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Abstract 

Bdellovibrio bacteriovorus is a Gram-negative predatory bacterium that is able to 

prey upon and kill other Gram-negative bacteria, including bacterial pathogens 

that are resistant to antibiotic treatment. This suggests that B. bacteriovorus, or 

components of its predatory lifecycle, may be of great use in the continued 

treatment of bacterial infection, as novel antimicrobial therapies. However, before 

B. bacteriovorus can be applied to these scenarios, we must understand how the 

eukaryotic immune response may alter the efficacy of predation.   

B. bacteriovorus has been postulated to be less immunogenic than other Gram-

negative bacteria, in part due to its outer membrane containing a modified Lipid A 

head group that reduces detection by host pattern recognition receptors and 

interactions with bactericidal antimicrobial proteins, two key components of the 

innate immune response. However, the interactions between B. bacteriovorus and 

the cells of the immune system have still not been fully characterised. 

In the first part of my PhD, I aimed to characterise how predation by B. 

bacteriovorus proceeds, and may be affected, within a host. Building on previous 

lab findings, I discovered that, in the context of large changes in transcription, 

transcriptional upregulation of some major surface components by the pathogen 

Serratia marcescens, whilst in human serum, led to resistance to predation. The 

main outer membrane component implicated in this resistance period was Lipid A, 

which had been modified with an L-Ara(4)N sugar to reduce its negative charge. 

Disruption of this LPS modification pathway, through directed gene deletion, did 

delay the development of resistance to predation in serum, but did not abrogate it 

entirely, suggesting that other surface components or factors also contribute to 

this resistance phenotype. This work demonstrates that host environmental 

factors can modify Gram-negative pathogen behaviour and therefore impact the 

efficacy of predation by B. bacteriovorus. 
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In the second part of my PhD, I focus on the interactions between B. 

bacteriovorus and macrophages, which are a key component of the mammalian 

innate immune system, asking what molecular factors allow B. bacteriovorus to 

temporarily survive for approximately 24 hours inside macrophages. This is 

relevant to understanding and enhancing the efficacy of predation within a human 

host.   

Focusing on genes related to oxidative stress tolerance, that are involved in 

prolonging the survival of pathogens within the phagosomes of macrophages, I 

asked whether these genes contribute to the temporary tolerance of phagosomal 

conditions, extending Bdellovibrio survival, and whether these genes also play a 

role in tolerating the oxidative stresses experienced by Bdellovibrio throughout 

predation. I discovered that two alkyl hydroperoxide reductase proteins and a 

“survival associated” chaperone protein were essential for predation, whilst a 

single superoxide dismutase (SodC) enzyme contributed to both predation and 

macrophage survival.  

Finally, I take a wider view on how Bdellovibrio is perceived and processed by 

macrophage of the host immune response asking, through investigation of the 

macrophage transcriptional response to engulfed Bdellovibrio. whether 

Bdellovibrio is recognised, phagocytosed, and destroyed in a similar way to well-

characterised Gram-negative bacterial pathogens. I discovered that, although 

Bdellovibrio does induce a proinflammatory immune response and is 

subsequently killed by host macrophage after 24-48 hours, no discernible 

transcriptional response is initiated towards the LPS of Bdellovibrio, in stark 

contrast to the detection of other Gram-negative bacteria, where LPS detection 

forms a cornerstone of the initial immune response. This may, in part, explain the 

relatively low immunogenicity of Bdellovibrio seen in animal studies. This 

understanding can inform future applications of B. bacteriovorus as a novel 

antimicrobial therapy within a human host.  

The work presented in this thesis has further characterised the immune response 

to Bdellovibrio and informs us on potential considerations of, and barriers to, 

predation within a human host. 
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Chapter 1: Introduction 

1.1. Thesis scope 

This thesis concerns the natural invasive predator of Gram-negative bacterial 

pathogens, Bdellovibrio bacteriovorus HD100. This predatory bacterium has been 

used in some in vivo experimental treatments of Gram-negative infections inside 

animal hosts. In some of those studies, it was clear that the host immune system 

interacted with the predatory killing of pathogens by Bdellovibrio, and that 

Bdellovibrio could persist temporarily inside macrophages (1, 2). 

My thesis has taken those studies further and mainly centres upon testing what 

proteins might allow Bdellovibrio to persist inside macrophages, whether they are 

associated with resisting oxidative stresses and whether such proteins have a 

dual role in surviving predatory invasion of live bacteria. I also test the surface 

epitopes of one pathogenic bacterium for Bdellovibrio recognition. Finally, I ask 

what transcriptional responses are induced in the macrophage by the presence of 

engulfed Bdellovibrio, using these to help understand whether an inflammatory or 

other response is mounted to the bacterial predator. These data illuminate how 

predatory bacteria will survive and succeed in reducing pathogen numbers in an 

animal host. 

I will begin my thesis by a consideration of Gram-negative pathogens and how 

they interact with the mammalian host immune system to serve as a background 

and comparison to Bdellovibrio bacteriovorus, which are not pathogenic to animal 

hosts, but which can kill pathogens inside animal hosts.  
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1.2. Gram-negative pathogens 

1.2.1. Burden of Gram-negative bacterial disease 

Antimicrobial agents have been a vital part of human health for decades, both in 

their predominant role in the treatment of infectious disease and in enabling the 

implementation of surgical interventions for cancer treatment, organ 

transplantation and other medical interventions. However, the development and 

spread of antimicrobial resistance, combined with a decrease in the number of 

new antimicrobials that have been discovered, threatens this paradigm (3, 4). An 

increase in the dissemination of antimicrobial resistance threatens the health of 

individuals around the world (Figure 1.2.1), whilst also having a significant 

economic cost, through its impacts on the agricultural industry and food security, 

and the burden it places on healthcare systems. It is estimated that globally, 4.25 

million people died of antimicrobial resistant infections in 2019, with 1.27 million of 

these deaths being attributable to antibiotic resistant bacterial infections (5, 6).  

This number is estimated to rise to 10 million people by 2050 (5, 6), therefore new 

approaches to treating infectious disease and multidrug resistant infections are 

clearly needed. Amongst the greatest concern bacterially are the ESKAPE 

pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa & Enterobacter 

spp.), where multidrug resistance, especially within a clinical setting, is particularly 

prevalent (7). There is therefore a desperate need for the development of novel 

antimicrobial agents to stem the tide of antimicrobial resistance and allow for the 

continued treatment of infection and other disease. The majority of these bacterial 

pathogens are Gram-negative bacteria, which are a great concern due to their 

high levels of resistance to antimicrobial agents, Therefore, the development of 

novel antimicrobial therapies that target Gram-negative bacteria, such as 

Bdellovibrio predation (8), are of great interest and importance. 
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My PhD studentship was funded by the Wellcome Trust, as part of the 

Antimicrobials and Antimicrobial Resistance Doctoral Training Programme. This 

programme aimed to support the research careers of the next generation of 

multidisciplinary scientists, supporting our research into the study of the molecular 

and chemical mechanisms of antimicrobial drugs, and how bacterial pathogens 

become resistant to them, whilst also measuring the impact and dissemination of 

antimicrobial resistance. Throughout my studentship, I have studied the 

interactions of the predatory bacterium Bdellovibrio bacteriovorus with the human 

host immune response, with the aim that characterising these interactions will 

assist in our understanding of how B. bacteriovorus may be used as a novel 

antimicrobial treatment of the future.

 

Figure 1.2.1: Rate of deaths attributed to, or associated with, bacterial antimicrobial 
resistance in 2019. Figure taken from Murray et al., 2022.  Error bars show 95% uncertainty 
intervals. 
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1.3. What is a Gram-negative pathogen? 

Gram-negative bacteria are some of the main causative agents of antimicrobial 

resistant bacterial infections. The Gram-negative bacterial surface acts as the first 

contact between the bacteria and the host, or the environment. Understanding the 

components of the outer surface is critical as it contains many of the outer 

membrane proteins and components important for bacterial survival within hostile 

environments, virulence, and pathogenesis, as well as conferring antimicrobial 

and host immune resistance (Figure 1.3.1).  

  

Figure 1.3.1: A typical Gram-Negative bacterium. A diagrammatic representation of a typical 
Gram-negative bacterium, showing the outer surface components and intracellular components 
typically present within a Gram-negative bacterium. 
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1.3.1. Lipopolysaccharide (LPS) outer membrane 

On the outermost surface of a Gram-negative bacterium is the outer membrane, 

whose inner leaflet is phospholipid but whose outer leaflet consists of 

Lipopolysaccharide (LPS) molecules, complexes of diverse carbohydrate O- and 

core-antigens, covalently linked to a glucosamine disaccharide Lipid A core (9).  

Lipid A is one of the main immunogenic components of the Gram-negative 

bacterial cell and is one of the first components that the host immune response 

encounters (10). The LPS outer membrane aids the repulsion of antimicrobial 

agents, due to the overall negative charge inferred on it by the 1’ and 4’ 

phosphate groups within Lipid A and Kdo2 carboxyl groups within the core 

polysaccharide region (11, 12), and acts as a barrier to drug entry (13, 14). Gram-

negative bacteria also have an inner, symmetrical, phospholipid cytoplasmic 

membrane, which also acts as a barrier and regulates the cytoplasmic 

environment. Between the inner and outer lipid membranes is the periplasm, 

where large amounts of protein folding, prior to secretion, and metabolic 

processes occur (15). 

