÎÍ ÆÏÒ ÉÍÁÇÉÎÇ ÏÆ '&0ɊȢ 4ÈÅ ÉÎÓÅÒÔÉÏÎ ÓÉÔÅ ÏÆ ÔÈÅ 

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 

UCBPP-PA14  Clinical isolate UCBPP-PA14.  4  

PA14 attB::PrebP1-mScarlet LD3224 PA14 with PrebP1-mScarlet inserted at the attB 
site.  

6 Table 4.1, 
Table 4.2 

PA14 attB::PrcgA-mScarlet LD3681 PA14 with PrebP1-mScarlet inserted at the attB 
site using pLD3670.  

6 Table 4.1 

PA14 BBa_B003-gfp-rebP1 
BBa_B003-mScarlet-rapA 

LD3793 PA14 with extra N-terminally gfp-tagged rebP1 
and mScarlet-tagged rapA driven by weak RBS 
to tag R-body complex fluorescently. 

6 Table 4.1 

PA14 BBa_B003-gfp-rebP1 LD3199 PA14 with extra N-terminally gfp-tagged rebP1 
driven by weak RBS to tag R-body complex 
fluorescently. 

6 4.1b 

PA14 glmS::PPA1/04/03-gfp LD3801 PA14 with PPA1/04/03 inserted at the glmS site.  This 
study 

4.1b 

PA14 BBa_B003-gfp-rebP1 
ɝrapA 

LD3702 
 

0!ρτ ɝPA14_27680 (rapA) with extra N-
terminally gfp-tagged rebP1 driven by weak 
RBS to tag R-body complex fluorescently.  

This 
study 

4.1b 

PA14 BBa_B003-gfp-rebP1 
ɝrebD 

LD3929 
 

0!ρτ ɝPA14_27680 (rapA) with extra N-
terminally gfp-tagged rebP1 driven by weak 
RBS to tag R-body complex fluorescently.  

This 
study 

4.1b 

PA14 attB::PrebP1-mScarlet LD3224 PA14 with PrebP1-mScarlet inserted at the attB 
site.  

6 4.2 

0!ρτ ЎptsP attB::PrebP1-
mScarlet 

LD3666 0!ρτ ɝPA14_ (ptsP) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎrpoS attB::PrebP1-
mScarlet 

LD3667 0!ρτ ɝPA14_ (rpoS) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ Ўphz attB::PrebP1-
mScarlet 

LD3669 0!ρτ ɝPA14_ (phz1/2) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ Ўvfr attB::PrebP1-
mScarlet 

LD4059 0!ρτ ɝPA14_08370 (vfr) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 
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0!ρτ ЎrmcA attB::PrebP1-
mScarlet 

LD4139 0!ρτ ɝPA14_ (rmcA) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎdipA attB::PrebP1-
mScarlet 

LD4140 0!ρτ ɝPA14_ (dipA) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎroeA attB::PrebP1-
mScarlet 

LD4141 0!ρτ ɝPA14_ (roeA) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎpilY1 attB::PrebP1-
mScarlet 

LD4142 0!ρτ ɝPA14_ (pilY1) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎpelA-G attB::PrebP1-
mScarlet 

LD4196 0!ρτ ɝPA14_ (pelA-G) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎpilA attB::PrebP1-
mScarlet 

LD4197 0!ρτ ɝPA14_ (pilA) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎpilB attB::PrebP1-
mScarlet 

LD4198 0!ρτ ɝPA14_ (pilB) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎfliA attB::PrebP1-
mScarlet 

LD4208 0!ρτ ɝPA14_ (fliA) with PrebP1-mScarlet inserted 
at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎccoP1 attB::PrebP1-
mScarlet 

LD4209 0!ρτ ɝPA14_ (ccoP1) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ Ўcco1 attB::PrebP1-
mScarlet 

LD4210 0!ρτ ɝPA14_ (cco1) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎnirS attB::PrebP1-
mScarlet 

LD4211 0!ρτ ɝPA14_ (nirS) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎPA14_27990 
attB::PrebP1-mScarlet 

LD4240 0!ρτ ɝPA14_27990 with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎexoY attB::PrebP1-
mScarlet 

LD4325 0!ρτ ɝPA14_36345 (exoY) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎPA14_54810 
attB::PrebP1-mScarlet 

LD4327 0!ρτ ɝPA14_54810 with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 

0!ρτ ЎimpA attB::PrebP1-
mScarlet 

LD4329 0!ρτ ɝPA14_07430 (impA) with PrebP1-mScarlet 
inserted at the attB site. 