1.3.2. Peptidoglycan cell wall 

Within the periplasm, Gram-negative bacteria have a peptidoglycan cell wall 

polymerised from N-acetyl-Glucosamine (GlcNAc) and N-acetyl-Muramic Acid 

(MurNAc), crosslinked by peptides of L- and D- amino acids and the amino acid 

DAP (D-glutamyl-meso-diaminopimelic acid), which is almost exclusively found in 

Gram-negative bacteria, although some exceptions exist (16). The peptidoglycan 

cell wall confers strength and rigidity to the bacterial cell, making it a target for 

classes of antimicrobial agents, such as penicillins, which kill bacteria by 

disrupting their cell wall and triggering osmotic lysis (Figure 1.3.2). How bacterial 

peptidoglycan is sensed by the mammalian immune response is further detailed in 

Section 1.4.3.2. 

Other surface features of Gram-negative bacteria may include a polysaccharide 

capsule, fimbriae and/or pili, other Outer Membrane Proteins (OMPs) and porins, 

and flagella. I will cover each of these components in more detail below.  
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1.3.3. Capsule 

The bacterial capsule is a polysaccharide layer that may be differentially 

expressed, and which can surround the bacterial cell, comprised predominantly of 

polysaccharides interlinked with other peptides and sugars (Figure 1.3.2) (17). 

The capsules of Gram-negative bacteria are important mediators of protection 

from the innate immune system, conferring resistance to complement-mediated 

killing, opsonisation, and phagocytosis (18-20). Capsules do not provide 

protection against predation by Bdellovibrio bacteriovorus, unlike in bacteriophage 

predation, where predation is inhibited by the capsule (21). 

 

Figure 1.3.2: Peptidoglycan Structure. A schematic showing the polymerisation of Peptidoglycan 
monomer subunits into a higher order Peptidoglycan structure. G and M glycans are linked into a 
backbone by short peptides between 1’ and 4’ residues. Glycan monomers are further crosslinked by 
bonds between the 3, 4- or 3, 3- residues of the peptides.  The peptides that form these crosslinks may 
vary. Ac represents acetylation; G represents N-acetyl Glucosamine/GlcNAc; M represents N acetyl 
Muramic Acid/MurNAc; L-Ala represents L-Alanine; D-Ala represents D-Alanine; Lys represents Lysine; 
DAP represents Diaminopimelic Acid. 
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1.3.4. S-layer 

The bacterial S-layer is comprised of protein and glycoprotein subunits that form a 

paracrystalline layer, common to a large number of a taxonomic groups of Gram-

negative bacteria (22). S-layers provide selective uptake and protection against 

harmful molecular species, whilst aiding with cellular adhesion and surface 

recognition. S-layers may also provide structural stability, determining cell shape 

and division (22). S-layers also have important immunomodulating activities, 

masking some immunogenic surface residues, to avoid recognition by the host, 

and providing protection against host-derived antimicrobial proteins (23). S-layers 

prevent the binding to, and recognition of, immunogenic surface residues by host 

Pattern Recognition Receptors (PRRs). Analogous to this, S-layers sterically 

mask the exposure of the outer membrane receptor(s) required for Bdellovibrio 

attachment, rendering bacteria expressing an S-layer non-susceptible to 

predation by B. bacteriovorus. However, once an area of the outer membrane is 

exposed, due to the lack of localised S-layer expression, Bdellovibrio are able to 

attach, invade and prey upon the Gram-negative bacterium (24). 

1.3.5. Fimbriae 

Fimbriae are long, proteinaceous fibres that protrude beyond the capsules of 

some bacteria, aiding binding to and colonisation of biological surfaces. Fimbriae 

are comprised of major and minor subunits, which assemble under the direction of 

periplasmic chaperone and outer membrane usher proteins, once secreted across 

the cytoplasmic membrane, to assemble in a highly specific order to form the 

longer fimbriae filaments (25).  

Details of how fimbriae are recognised by the host immune response are detailed 

in Section 1.4.3.3. 
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1.3.6. Pili  

In contrast, pili are shorter proteinaceous fibres comprised of individual pilin 

monomers (26). These monomers are assembled via a similar mechanism to 

fimbriae, via the Chaperone-Usher pathway (27). Pili have important roles in 

molecular secretion, cell movement and adhesion, representing a key virulence 

factor in bacterial infection. Chaperone usher pili are widespread amongst 

bacteria (Gram positive and Gram-negative) (28), where they facilitate binding to 

other bacteria, host cells and abiotic surfaces, with important implications for 

biofilm formation (29, 30). As with most bacterial cell surface factors, the structure 

and function of pili may vary based on different stresses reflecting adaptation to 

differing microenvironmental conditions (31).  

Type IV pili, a subset of pili distinct from Chaperone-Usher pili, are involved in 

twitching motility in Pseudomonas aeruginosa and other Gram-negative bacteria 

(32, 33). Type IV pili may also extend and retract to facilitate cell movement, as is 

seen in Myxococcus xanthus (32, 33).  

The roles of Type IV pili in bacterial predation by B. bacteriovorus are explained in 

Section 1.6.2.4. 

Details of how pili are recognised by the host immune response are detailed in 

Section 1.4.3.3. 

 



 
9 

1.3.7. Flagella 

Flagella are proteinaceous appendages that, through their rotation, enable 

bacterial motility. Flagella are comprised of flagellin monomers, polymerised into a 

flexible, thread-like appendage. The N- and C- termini of flagellin are highly 

conserved between bacteria, encompassing a variable region in between both 

termini, which forms the outer, environment-facing surface of the flagellin 

monomer (34, 35). The flagellin polymer is anchored into the cytoplasmic 

membrane of the bacterium by the basal body (34). The flagellum is comprised of 

many other proteins also, but the main immunogenic ligand that is recognised by 

the host TLR-5 receptor is flagellin (36). Conservation of the N and C termini of 

flagellin, despite a variable central region, facilitates recognition by TLR-5, across 

a wide range of bacterial species. 

The role of the flagella in bacterial predation by B. bacteriovorus are explained in 

Section 1.6.2.5. 

1.3.8. Outer membrane proteins and porins 

In addition to the fimbriae proteins extending from the Gram-negative cell 

membranes, other outer membrane proteins (OMPs) also decorate the outer 

membrane, with extensive roles in nutrient acquisition, membrane permeability, 

i.e. the selective exclusion of toxic or harmful products, and multidrug resistance. 

(37). OMPs may be peripheral, where they are secreted from the bacterial cell but 

tethered to the outer membrane by their N-terminal domain, or integral, where 

they are embedded in the outer membrane, a trait exclusive to Gram-negative 

bacteria (37).  

The OMP variety and composition within the outer membrane varies widely 

between Gram-negative bacteria, conferring differing degrees of virulence and 

antimicrobial resistance (38). Common groups of OMPs that feature 

predominantly within the outer membrane include porins and polysaccharide 

exporter proteins responsible for capsular polysaccharide export (forming the 

capsule layer) and LPS export (replenishing the outer membrane itself) (39).  
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1.4. The host immune response to Gram-
negative pathogens 

1.4.1. Overview 

The human host is constantly exposed to microorganisms through inhalation, 

ingestion or traumatic inoculation. Therefore, the host must provide a barrier to 

bacterial infection and bacterial establishment. This role is mainly encompassed 

by the host immune response, which consists of an innate system, which provides 

a rapid and non-specific response to microorganisms and prevents the 

establishment of infection in the first instance, and an adaptive system, which 

confers specificity and memory to the immune response, preventing and providing 

protection from infection in the longer term, but this response is not immediate.   

1.4.2. The innate immune system 

The innate immune system forms the first line of defence against bacterial 

infection, providing a rapid response to bacterial incursion through both cell-

dependent and cell independent mechanisms.  

Briefly, the immune system consists of serum components, containing 

antimicrobial peptides and complement components, and a range of innate and 

adaptive immune cell types including macrophages, neutrophils, dendritic cells, T 

cells and B cells. A key cell type, in bacterial immune responses, is the 

macrophage (discussed in more detail below). Macrophages participate in innate 

immune recognition of bacterial cells, their engulfment and, in many cases, their 

killing. After bacterial killing, antigen presentation educates and activates the 

adaptive immune system. 

Prior to exploring further, the partitions of the immune response, I will first outline 

how Gram-negative bacterial pathogens are recognised by the host’s innate 

immune response, as this has implications for both the cell-independent and 

cellular responses to bacterial infection and for the interaction of the immune 

system with predation during in vivo predation tests of pathogen killing.  
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1.4.2.1. The cells of the innate immune response 

1.4.2.1.1. Overview 

A range of different cell types contribute to the immune response, each with 

differing functions and roles, dependent on their local microenvironment and the 

different chemotactic signals that they receive to ascribe their function. Within 

each cell type, some cells e.g., macrophage undergo further differentiation into 

specific, tissue resident subsets with more specific and specialised surface 

receptor profiles and functions within the host (40, 41).  

The cellular immune response consists of several key players, all with vastly 

different but overlapping roles in recognising microorganisms, killing them, and 

then amplifying and alerting the wider immune response to the risk of infection. 

Multiple cells contribute to the innate immune response, including epithelial cells 

(which act as a barrier to microorganisms and have some basic recognition 

functions), basophils and eosinophils (which secrete enzymes and cytokines to 

stimulate immune cell growth and activation), natural killer cells (which trigger 

apoptosis in infected cells) and lymphoid cells (42). However, as I am focusing on 

the innate immune response, of which macrophages and neutrophils are two key 

components thereof, I will focus on the roles of macrophages and neutrophils. I 

will also discuss dendritic cells, as they play an important role in the initial 

signalling to the adaptive immune response.
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1.4.2.1.2. Macrophages 

Macrophages are phagocytic cells that engulf bacteria and kill them through 

multiple killing pathways (Figure 1.4.1). Macrophage also play a key role in 

antigen presentation and proinflammatory (e.g. IL-1b, IL-6 and TNFa) and anti-

inflammatory (e.g. IL-10) cytokine release, educating other cells of the immune 

response to recognise and respond to specific microbial ligands, amplifying the 

immune response. Macrophages are typically tissue resident, leading to wide 

ranges of heterogeneity within macrophage populations, depending on their local 

microenvironment (41, 43). Further details on how macrophage recognise 

microbial stimuli and how they contribute to the host immune response are 

covered below. 

 

 

 

 

B

A

Figure 1.4.1: A Typical Macrophage Cell. Macrophages are nucleated cells that undergo global 
changes in gene expression in response to microbial stimuli. Microbial ligands, or whole organisms, 
may be phagocytosed into a phagosome, which subsequently fuses with lysosomes, maturing into a 
phagolysosome. These processes require extensive transcription of genes (nucleus) and translation 
of mRNA into proteins (at the Endoplasmic Reticulum). Phagocytosis, protein production and export 
are all energy expensive processes. These process, and others, are powered by mitochondrial ATP 
production. 
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1.4.2.1.3. Neutrophils 

Neutrophils are phagocytic cells, with a predominant role in microbial killing, 

mainly through phagocytosis, and the subsequent generation of ROS and Nitric 

Oxide. However, neutrophils can also take part in the suicidal construction of 

extracellular traps in NETosis. These NETs (Neutrophil Extracellular Traps) trap 

pathogenic bacteria in web-like chromatic structures, preventing pathogen escape 

and dissemination, whilst killing them through the localised release of 

antimicrobial proteins and granule-associated hydrolytic enzymes, including 

cathepsins, cathelicidins and neutrophil elastase (44-46).  

Neutrophils provide an immediate response to infection and are often the first 

immune cell at the site of infection, recruited by cytokine and chemokine 

messengers (44). Owing to their highly destructive and damaging nature, 

neutrophils are short-lived, rapidly killing microorganisms and then promptly dying, 

unless they receive further signals from other immune cells to prolong their 

survival (44).  
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1.4.2.1.4. Dendritic cells 

The primary role of dendritic cells is in antigen presentation, activation of naïve T 

cells and bridging the gap between the innate and adaptive immune responses. 

Even their physical cell structure is specialised for this function. Dendritic cells 

engulf microbial antigens, subsequently presenting them on Major 

Histocompatibility Complexes (MHCs), which are recognised by and activate T 

cells of the adaptive immune response (47, 48). Naïve dendritic cells are also 

important for promoting tolerance within the host, where they aid in distinguishing 

self from non-self (47, 48).  

In my work, I will focus on the actions of macrophage, because of their roles in 

innate immune recognition and because culturable experimental systems, i.e., cell 

lines, exist, which makes my research less dependent on animal models and 

primary cells.  
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1.4.3. Innate recognition of Gram-negative bacterial 
pathogens 

As discussed above, the surface of the Gram-negative bacterium is key for 

understanding the host innate immune response to (Gram-negative) bacterial 

infection, as it is the first point of contact and recognition. I will explore each of the 

external surface components mentioned above, in addition to internal microbial 

ligands, and how they are recognised by the host immune response below.  

The interface between the host immune response and pathogens is dictated 

initially through the recognition of surface moieties. However, little is known about 

how the alteration of the surface due to microenvironmental changes affects the 

interactions between host immune cells and the pathogen, therefore further 

clarification regarding the exact roles of each PRR and microbial ligand in the 

immune response is needed.  

Bacterial recognition, by the cellular and non-cellular components of the innate 

immune response, relies on the recognition of a bacterial ligand (or Pathogen 

Associated Molecular Pattern/PAMP) by PRRs. Toll-like receptors (TLRs) are one 

of the main PRRs involved in detecting and responding to an initial microbial 

stimulus (49-53). TLRs are expressed by innate immune cells, including 

macrophage, neutrophils and dendritic cells, but also on non-immune cells, 

including epithelial cells (51) at low and differing levels. Different PRRs are 

responsible for the recognition of different microbial ligands, upon which TLR 

expression is upregulated, along with downstream signalling (Figure 1.4.2).  

Surface TLRs (TLRs -1, -2, 4, -5 and -6) detect the main surface ligands on 

bacteria and initiate the immune response (52), recruiting other cell surface 

receptors e.g. scavenger receptors, that initiate cytoskeleton and membrane 

rearrangement, leading to phagocytosis (54). Once phagocytosed, endosomal 

TLRs (TLR -3, -7, -8 and -9) are trafficked to the phagosome where they sample 

the contents of the phagosome further to give a more tailored and specific 

immune response (52). The innate immune response typically gains momentum 

and becomes increasingly pro-inflammatory over time (Figure 1.4.2).  
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The role of each PRR in the developing immune response is highly dependent on 

the ligand, the activation state of the cell, the cell type and the 

cytokine/chemokine signals that the cell has received (49, 50, 52, 55). 

In macrophages, ligation of TLRs with microbial ligands initiates TLR dimerization 

and the recruitment of other signalling receptors, co-receptors, and adaptor 

proteins at the host cell surface (or endosomal surface, in some instances). 

Assembly of these signalling complexes in phagocytes induces signal 

transduction to transcription factors, including NFkB, which upregulate the 

transcription of genes encoding antimicrobial peptides and other bactericidal 

factors (leading to bacterial killing) and proinflammatory cytokines (leading to 

immune cell recruitment and activation) (49, 50, 52). 

In dendritic cells, TLR ligation induces dendritic cell maturation and upregulates 

antigen presentation (47). Other cell types, e.g., epithelial cells, do not have 

phagocytic capabilities, but they can signal and activate other (immune) cells in 

response to microbial stimuli. TLR ligation eventually culminates in microbial 

killing, degradation, and antigen presentation, educating and activating the 

adaptive immune response.  

 

Figure 1.4.2: Recognition of the main Pathogen Associated Molecular Patterns by different 
Pattern Recognition Receptors in various microorganisms. The detection of PAMPs by host 
PRRs is what triggers the initiation of the innate immune response, whether this be towards 
viruses, bacteria, fungi or protozoa. The major PAMPs for each class of microorganism are shown, 
along with the host cell PRRs that detect their presence. TLRs are expressed by innate immune 
cells, including macrophage, neutrophils and dendritic cells, but also on non-immune cells, 
including epithelial cells. N.B. Lipoproteins are also present in Gram-negative bacteria and may be 
detected by TLR-2. GP, surface glycoproteins; LP, lipoproteins; PG, peptidoglycan; LTA, 
lipoteichoic acid; LPS, lipopolysaccharide; GPI, glycophosphatidylinositol; TLR, Toll-like receptors; 
RLR, RIG-1 like receptors; NLR, Nod-like receptors. Figure taken from Mogensen et al., 2009.  
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1.4.3.1. Recognition of lipopolysaccharide 

As mentioned above, LPS consists of a Lipid A core, a core oligosaccharide 

chain, and a more variable O-antigen polysaccharide chain. Whilst these 

oligosaccharides may be recognised by the host immune response, and will 

certainly impact how LPS is recognised as a whole, the main component of LPS 

that is recognised by the host is Lipid A. 

On macrophage, TLR-4, in complex with LBP (Lipopolysaccharide Binding 

Protein), CD14 and MD2 (Myeloid Differentiation 2) detects LPS in the Gram-

negative outer membrane (52). LBP binds LPS, subsequently forming a transient 

complex with CD14. This enhances the sensitivity of the TLR-4:MD-2 complex to 

LPS (56, 57). The acyl chains of Lipid A bind inside a hydrophobic pocket within 

the TLR-4:MD-2 multimer, altering the structural conformation of Lipid A and 

facilitating the interaction of the phosphate groups present within the Lipid A head 

group, with TLR-4 (58). This induces dimerization of TLR-4, triggering the 

recruitment to of adaptor proteins and initiating downstream MyD88 and NFkB 

signalling. TLR-4 would usually be expected to the one of the first TLRs to detect 

Gram-negative bacterial exposure, owing to LPS being the major component of 

the outer membrane surface. TLR-4 may detect LPS at the cell surface or within 

endosomes, owing to it cycling between both interfaces, signalling through two 

separate pathways (56, 58, 59). The negative charge of Lipid A, within LPS, is key 

for TLR-4 binding and stimulation of the immune response (60). 