This 
study 

4.2, Table 
4.3 
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Escherichia coli  

UQ950  LD44 E. coli $(υɻ ʇɉpir) strain for cloning; F-ɝɉargF-
lacɊ ρφωʒψπÄlacZυψɉɝ-ρυɊ glnV44(AS) rfbD1 
gyrA96(NaIR) recA1 endA1 spoT thi-1 hsdR17 
ÄÅÏ2 ʇÐÉÒϽ 

D. Lies, 
Caltech  

 

BW29427 LD661 Donor strain for biparental conjugation; 
thrB1004 pro thi rpsL hsdS lacZ ɝ-ρυ20τ-1360 
ɝɉaraBAD)567 ɝdapA1341::[erm pir(wt)]  

W. 
Metcalf, 
Universit
y of 
Illinois  

 

S17-1  LD2901 StrR, TpR, F-RP4-2-4Ãȡȡ-Õ ÁÐÈ!ȡȡ4Îϋ ÒÅÃ! ʇÐÉÒ 
lysogen 

7  

ß2155 LD69 Helper strain. thrB1004 pro thi strA hsdsS 
lacZɝ-ρυ ɉ&ᴂ lacZɝ-ρυ lacIq traD36 proA+ 
proB+Ɋ ɝdapA::erm (Ermr) pir ::RP4 [::kan (Kmr) 
from SM10] 

8  

Saccharomyces cerevisiae  

 InvSc1 
 

LD676 -!4ÁȾ-!4ɻ ÌÅÕφȾÌÅÕφ ÔÒÐυ-289/trp1 -289 ura3-
52/ ura3-52 his3-ɝ1/his3-ɝ1 

Invitrogen  

 

 

Table 4.5: Plasmids used in this study.  

 

Plasmids  Number  Description  Source 

pMQ30 LD621 Yeast-based allelic-exchange vector; sacB+, CEN/ ARSH, URA3+, 
GmR 

9 

pLD3208  LD3208 MCS-mScarlet GmR, TetR flanked by Flp recombinase target 
(FRT) sites to resolve out resistance cassettes. Cloned by 
swapping gfp sequence with mScarlet (XhoI + SacI) 

6 

pFLP2 LD743 Site-specific excision vector with cI857-controlled FLP 
recombinase encoding sequence, sacB, ApR 

10 

pLD3210 (PrebP1-
mScarlet) 

LD3210 487 bp of rebP1 promoter sequence inserted at the MCS (SpeI 
and EcoRI) of pLD3208 

6 

pMAR2xT7 LD806 Unbiased Tn7 transposon for random insertion into PA14 
genome 

11 
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pLD3685 LD3685 ɝPA14_27680 (rapA) flanking fragments introduced into pMQ30 
by gap repair cloning in yeast strain InvSc1 

This study 

pLD3913 LD3913 ɝPA14_27685 (rebD) flanking fragments introduced into pMQ30 
by gap repair cloning in yeast strain InvSc1 

This study 

pLD4024 LD4024 ɝPA14_08370 (vfr) flanking fragments introduced into pMQ30 
by gap repair cloning in yeast strain InvSc1 

This study 

pLD4230 LD4230 ɝPA14_27990 flanking fragments introduced into pMQ30 by gap 
repair cloning in yeast strain InvSc1 

This study 

pLD4323 LD4323 ɝPA14_36345 (exoY) flanking fragments introduced into pMQ30 
by gap repair cloning in yeast strain InvSc1 

This study 

pLD4256 LD4256 ɝPA14_54810 flanking fragments introduced into pMQ30 by gap 
repair cloning in yeast strain InvSc1 

This study 

pLD4231 LD4231 ɝPA14_07430 (impA) flanking fragments introduced into 
pMQ30 by gap repair cloning in yeast strain InvSc1 

This study 

 

 

Table 4.6: Primers used in this study.  