The LPS of Gram-negative bacteria can be modified to prevent recognition by the 

immune response. Modification of acylation of the Lipid A component, or the 

addition of positive charged carbohydrate groups to the phosphate groups within 

Lipid A, alter the overall negative charge of the Lipid A molecule, reducing TLR-4 

binding and recognition by the immune response, and reducing outer membrane 

permeability to AMPs (61, 62). Variation of the composition of the O-antigen also 

contributes to evasion of the host immune response, preventing the deposition of 

C3 (Complement protein 3) and causing membrane attack complexes (MACs) to 

form away from the outer membrane, whilst delaying recognition by PRRs (62). 

Modification of Lipid A, to prevent host recognition, is further detailed in 

Maldonado et al., 2016 (62).  
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Variation of O-antigen length and composition may impact Bdellovibrio predation. 

Vibrio cholerae deficient in O-antigen production were more susceptible to 

predation by B. bacteriovorus. V. cholerae expressing O-antigen were preyed 

upon with reduced efficiency, likely due to the masking of target receptors 

(sterically or through altered charge interactions) by O-antigen chains (63, 64). 

Variation of the charge of the Lipid A molecule was not thought to affect 

Bdellovibrio predation, although my results (presented in Chapter 3) explore this 

further. As the target within the outer surface of Gram-negative bacteria that 

Bdellovibrio recognises in predation, is unknown, it is difficult to further detail how 

LPS modifications would impact predation efficiency. As predation susceptibility 

varies within the same bacterial species, but all Gram-negative bacteria are 

susceptible to predation, it is likely that phenotypic variation in LPS and cell 

surface components determines susceptibility to predation (64). 

1.4.3.2. Recognition of peptidoglycan 

TLRs. TLR-2 is known to work in combination with TLR-1 and TLR-6, on 

professional phagocytes including macrophage, to detect triacylated and 

diacylated lipoproteins respectively (65, 66), along with NAG (N-acetyl 

glucosamine) and NAM (N-acetyl muramic acid) subunits of peptidoglycan and 

outer membrane proteins (65, 67). Peptidoglycan is usually masked from 

detection by TLR-2 due to LPS outer membrane so there is typically a delay in 

response to peptidoglycan, until non-specific lysis of bacteria in serum, or upon 

uptake, exposes peptidoglycan fragments.  

NOD-Like Receptors. Peptidoglycan may also be detected by cytosolic NLRs 

(NOD-Like Receptors) NOD-1 and NOD-2, which detect peptidoglycan within 

macrophage and respond to intracellular bacterial infection (68-71) after 

peptidoglycan ligands have been internalised/phagocytosed by host cell surface 

receptor, e.g. scavenger receptor, recognition and binding, inducing actin 

cytoskeleton remodelling and uptake (54). NOD-1 and NOD-2 respond to both the 

amino acid DAP (D-glutamyl-meso-diaminopimelic acid) and the backbone 

muramic acid attached to the peptide MDP (muramyl dipeptide) respectively (69-

74). 
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NOD1 and NOD2 have been shown to sense intracellular bacteria, including S. 

flexneri (70), L. monocytogenes (72, 75, 76), S. pneumoniae (77), M. tuberculosis 

(78) and a range of other Gram-negative bacteria (79) but the role of NOD1/NOD2 

in the resolution of infection is still poorly understood (80).  

Peptidoglycan Recognition Proteins. Macrophage, and other cells of the innate 

immune response, secrete Peptidoglycan Recognition Proteins (PGLYRPs) that 

recognise and bind to bacterial peptidoglycan MurNAc-Peptide fragments (81). 

PGLYRP-1, -3 and -4 lyse peptidoglycan and exert a bactericidal effect (81), in 

some cases amplifying the immune response. For example, PGLYRP1 activates 

TNF in Listeria monocytogenes infection (82), exerting a bactericidal effect but 

limiting the proinflammatory response to commensal microbiota (83). 

Peptidoglycan Recognition Protein 2 (PGLYRP2) lyses peptidoglycan into 

biologically inactive fragments that are less well recognised by TLRs -1, -2 and -6. 

PGLYRP-2 cleaves the sugar backbone from the peptide chain, thus cleaving and 

removing the ligands for NOD-1 and -2 (70, 84). Recognition and cleavage of 

peptidoglycan centres around the recognition of N-acetyl Muramic Acid (MurNAc) 

within the peptidoglycan backbone, along with other D-isoform peptides as these 

are recognised as bacterial and foreign by the immune response, rather than L-

isoforms and N-acetyl Glucosamine (GlcNAc) which are less well recognised 

owing to their high similarity to host/self-amino acids (85). 

1.4.3.3. Recognition of Flagellin and other bacterial surface 

proteins 

TLR-5 recognises bacterial flagellin that has been internalised by host cells (86). 

TLR-5 detects conserved dipeptides at the N- and C-termini of bacterial flagellin, 

that are key to flagellar assembly and motility and are therefore indispensable, 

even if the rest of the flagellar composition is highly variable (87-89).  The main 

recognition site on bacterial flagellins (for TLR5 recognition) lies between amino 

acids 89 and 96 (see Figure 1.6.2) (36).  
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Fimbriae are predominantly recognised by TLR-2, whose main ligands are 

diacylated and triacylated lipoproteins. FimA, the major fimbrial protein of 

Porphyromonas gingivalis, and CsgA, a major subunit of Salmonella Typhimurium 

curled fimbriae, are recognised by TLR-2 (90-96). 

Interactions with other TLRs, including TLR-4, also play a role in fimbriae 

recognition. For example, the FimH tip adhesin of Type I fimbriae of 

Uropathogenic E. coli binds directly to TLR-4 (97, 98). 

As with fimbriae recognition, pili are recognised by the PRR TLR-2 (99, 100), 

although recognition of Moraxella cattarhalis pili by TLR-5 has also been 

documented, enhancing immune-mediated clearance (101). 

1.4.3.4. Recognition of bacterial nucleic acids 

Historically, TLR-3 was thought to detect viral dsRNA. Increasing evidence 

suggests that TLR-3 may also detect bacterial RNA. TLR-3 is an endosomal PRR, 

therefore it is not involved in the initial recognition of microbial stimuli, but will 

sample the contents of the endosome after initial bacterial uptake and lysis, to 

detect bacterial RNA (52, 102).  

TLRs -7, -8 and -9 are endosomal, so they recognise nucleic acids within the 

cytosol of the cell (52). TLR-7 responds to synthetic viral components, but may 

also recognise bacterial RNA in lysosomes, initiating the interferon response and 

targeting mitochondria to phagolysosomes to induce increased reactive oxygen 

species (ROS) production and autophagy (38, 103, 104). TLR-8 also recognises 

bacterial RNA, inducing IFN-b expression through IRF-7 -dependent signalling in 

response to Borrelia burgdorferi phagocytosis and infection (105, 106).  

TLR-9 responds to unmethylated CpG containing ssDNA, therefore amplifying the 

response to bacteria further (107).  

The recognition of bacterial ligands by host TLRs is summarised in Figure 1.4.3. 

below. 
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Figure 1.4.3: The role of Toll-Like Receptors (TLRs) in the sensing of microbial ligands. Figure taken 
from O’Neill et al., 2013; Nature Reviews Immunology. Toll-like receptors (TLRs) are one of the first 
Pattern Recognition Receptors (PRRS) involved in sensing microbial stimuli. Surface TLRs, TLRs -1, -2, -4, 
-5, -6 and -11 bind to microbial ligands at the cell surface. Endosomal TLRs, TLRs -3, -4, -7, -8, -9 and -13, 
sense microbial ligands that have been internalised within endosomes. Upon ligand binding to a TLR, 
dimerization occurs triggering the recruitment of adaptor proteins to the signalling complex. These adaptor 
proteins are MYD88 (Myeloid Differentiation Primary Response Protein 88) and MAL (MYD88 adaptor like 
protein) or TRIF (TIR-domain containing adaptor protein inducing IFN-β) and TRAM (TRIF-related adaptor 
molecule). Upon assembly of this signalling complex, other adaptor and accessory proteins are recruited to 
the signalling pathway, including IRAKs (IL-1R-associated Kinases) and TRAFs (TNF Receptor Associated 
Factors), inducing the activation of MAPKs (Mitogen Associated Protein Kinases), JNK (JUN N-terminal 
Kinase) and p38. This leads to activation of the downstream transcription factors NFκB (Nuclear Factor 
kappa B), IFRs (Interferon Regulatory Factors), CREB (Cyclic AMP-responsive element binding protein) 
and AP1 (Activator Protein 1), and expression of transcription factor regulated genes, predominantly 
proinflammatory cytokines. dsRNA: double stranded RNA; IKK: Inhibitor of NFκB Kinase; LPS: 
Lipopolysaccharide; MKK: MAP Kinase Kinase; RIP1: Receptor Interacting Protein 1; rRNA: Ribosomal 
RNA; ssRNA: Single Stranded RNA; TAB: TAK1-Binding Protein; TAK: TGF-β activated Kinase; TBK1: 
TANK-binding Kinase 1. 
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1.4.3.5. Recognition of bacterial ligands by other PRRs 

Scavenger receptors are involved in tissue homeostasis within the host, as they 

bind modified host lipoproteins and apoptotic cells (108, 109). They are typically 

expressed by myeloid cells, with their expression being controlled by the presence 

of proinflammatory cytokines and other host cell cues such as oxidative stress, in 

turn inducing ligand internalisation, NFkB activation and respiratory burst and 

proinflammatory cytokine activation/production (109). Scavenger receptors also 

bind microbial glucan ligands, and therefore play a role in the detection and 

phagocytic uptake of microbial stimuli in the host (109). 

C-Type lectin receptors (CTLRs), such as the mannose receptor, are typically 

Calcium-dependent PRRs that bind carbohydrates (110). CTLRs aid phagocytosis 

and presentation of opsonised microbial ligands, but also contribute to 

phagocytosis, ROS and proinflammatory cytokine production (110).  

Whilst these, and other types of PRR contribute to the innate immune response 

(111, 112), my focus is predominantly on the microbial ligands of Bdellovibrio that 

are recognised by host TLRs within this study. 
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1.4.4. Cell independent factors 

To prevent infection, the host must present an exceptionally hostile environment 

to inhabit and persist in for pathogens, whereby they are quickly set upon by 

components of the host immune response to restrict infection. Many soluble 

components of the host immune response are found in plasma. Plasma, the non-

cellular component of blood, is where the majority of the initial immunological and 

bactericidal exchanges between the cells of the host immune response and 

pathogen occur, during infection. It is also where injected, therapeutic Bdellovibrio 

would encounter bacterial pathogens and so it is important to consider the status 

of pathogenic bacteria in blood plasma.  

Plasma contains two predominant microbicidal mechanisms which target bacterial 

surfaces, as the key component of the host-pathogen interface, the complement 
deposition system, and antimicrobial proteins/peptides, both of which 

mediate killing through bacterial cell lysis. One key group of virulence traits that 

allows human pathogens to persist and cause disease is serum resistance, the 

ability to survive within the serum of the host alongside numerous antimicrobial 

proteins, antibodies and bactericidal mechanisms (113). The mechanisms behind 

complement and antimicrobial protein mediated killing, and how pathogens resist 

these mechanisms are important to my studies of bacterial predation in host 

environments as an antimicrobial therapy and will now be explored further. 

1.4.4.1. Antimicrobial proteins/peptides  

Antimicrobial peptides are small, helical polypeptides, disproportionally highly 

abundant in positive/cationic, hydrophobic amino acids. Other regions of 

antimicrobial peptides also contain hydrophilic or ampiphilic amino acids. These 

net-positive peptides are attracted to the negatively charged bacterial outer 

membrane with a high affinity (114, 115), although they have a broad spectrum of 

action, acting on a wide range of microorganisms (bacteria, fungi, viruses and 

protozoa) (116). AMPs induce pore formation and the dysregulation of membrane 

solubility to exert their bactericidal/antimicrobial effect.  
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Antimicrobial peptides (AMPs), freely circulating in human plasma and actively 

secreted by (bacterially) stimulated immune cells such as macrophages and 

neutrophils, are an important component of the host innate immune response, 

whereby they bind to and quickly respond to the presence of pathogens and 

control infection in various organs and systems of the body, through the 

modulation of the immune system (117-120). AMPs are thought to be the first line 

of defence against microbial incursion as they are distributed throughout the 

bloodstream, distributed in the plasma, and in tissues that first encounter 

microorganisms, such as the lungs (121).  

1.4.4.1.1. Mechanism of action 

In Gram-negative bacteria, antimicrobial proteins typically bind to the outer 

membrane LPS via the electrostatic attraction between the negatively charged 

phosphate groups and moieties in lipid A and the core oligosaccharide (61, 122, 

123), and their positive side chains, after which they are taken up via a self-

promoted uptake pathway across the outer membrane and periplasm, and 

integrate into the inner membrane in between the hydrophilic head groups and 

fatty acyl chain tails, where pore formation occurs and barrier function and 

structural integrity is negated, promptly resulting in bacterial cell death and lysis 

(115, 124). Antimicrobial proteins represent one of the predominant forms of 

innate immune defence against pathogens within the host (125, 126). 

1.4.4.1.2. Resistance to antimicrobial peptides 

The structure of LPS is well-recognised by the immune system as a PAMP and as 

a key signature of Gram-negative bacterial infection (see Section 1.4.3.1). 

Variation in the structure of LPS results in differing levels of recognition by the 

innate immune system and impacts the bactericidal effects of cationic 

antimicrobial peptides (both host and synthetic such as polymyxin B) and human 

serum sensitivity within the innate immune system (127).  
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Cationic antimicrobial peptide (CAMP) resistance had previously been attributed 

to the increased steric hindrance of the O-antigen, where, in E. coli, longer 

oligosaccharide chains were observed to confer increased resistance, presumably 

by preventing CAMP binding to the bacterial outer membrane (128). Increased 

incorporation of glycine into the core oligosaccharide, increased N-acetyl 

glucosamine incorporation into the capsule and the ratio of Galactose to D, D-

Heptose in the O-polysaccharide, all of which possess no charge, have also been 

implicated in conferring CAMP resistance in Yersinia pestis (127). However, the 

most prominent mechanism of CAMP resistance is the incorporation of 4-amino-4-

deoxy-L-arabinose (L-Ara(4)N), and to a lesser extend ethanolamine, into the 

LPS. This alters the overall negative charge of the LPS and negates the binding 

of cationic antimicrobial peptides, conferring polymyxin and CAMP resistance 

(129-131). This phenomenon has also been observed in many 

Enterobacteriaceae including Salmonella typhimurium (122, 124, 132-135), 

Escherichia coli (136-138), Proteus mirabilis (139), Chromobacterium violaceum 

(140), and Burkholderia cenocepacia (141), representing a significant mechanism 

of resistance to antimicrobial proteins of the innate immune response.  

1.4.4.2. The complement system 

The complement system is a key host defence against infection within the 

bloodstream. Various cell types, including leukocytes and epithelial cells, 

throughout the body synthesise soluble complement proteins into the 

bloodstream, where they then act to recognise, bind to, assemble upon and 

permeabilise bacterial membranes. Leukocytes and epithelial cells respond to 

complement proteins via membrane bound complement receptors (142, 143). It 

consists of three pathways: the classical activation pathway, the alternative 

activation pathway, and the lectin-mediated pathway (144, 145).  
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1.4.4.2.1. Mechanism of action 

Classical activation: The classical pathway of complement activation is antibody 

mediated, predominantly through the deposition of immunoglobulin (Ig) G and M 

clusters on the bacterial surface when surface antigens are recognised. Initially, 

complement receptor Clq recognises and binds to the conserved Fc region of IgG 

and IgM complexes (146). Clq acts as a receptor for two proteases, Clr and Cls, 

to bind to Clq, activating them (147, 148). Cls proteolytically cleaves C4, another 

complement protein, into two subunits, a and b, resulting in the deposition of C4b 

onto the surface of the pathogen through a process termed opsonisation. C4b 

deposition subsequently cleaves C2 into two subunits, releasing a convertase that 

cleaves C3, upon which C3b is activated and feeds into the alternative pathway of 

complement activation, initiating downstream effector functions such as pro-

inflammatory cytokine release and phagocyte recruitment (Figure 1.4.4) (149). 

C3a, an anaphylatoxin, is also released during C3 cleavage, latterly binding to 

C3aR and triggering the oxidative burst in macrophages (150). 

Lectin pathway of activation: Host Mannose Binding Lectin (MBL) binds to 

carbohydrates, including N-acetyl Glucosamine, mannose and N-acetyl 

mannosamine, on the pathogen surface, after which MASP1/2 (MBL Associated 

Serine Protease 1/2) are recruited to MBL to form a cleavage complex (151). This 

complex subsequently cleaves C4, resulting in C4b deposition on the bacterial cell 

surface, after which it follows the same pathway as the classical and alternative 

pathways of complement activation (Figure 1.4.4) (152, 153).  

Alternative pathway of activation: The alternative pathway of complement 

activation differs as it is comprised of three separate pathways of activation, rather 

than a single, linear pathway (154, 155). Despite being termed the alternative 

pathway, this pathway likely accounts for between 80% and 90% of complement 

pathway activation (156). C3 is the chief mediator of the alternative complement 

pathway, which is hydrolytically cleaved to form the two subunits and activate the 

protein. The C3b subunit of C3 is highly active, whereby it binds to foreign amine 

and carbohydrate groups on the pathogen surface and tags them for targeting 

and destruction.  
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C3b tagging also occurs on some host cells, however the protein is short-lived 

and is quickly turned over by the host to prevent self-targeting. Complement 

Factor D (CFD) cleaves Complement Factor B (CFB) which is attached to C3b, 

forming the C3bb C3 convertase. Positive feedback on C3b-tagged pathogen 

components results in further complement tagging and complement protein 

binding (155, 157). C3b recruits and binds to C5, cleaving its active subunit in the 

process, which acts as a signal for C7, C8 and C9 recruitment to the cell surface. 