Primer 
number  

Sequence Used for 
plasmid  

LD3220 cctgcaggtcgactctagag GTCCAGGTAGTGGCGAAACA pLD3685 
 

LD3222 GCTTCGGCAAGAAATCCGGCAAGGACACCCAATCGTAG 

LD3223 CTACGATTGGGTGTCCTTGCCGGATTTCTTGCCGAAGC 

LD3224 aggcaaattctgttttatcagaccgcttctgcgttctgat CCGCCTCACAGACTGCTC 

LD3523 ggaattgtgagcggataacaatttcaca pLD3913 

LD3524 AAGGAGAGTCCCATGGCTGGTATCTGACCCGCCCCTTG 

LD3525 CAAGGGGCGGGTCAGATACCAGCCATGGGACTCTCCTT 

LD3526 cagctatgaccatgattacg GGTTTCGTCGAGAGGGTCT 
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LD3611 cctgcaggtcgactctagag GGGAGAAGATGGACGAACTG pLD4024 

LD3612 CTACACCGCAAAGAGCACCCTGGTGCATGTGAAAGGAAA 

LD3613 TTTCCTTTCACATGCACCAGGGTGCTCTTTGCGGTGTAG 

LD3614 cagctatgaccatgattacg GATGGCGATTGTGGTTTGTT 

LD3753 cctgcaggtcgactctagagCAGGTAGGGGTTGTGGTAGG pLD4230 

LD3754 ATCGAGTCGTGGCACTATTGCTTTCCCACTAACCGATGCG 

LD3755 CGCATCGGTTAGTGGGAAAGCAATAGTGCCACGACTCGAT 

LD3756 cagctatgaccatgattacg TTCTTCCCGGTAGTACTCGC 

LD3875 cctgcaggtcgactctagagGCAGGTGCGAATACTCCAC pLD4323 

LD3876 CAGCATATTCCGGCAAGCGTAGAAACCACCTGACGATGACC 

LD3877 GGTCATCGTCAGGTGGTTTCTACGCTTGCCGGAATATGCTG 

LD3878 cagctatgaccatgattacg CCTCATCCAGAACACCCAGA 

LD3769 cctgcaggtcgactctagagCAATCCAACCGCTGCACC pLD4526 

LD3770 GGAGTCGCTGTGGGTGTCGGATCTTTTCATCGGCGCTT 

LD3771 AAGCGCCGATGAAAAGATCCGACACCCACAGCGACTCC 

LD3772 cagctatgaccatgattacg CTGTTTCGCTTGTGGATGGG 

LD3761 cctgcaggtcgactctagagAGAGAGAGGTTTCGAAGGCC pLD4231 

LD3762 CCACCACTGCATTTCCCTCA GAATACAGCACGGTGAAGCT 

LD3763 AGCTTCACCGTGCTGTATTCTGAGGGAAATGCAGTGGTGG 

LD3764 cagctatgaccatgattacg CTGATCGGCCTGCTCAAATC 
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LD268 TACAGTTTACGAACCGAACAGGC Transposon 
Insertion 
Sequencing 

LD269 GGCCAGGCCTGCAGATGATGNNNNNNNNNNGTAT 

LD270 TGTCAACTGGGTTCGTGCCTTCATCCG 

LD271 GGCCAGGCCTGCAGATGATG 

LD272 GACCGAGATAGGGTTGAGTG 
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Chapter 5: Conclusion  

5.1 Thesis summary and implications  

 This thesis has focused on the characterization of a novel P. aeruginosa virulence 

factor, the R-body, that is stochastically produced and presumably involved in destructive 

altruism. My work investigated the function of R-bodies in host contexts while also 

elucidating the complex regulation of R-body structural genes. Using the colony biofilm as a 

model for studying stochastic processes has revealed the aspect of memory in R-body 

production, which would have otherwise been missed in planktonic culture studies. This 

underscores the importance of studying the biofilm-specific biology of bacterial pathogens, 

especially in characterizing virulence factors co-regulated with quorum sensing and biofilm 

formation.  

5.2 Pseudomonas aeruginosa PA14 produces R-bodies, extendable protein 

polymers with roles in host colonization and virulence  

 As described in Chapter 2, I took on a project focused on the discovery of R-body 

polymers in P. aeruginosa PA14 biofilms and identified the novel R-body structural protein 

RapA, which does not exist in C. taeniospiralis genomes. I also confirmed the previous 

observation that R-body genes exist in unique syntenies1, and identified genes unique to 

pseudomonad reb gene clusters. Using established genetic tools, I probed their function in 

plant and worm hosts. Specifically, mutants deficient in R-body production were less able to 

colonize the plant host A. thaliana and had attenuated killing phenotypes in a slow-kill assay 

against C. elegans when compared to their wildtype parent strains. Further, I worked 

together with a collaborator and found that R-body production contributed to host 

https://paperpile.com/c/EQSf6O/2Qog
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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 the C. taenispiralis-Paramecium interaction and observations of the effect of PA14 

on C. elegans have led us to propose a model for the process of host cell damage by R-body-

harboring PA14. After endocytosis by a host cell, the R-body harboring cell is lysed in the 

host phagolysosome. This releases the R-body into a now acidic environment, causing the 

polymer to hyper extend. This extension causes lysosomal damage, releasing other bacterial 

toxins into the cytoplasm of the host cell, eliciting translational arrest via a targeted 

ribosomal cleavage.  