C3 and C5 convertase complex formation, and the precursors of MAC formation 

are stabilised by a Complement Factor Properdin (CFP) accessory protein (158). 

This ultimately results in lytic pore formation through the formation of membrane 

attack complexes (MAC) which damage and permeabilise bacterial cell 

membranes (Figure 1.4.4) (159).  

Throughout the complement pathway, C3a and C5a anaphylatoxins are released 

(through C3 and C5 cleavage respectively), binding to membrane bound 

receptors in an array of immune and non-immune cell types. C3a and C5a binding 

induces the oxidative burst in macrophage and neutrophils (160, 161), and induce 

histamine release from mast cells (162). C3a induces IL-6 and TNFa production 

in B cells and monocytes (163, 164). C5a also acts as a powerful 

chemoattractant, inducing macrophage (165), neutrophil (166), activated B cell 

(167) and T cell (168) migration (150),  

In summary, the complement pathway contributes to the immune response 

through the recruitment of leukocytes, the opsonisation of bacteria (facilitating 

bacterial uptake), and bacterial killing through MAC/pore formation.  
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1.4.4.3. Resistance to complement.  

The capsule and LPS are both considered to be important in complement 

resistance, through their blocking of epitope recognition by host antibodies 

through O-antigen extension and through steric hindrance of MAC integration, 

causing MACs to form away from the bacterial outer membrane (169).  

The predominant form of resistance to complement-mediated killing is 

upregulation of capsular polysaccharide synthesis and export, which is believed to 

decrease complement protein binding and prevent MAC formation in the outer 

membrane, whereby acapsular mutants of Uropathogenic E. coli and Burkholderia 

pseudomallei exhibit increased serum sensitivity and survival due to complement-

mediated killing (170, 171).  

Other forms of decreased sensitivity to complement include modification of the 

composition of the O-polysaccharide, where longer O-antigens sterically hinder 

MAC formation in the outer membrane, and incorporation of less immunogenic 

residues such as sialic acid, reducing proinflammatory responses and 

complement activation (172-176). Although there has been some debate 

regarding the importance of O-antigen length in serum resistance (177), which is 

likely to vary based on the specific pathogen and killing mechanisms studied, the 

consensus is that capsule production plays the most important role in decreased 

susceptibility to complement-mediated killing.  

Cleavage of complement proteins by alkaline phosphatases, to prevent 

complement cascade activation, and masking of the bacterial surface by 

accumulating host complement factor proteins, such as Factor H or sialic acid 

(172), to prevent further complement deposition, also represent two mechanisms 

to resist complement-mediated killing. 

As Bdellovibrio has an altered Lipid A structure and charge, it is possible that it 

will be less susceptible to complement protein action, although this remains to be 

confirmed. This is further covered in Section 3.3.4. 
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1.4.5. Microbial killing of bacteria internalised by 
macrophage. 

1.4.5.1. Introduction to macrophage activation responses 

As detailed above, macrophage are phagocytic cells that recognise, uptake and 

kill microorganisms, prior to digesting them and presenting their immunogenic 

components as antigens on the macrophage cell surface to educate and inform 

the other cells of the innate and adaptive immune response.  

Although the predominant focus of this section is the infection associated, 

inflammatory activation of macrophages, to amplify the immune response and 

upregulate bacterial killing, it is important to consider that this Type I inflammatory 

state of macrophages is not the only activation state a macrophage may exist in, 

even within an infection scenario. Macrophage may also exist in a less 

inflammatory state, typically associated with Type 2 inflammatory responses and 

parasitic infection, or an anti-inflammatory state, associated with tissue 

remodelling and wound healing (40). This latter subtype highlights another 

important role of macrophage, outside of infection, where they phagocytose or 

degrade other, typically defective, host cell types to prevent other, non-infectious 

disease within the host. Although I refer to M1 (classically activated) and M2 

(alternatively activated) macrophage within this thesis, it is important to note that 

recent developments in the field have suggested a shift away from this 

classification, as a diverse array of macrophage activation types exist (40). 

However, as I am mainly focused on the inflammatory actions of macrophage, 

and a lot of literature still refers to these two subtypes, I will use this 

nomenclature. The contrasting activation states of macrophage are further 

explored in Chapter 5, Section 5.5.9.  
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1.4.5.2. Macrophage engulfment and phagocytosis 

Engulfment by phagocytes with subsequent phagosomal maturation and bacterial 

destruction, a process called phagocytosis, is one of the main initial forms of 

combatting infection in the host, through their actions in internalising and 

destroying microorganisms or microbial ligands and amplifying the immune 

response against infection.  

1.4.5.2.1. Recognition 

As I explained earlier in Section 1.4.3, phagocytosis is initiated when PRRs within 

the phagocyte membrane bind microbial ligands e.g., PAMPs (non-opsonic 

phagocytosis), or host receptors bind host proteins that have been deposited on 

the microorganisms’ surface e.g., complement proteins or antibodies (opsonic 

phagocytosis) (178). The specific combinations of receptors that interact with the 

microbial stimuli will determine the exact pathway with which phagocytosis 

proceeds and the ultimate response to the microorganism. Once bound, TLRs 

dimerise and associate with other co-receptors and signalling molecules, 

recruiting further cell surface receptors, such as scavenger and mannose 

receptors (54), to induce a signalling cascade that promotes cytoskeletal 

rearrangement and particle uptake (52).  

Fc-mediated phagocytosis is initiated by Fc receptors, embedded in the 

membranes of phagocytes, binding the Fc region of antibodies on opsonised 

particles.  Fc receptors alone cannot initiate signal transduction and endocytosis, 

so they associate with other receptors and co-receptors to initiate signalling (179).   

Complement-receptor-mediated phagocytosis precedes in a similar way whereby, 

if the complement activation pathway does not lyse bacteria, complement 

receptors bind to C3b, C4b and C3b(i) on the pathogen surface and, if done in 

combination with a secondary cue such as proinflammatory cytokine activation or 

other PRR binding, will internalise the opsonised particle (142).  



 
32 

1.4.5.2.2. Uptake 

Receptor binding triggers the second stage of phagocytosis, whereby cytoskeletal 

rearrangement within the phagocyte results in dynamic membrane and actin 

cytoskeleton (180) remodelling and the uptake and internalisation of the 

microorganism, whereby it will reside within a membranous vesicle termed the 

phagosome (178). 

1.4.5.2.3. Phagosomal maturation 

The microorganism within the phagosome is then degraded in the third phase of 

the phagocytic process. This degradation process is the result of various 

membrane fusion events whereby endosomes, vesicles and lysosomes deliver 

further, highly specific host receptors to sample the contents of the phagosome, 

latterly triggering the delivery of vesicles containing degradative enzymes and 

other microbicidal products and complexes (178) (Figure 1.4.5). The delivery of 

each vesicle is choreographed by the visibility of certain early and late endosomal 

protein markers on the surface of the phagosome, co-ordinating the process.  

Bacterial killing is due to a combination of oxidative and non-oxidative killing 

mechanisms. To facilitate the various killing mechanisms within the phagosome, 

the localised environment within the phagosome cycles between highly acidic and 

more neutral pH, providing the optimum conditions for hydrolytic enzyme action 

(178). Acidification is achieved through the actions of V-ATPases, protein 

complexes in the phagosomal membrane which pump H+ protons into the 

phagosome (181).  Not only does the low pH facilitate the activation of various 

hydrolytic enzymes, including lipases, proteases, hydrolases, lysozymes and 

cathepsins, and aid the production of superoxide and reactive oxygen and 

nitrogen species, it also disrupts the metabolism of the pathogen and prevents the 

utilisation of nutrients within the phagosome (182-184). The presence of 

antimicrobial proteins and hydrolytic enzymes also contributes to the hostile 

environment within the phagocyte, disrupting the various membranes resulting in 

microbial killing (185).  



 
33 

The phagolysosome is also highly restricted in nutrient availability to prevent the 

growth and active metabolism of the microorganism, facilitated through the 

release of various high affinity ion chelators and scavenger molecules e.g., 

lactoferrin which chelates and restricts iron availability, the ions of which are 

important in the active sites of many metabolic enzymes (185).  

Finally, the lysosome is flooded with reactive oxygen and nitrogen species and 

various other superoxide molecules e.g., NADPH oxidase is inserted into the 

membrane, reducing NADPH to form superoxide (O2•), all of which damage 

cellular components including proteins, lipids and nucleic acids, resulting in cell 

death (183, 186, 187). Production of these reactive intermediates is upregulated 

through further proinflammatory signalling and release of proinflammatory 

agonists via inflammasome assembly and activation (188). 