5.3 Modulation of Pseudomonas aeruginosa R-body production by temperature, 

cyclic nucleotide(s), and the transcr iption factor RcgA  

 In Chapter 3, I asked the question: what signal is sensed to stochastically restrict R-

body production to a subpopulation? For this I turned to characterizing the transcription 

factor in the reb gene cluster, RcgA. I found that rcgA is autoregulated and is also regulated 

by LasR, connecting R-body production to quorum sensing. I found a putative RcgA binding 

site upstream of rcgA and rebP1 via promoter bashing. Further, genetic modulation of 

intracellular cAMP levels affected R-body production. Increasing intracellular cAMP levels 

caused an increase in rebP1 expression but depleting intracellular cAMP did not seem to turn 

off the rebP1 signal. This meant that cAMP as a signal was necessary but not sufficient. My 

results suggest that R-body production is modulated by a second messenger other than 

cAMP and hint at novel signaling pathways that have previously been understudied in P. 

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 PA14 reb cluster. These included unbiased mutagenesis studies as well as 

targeted clean deletions of specific genes of interest. reb cluster gene expression occurs at 

25°C but not at 37°C. Screens for mutants that express reb 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 screen for 

mutants expressing reb cluster genes at 37°C were genes in the reb cluster itself, highlighting 

the importance of these genes in R-body regulation. Experiments revealed rapA and rebD to 

be necessary for R-body assembly, while the function of other genes in the cluster remain 

largely unknown.  

On the other hand, our partial screen for mutants defective in reb cluster gene 

expression at 25°C yielded an enrichment for mutants with transposons in metabolic genes. 

This is in line with previous studies in A. caulinodans that show that the type of carbon source 

provided impacts R-body production2. Further studies are required to confirm the 

observations of these screens because these phenotypes could also be caused by polar effects 

of transposon insertion. In fact, the five clean deletion mutants created to follow up on hits 

from these screens did not phenocopy their transposon-insertion counterparts.  

 The mutations described in section 4.4 only impacted R-body production moderately 

or not at all. For instance, we found that modulating intracellular c-di-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 
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currently the specific regulatory circuits, and particularly those that act upstream of RcgA, 

to control R-body production in P. aeruginosa remain 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 R-body is yet another weapon in the arsenal of the hypervirulent pathogen P. aeruginosa. 

In the three bacteria where R-bodies have been described, the structure and regulation 

diverge significantly, thus it would be fascinating to characterize the R-body in other 

bacterial species. The work in this thesis also highlights the importance of studying 

pathogenicity in the context of the biofilm lifestyle, because features 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 enigmatic polymer 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 aeruginosa strains that contain homologues of rebP1 (PA14_27640), fecI2 
(PA14_27690) and the reb gene cluster PA14_27630-PA14_27700. Strains were identified with a 
nucleotide NCBI BLAST against 312 complete genomes in Pseudomonas aeruginosa (taxid: 287). 189 
strains contained the reb cluster with rebP1 and fecI2; in one strain the cluster lacked fecI2. 122 
strains lacked the reb cluster, rebP1 and fecI2.  

 

Strains  rebP1 

(PA14_27630)  

FecI2 

(PA14_27690)  

reb gene cluster 

(PA14_27630-

PA14_27700) 

Pseudomonas aeruginosa B136-33, complete sequence + + + 

Pseudomonas aeruginosa C-NN2 isolate early isolate NN2 (clone C) 

chromosome I 

+ + + 

Pseudomonas aeruginosa DHS01 strain DH01 chromosome, complete genome + + + 

Pseudomonas aeruginosa DK1 substr. NH57388A chromosome I + + + 

Pseudomonas aeruginosa DK2, complete sequence + + + 

Pseudomonas aeruginosa isolate B10W, complete genome + + + 

Pseudomonas aeruginosa isolate PA14Or_reads chromosome PA14OR + + + 

Pseudomonas aeruginosa isolate paerg000 chromosome 0 + + + 

Pseudomonas aeruginosa isolate paerg005 chromosome 0 + + + 

Pseudomonas aeruginosa isolate paerg009 chromosome 0 + + + 

Pseudomonas aeruginosa isolate PcyII-10 chromosome PcyII-10 + + + 



120 

 