Ultimately, phagocytosis terminates in the formation of a phagolysosome, through 

the fusion of the phagosome with lysosomes, a highly microbicidal and hostile 

microenvironment within which microorganisms are killed and certain microbial 

ligands are processed and presented by antigen presenting cells to tailor the 

immune response acting against infection further (178).  

The release of cytokines and chemokines throughout phagocytosis activates 

neighbouring immune cells and amplifies the immune response. The main 

contribution of macrophage to immune learning is the presentation of microbial 

antigens on the macrophage cell surface throughout and after bacterial killing, 

which also activates neighbouring immune cells, but in a more/highly specific 

manner, contributing to the activation of the adaptive immune response.  

Throughout phagocytosis, bacteria may also be recognised further, either through 

the exposure of new bacterial ligands, due to non-specific bacterial lysis, or by the 

growth and division of bacteria within the phagosome or macrophage, by host 

septin proteins. 
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Figure 1.4.5: A schematic depicting the different stages of phagocytosis and phagosomal 
maturation. After bacterial uptake, maturation of the phagosome is choreographed by diverse surface 
membrane markers, coordinating the fusion of lysosomes containing various antimicrobial factors, 
eventually culminating in the formation of a highly acidic, bactericidal phagolysosome. Blue to red shift 
indicates a shift towards a more acidic pH. PI(3)P: Phosphatidylinositol 3-Phosphate; VPS34: 
Phosphatidylinositol 3-Kinase Catalytic Subunit Type 3; EEA1: Early Endosomal Antigen 1; ESCRT: 
Endosomal Sorting Complex Required for Transport; CD63: Cell Differentiation 63; RAB5/7: Ras-
related protein 5/7; LAMP1/2: Lysosomal Associated Membrane Protein 1/2; V-ATPase: Vacuolar 
ATPase. Figure drawn and adapted from Flannagan et al., 2009.  
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1.4.6. Avoidance of the innate immune response 

Microorganisms can avoid the immune response by altering their recognition, 

preventing phagosomal maturation, or suppressing the onwards signalling.  

1.4.6.1. Preventing microbial recognition 

Bacteria can prevent recognition by the host immune response either by hiding 

their surface antigens, or by varying them to prevent repeated recognition by a 

host that has previously encountered them. 

1.4.6.1.1. Masking surface ligands. 

To hide their immunogenic surface ligands from detection by the host immune 

response, some bacteria, including Streptococcus pneumoniae, Haemophilus 

influenzae, Escherichia coli and Neisseria meningitidis, express a polysaccharide 

capsule on their surface (189). As mentioned above, the capsule prevents 

antibody opsonisation and complement deposition on the bacterial cell surface, 

thus minimising recognition by the immune response (190, 191). Fimbriae and pili 

can protrude from the capsule; therefore, the bacterium can still adhere to host 

cells without exposing its surface (191). Pseudomonas aeruginosa expresses 

alginate to mask the expression of antigens on the bacterial surface (192).  

As mentioned above, some bacteria can modify Lipid A in their outer membrane 

to avoid lysis by antimicrobial peptides. Similar modifications to Lipid A can also 

minimise recognition by TLR-4, resulting in a significant reduction in TLR-4 

activation and NFkB activation (193, 194), as seen in Helicobacter pylori (195), 

Salmonella typhimurium (194) and Yersinia spp. (196).  

Other bacteria, such as Listeria monocytogenes, secrete peptidoglycan 

hydrolases when internalised within host macrophage, lysing peptidoglycan 

fragments to prevent recognition by host NOD2 receptors (197, 198).  
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1.4.6.1.2. Modification and utilisation of host proteins to 

prevent recognition. 

Bacterial pathogens may also secrete proteins that interfere with host signalling 

molecules or opsonins to prevent opsonisation or complement cascade activation 

(190, 199). 

Streptococcus pneumoniae (200-202), Neisseria spp. (203) and Staphylococcus 

aureus (204) cleave immunoglobulins by secretion immunoglobulin proteases, 

preventing the formation of effective Fc receptor complexes and uptake by host 

phagocytes (199). Neisseria also sequesters Factor H onto its outer surface, 

which prevents complement activation (205, 206), as well as incorporating sialic 

acid onto its surface in an attempt to mimic the host cell surface (Crocker et al., 

2005). 

Campylobacter jejuni and Helicobacter pylori produce flagella enclosed in a 

membranous sheath, which prevents recognition by TLR-5 (36).  

1.4.6.1.3. Variation of surface ligands.  

Bacteria can vary their surface antigens to prevent repeated recognition by the 

host, either through expressing multiple different copies of a surface ligand, or by 

having a highly variable recognition domain within the ligand, that is constantly 

changing (191). Neisseria spp. are key examples of this, where they can alter the 

combinations of terminal sugars that it expresses in its lipooligosaccharide outer 

membrane, through different carbohydrate biosynthesis genes, to avoid detection 

(207). Neisseria also have multiple copies of outer membrane Opa proteins, all of 

which have a slightly different immunogenicity. By expressing various 

combinations of these Opa proteins, Neisseria can minimise immune recognition 

(207).  

Once taken up, some bacterial pathogens still employ mechanisms to minimise 

further recognition by the immune response.  
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Salmonella enterica encodes a two component regulator system, with PhoQ that 

senses starvation of essential nutrients, phagosome acidification and the 

presence of cationic antimicrobial peptides (208-210) phosphorylating the 

cytoplasmic response regulator PhoP in response to hostile environmental stimuli, 

subsequently altering the protein (structural components, virulence associated 

secretion systems, flagellar apparatus and membrane transport systems) and lipid 

(LPS and glycerophospholipid) content of the outer membrane to render the 

bacterium resistant to the effects of the phagosome and also less immunogenic.  

PhoPQ alters the outer membrane by activating pag (PhoP activated gene) 

expression. These genes encode OMPs, including a protease similar to S. 

enterica PgtE, which promotes CAMP tolerance, and a UDP-glucose 

dehydrogenase that performs the first step of the L-Ara(4)N Lipid A modification 

pathway linked to polymyxin resistance (211-213), intracellular type 3 secretion 

system regulators, including Salmonella Pathogenicity Island 2 (SPI2) (214, 215), 

ATP synthase transport inhibitors, to buffer cytosolic pH (216), and enzymes that 

covalently modify the outer membrane barrier components (217), e.g. PagL 

lipase, which deacetylates Lipid A, reducing the negative charge of the outer 

membrane and decreasing TLR-4 stimulation (58, 218).  

These outer membrane components may be modified by decreasing O-antigen 

chain length (219), acylating/deacylating and hydroxylating lipid A (decreasing 

TLR-4 recognition and CAMP sensitivity) (217, 220), derivating lipid A and core 

oligosaccharide with cationic groups (214, 221-224), palmitoylating peptidoglycan 

molecules in the cell wall (225), increasing cardiolipin content and increased 

protein synthesis, masking the LPS negative charge and decreasing outer 

membrane permeability to CAMPs (213, 226, 227), all of which allows for survival 

within the acidified phagosome.  

1.4.6.2. Preventing microbial uptake into macrophages 

Bacteria may inject effectors into the host cell to modulate cell signalling and 

hijack phagosomal maturation and the immune response. This is covered in detail 

in (191), (190) and (199), and is outside the scope of this project, therefore I will 

not discuss this further here.  
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1.4.6.3. Preventing oxidative killing within phagolysosomes 

Mechanisms of stalling phagosomal maturation, by preventing the accumulation of 

the cell surface markers that choreograph maturation and trigger lysosome fusion, 

or even escaping the phagosome completely, are expertly reviewed in Smith et 

al., 2013 (178) and so will not be covered here. I will focus on the mechanisms 

that bacterial pathogens use to tolerate conditions within the phagosome, 

especially oxidative stress.  

Bacteria typically encode several oxidative stress tolerance enzymes within their 

own genome, owing to the need to detoxify reactive oxygen species, hydrogen 

peroxide and other oxidative species that are generated through their own aerobic 

respiratory chain, via the high rates of electron transfer that occur via 

flavoenzymes in the electron transport chain (228). Some bacterial pathogens 

have subsequently evolved to upregulate the expression of these oxidative stress 

tolerance genes to counteract the oxidative stresses within the phagosome and 

promote bacterial survival. These enzymes include, but are not limited to, 

superoxide dismutases, catalases and peroxidases.  

1.4.6.3.1. Superoxide dismutases 

Superoxide dismutases catalyse the conversion of oxygen radicals into diatomic 

oxygen and hydrogen peroxide (Figure 1.4.6).  Hydrogen peroxide is then 

metabolised further by bacterial peroxidases and catalases, neutralising the 

products of the macrophage oxidative burst.  

Burkholderia pseudomallei produces a superoxide dismutase enzyme, SodC, 

which deactivates superoxide molecules within the phagosome and is essential 

for survival and virulence (229). Other pathogens, including Streptococcus 

agalactiae, need phagosomal maturation to occur as the acidification triggers the 

expression of virulence genes, including sodA and the oxygen metabolite 

scavenger glutathione which protects the bacterium against oxidative stress by 

soaking up oxygen radicals (230-233). 
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1.4.6.3.2. Peroxidases & catalases 

Catalases work in combination with superoxide dismutases to counteract the 

macrophage respiratory burst. They convert hydrogen peroxide into water and 

oxygen, effectively negating the antimicrobial effects of reactive oxygen species 

generation by host phagocytes (Figure 1.4.7).  