Pseudomonas aeruginosa LES431, complete genome + + + 

Pseudomonas aeruginosa LESB58, complete genome + + + 

Pseudomonas aeruginosa MTB-1, 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 aeruginosa RP73, complete sequence + + + 

Pseudomonas aeruginosa SCV20265, complete sequence + + + 

Pseudomonas aeruginosa SJTD-1 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain 12939 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain 1811-13R031 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain 1811-18R001 chromosome, complete genome + + + 
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Pseudomonas aeruginosa strain 243931 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain 24Pae112 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain 268 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain 60503 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain 8380 + + + 

Pseudomonas aeruginosa strain A681 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain AA2 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain ACR20 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain AES1M chromosome, complete 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 strain AR_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, complete genome + + + 

Pseudomonas aeruginosa strain AR_458 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain AR_460 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain AR442 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain AR444 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain B14130 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain B17932 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain B41226 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain BA15561 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain BA7823 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain BAMCPA07-48, complete genome + + + 

Pseudomonas aeruginosa strain C7-25 isolate C7-25 chromosome C7-25 + + + 
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Pseudomonas aeruginosa strain C79 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain CCUG 51971 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain CCUG 70744 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain CDN118 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain CDN129 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain CFSAN084950 chromosome, complete 

genome 

+ + + 

Pseudomonas aeruginosa strain CMC-115 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain Cu1510, complete genome + + + 

Pseudomonas aeruginosa strain DN1 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain DVT401 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain DVT410 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain DVT413 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain DVT414 chromosome, 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 strain DVT429 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain DVT729 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain DVT779 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain E6130952 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain E80 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain E90 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain F63912 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain F9676, complete genome + + + 

Pseudomonas aeruginosa strain FA-HZ1, 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 + + + 

Pseudomonas aeruginosa strain H26023 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain H26027 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain H47921 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain H5708 chromosome, 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 INP-43 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain IOMTU 133 + + + 

Pseudomonas aeruginosa strain JB2 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain JNQH-PA57 chromosome, complete genome + + + 
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Pseudomonas aeruginosa strain K34-7 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain KRP1 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain L10 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain LW chromosome, complete genome + + + 

Pseudomonas aeruginosa strain LYT4 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain M1608 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain M37351 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain MRSN12280 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain MS14403 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain N15-01092 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain N17-1 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, chromosome: 

1 

+ + + 

Pseudomonas aeruginosa strain NCTC13618 genome assembly, chromosome: 

1 

+ + + 

Pseudomonas aeruginosa strain NCTC13620 genome assembly, chromosome: 

1 

+ + + 

Pseudomonas aeruginosa strain NCTC13715 chromosome 1 + + + 

Pseudomonas aeruginosa strain NCTC9433 genome assembly, chromosome: 1 + + + 

Pseudomonas aeruginosa strain NHmuc, complete genome + + + 

Pseudomonas aeruginosa strain Ocean-1155 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain Ocean-1175 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain PA_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 strain PA_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_D9, complete genome + + + 

Pseudomonas aeruginosa strain PA-3 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain Pa124 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain Pa127 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain PA1RG chromosome, complete genome + + + 

Pseudomonas aeruginosa strain PA34 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain Pa58 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain PA59 chromosome, 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 strain PAC1 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 aeruginosa strain PB353 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain PB354 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain PB367 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain PB367 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain PB368 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain PB369 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain PcyII-40 isolate PcyII-40 chromosome PcyII-

40 

+ + + 
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Pseudomonas aeruginosa strain PPF-1 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain PSE6684 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain RD1-3 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 chromosome, complete 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 T2101 chromosome, complete genome + + + 

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

Pseudomonas aeruginosa strain USDA-ARS-USMARC-41639 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 Y71 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain Y89 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain YB01 chromosome, complete genome + + + 

Pseudomonas aeruginosa strain ZM03 chromosome, complete genome + + + 

Pseudomonas aeruginosa UCBPP-PA14, 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 SDS-insoluble fraction 
by tandem mass spectrometry.  

 