Other examples of peroxide neutralising enzymes are alkyl hydroperoxide 

reductases (Ahp), scavengers of intracellular hydrogen peroxide that would 

otherwise damage cellular lipids and proteins, resulting in bacterial cell death and 

therefore they play a critical role in the response to oxidative stress (234). Ahp 

proteins scavenge hydrogen peroxide at lower concentrations whereas catalases 

are the predominant scavenger at higher concentrations (234). Other pathogens 

may utilise urease to convert microbicidal reactive species to less harmful by-

products such as hydrogen peroxide and ammonia, which are then further broken 

down by catalases (185).  

In Helicobacter pylori, a catalase enzyme and SodB convert superoxide to 

harmless by-products, whilst arginase RocF depletes nitric oxide and AhpC 

neutralises reactive nitrogen species (235-238). 

In summary, bacteria encode multiple classes of oxidative stress tolerance genes 

within their genome, which may provide a survival benefit and assist in tolerating 

phagosomal conditions within a host, contributing to the establishment of bacterial 

infection. These mechanisms overlap and may compensate for one another, 

highlighting the important role of these proteins.  

 

Figure 1.4.6: A schematic showing the chemical reaction of the detoxification of superoxide 
molecules into hydrogen peroxide and diatomic oxygen, which is catalysed by SOD 
enzymes. Figure generated using information from UniProt.   

2 H+ + 2 = + O2
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Figure 1.4.7: A schematic showing the chemical reaction of the detoxification of hydrogen 
peroxide into water and diatomic oxygen, which is catalysed by catalase enzymes. Figure 

generated using information from UniProt. 

H2O2 + Fe(III)-E -> H2O + O=Fe(IV)-E
H2O2 + O=Fe(IV)-E -> H2O + Fe(III)-E
*Fe-E represents heme group attached to catalase

2 = + 2 O2



 
41 

1.5. Antibacterial agents within a host 

There are now multiple different classes of antibiotics which have been 

discovered and are in use for the treatment of bacterial infection. These classes 

differ in their target range i.e., broad spectrum vs. narrow spectrum, their target 

site, and their mechanism of action. Bacteriostatic antibiotics inhibit bacterial cell 

growth but do not kill, usually through the interruption of cellular process such as 

DNA replication, translation, and transcription. Bactericidal antibiotics kill bacterial 

cells by inducing lethal structural changes in their peptidoglycan cell walls or 

phospholipid membranes, resulting in a loss of cellular structural integrity and cell 

death.  

These classes of antibiotics have been well characterised in vitro and are greatly 

effective. The modes of action and resistance are expertly reviewed in (239) so I 

will not discuss them here.  

But, of course, antibiotic treatment occurs within a living host, therefore we must 

consider the efficacy of antimicrobial treatments in a host setting.  The use of 

Bdellovibrio bacteriovorus as an antimicrobial therapy will result in bacterial 

pathogen lysis, amplifying the proinflammatory immune response due to the 

release of multiple immunogenic bacterial cell fragments. Many antibiotics also 

induce bacterial cell lysis; therefore, we can draw parallels between the impact of 

antibiotic-mediated bacterial lysis on the immune response, and the potential 

implications of Bdellovibrio-mediated bacterial lysis on the host immune response. 



 
42 

1.5.1. Bacterial death (in vivo) during cell-wall 
targeting antibiotic treatment. 

Penicillins and other cell wall targeting antibiotics kill bacterial cells by interfering 

with peptidoglycan crosslinking, resulting in osmotic lysis of the bacterial cell. This 

is attributed to an imbalance between peptidoglycan synthases and peptidoglycan 

hydrolases (240) that, through the inhibition of transpeptidase enzymes by 

penicillins, induces the depletion of peptidoglycan precursors and therefore 

prevents further peptidoglycan synthesis, whilst also upregulating hydrolase-

induced degradation of the remaining peptidoglycan (241). This results in lysis of 

the bacterial cell and the release of a significant amount of highly immunogenic 

cell fragments, which are subsequently detected by the host immune system. 

This made me consider how bacterial lysis, through antibiotic use or other 

antimicrobial treatments, may amplify the immune response. 

Other forms of bacterial cell lysis within the host, for example lysozyme action, 

can inform us about the potential effects of bacterial cell lysis on the immune 

response. Lysozymes trigger bacterial cell lysis by hydrolysing cell wall 

peptidoglycan or cationically integrating into the bacterial membranes to form 

pores (242). The actions of lysozymes, and how bacterial pathogens can resist 

lysozyme action, are reviewed further in Ragland & Criss, 2017.  

The actions of lysozymes have clear implications for the host immune response, 

whereby lysozyme-containing vesicles bind with the phagosome, degrading the 

internalised bacteria and activating downstream NOD1/2 receptors (via binding of 

MDP), TLRs and inflammasome assembly, resulting in NFkB activation and 

proinflammatory cytokine release (242-244). Lysozyme inhibition in macrophages 

decreases the activation of the inflammasome (245, 246), whilst insoluble 

peptidoglycan but not soluble peptidoglycan activates the inflammasome (245), 

supporting the idea that lysozyme does enhance the immune response to 

peptidoglycan.  
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Increased lysozyme-mediated degradation does lead to an enhanced 

inflammatory response (245), but lysozyme action also contributes to 

peptidoglycan degradation, reducing inflammation (242, 247-249). Smaller 

peptidoglycan fragments have been shown to be more stimulatory to NOD2 (85, 

250, 251), but cleavage by lysozymes reduces the recognition of some 

peptidoglycan fragments, reducing immune recognition (242). 

Interestingly, macrophage and neutrophils are poorly responsive to extracellular 

MDP (252) and only respond at high concentrations (253), compared to MDP 

release within the phagosome which phagocytes seem optimised to respond to 

(242). Additionally, extracellular, soluble peptidoglycan fragments are not effective 

at activating phagocytes (242).  

Studies of phage therapy treatment of a Pseudomonas aeruginosa bone infection 

correlated the release of bacterial cells or cell fragments into the bloodstream with 

a marked upregulation of innate immunity and transient fever, suggesting that 

bacterial lysis does induce an inflammatory immune response (254).  

Putting this in the context of antibiotic-induced lysis, the release of a large amount 

of peptidoglycan alone may not induce an excessive and potentially damaging 

proinflammatory immune response. However, bacterial lysis will also release 

fragments of lipid A, which is highly immunogenic, flagellins and other bacterial 

surface proteins and bacterial nucleic acids, suggesting there is still potential for 

an excessive inflammatory response. The consequences of antibiotic induced 

lysis of bacterial cells, and the subsequent potential upregulation of the immune 

response, still require further exploration.  

As Bdellovibrio uses and re-utilises a large proportion of the components of the 

Gram-negative prey cell, to produce its own progeny, it is possible that 

Bdellovibrio predation may induce less of an inflammatory immune response than 

antibiotic-induced lysis, although this would require further investigation. 



 
44 

1.5.1.1. Where do bacteria encounter antibiotics in vivo? 

When administered, antibiotics must cross multiple membranous barriers within 

the host before they can target bacteria. This is further complicated in some 

bacterial infections by the uptake of bacteria by host phagocytes, meaning that 

antibiotics must access a further subcellular compartment before they can act on 

the bacterium. One such example of this is Mycobacterium tuberculosis, which is 

well known to be phagocytosed by macrophage and subsequently escape the 

phagosome, residing within the privileged subcellular environment of the 

macrophage (255).  

One study of the anti-tubercular drug Bedaquiline showed that antibiotics 

accumulated within host cells, within lipid droplets. This increased the local 

antibiotic concentrations and acted as a both a drug trafficking mechanism into 

the cell, towards the bacterium, and a reservoir of antibiotic that, when the lipid 

droplet was metabolised and consumed by the tuberculosis bacterium, killed it 

(256). It is also suggested by Greenwood and co-workers that other intracellular 

pathogens may interact with lipid droplet reservoirs of other antimicrobial drugs 

via a similar mechanism, improving drug efficacy (256).  

This highlights how drug efficacy is highly reliant on the bacterial localisation when 

the treatment is administered (256, 257) 

For some pathogens, the interactions between bacteria and the host immune 

response is a well-established field. Whereas for Bdellovibrio bacteriovorus, a lot 

of the interactions with the host immune response were largely unknown, until 

they began being unpicked in Willis et al., 2016.  
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1.5.2. Alternatives to antibiotics 

Antibiotic resistance mechanisms within bacteria are often costly, therefore, to 

reduce antimicrobial resistance development and spread, the ideal solution would 

be to not use antimicrobial agents or to advocate stewardship to limit their use. 

However, this is unrealistic, as they are a vital part of the treatment of infectious 

disease, without the treatment of which many more individuals would die. Instead, 

we must find alternatives to current antibiotics, either through chemical 

modification of existing antibiotics, discovery of new antibiotics or development of 

entirely novel, non-chemical, antimicrobial therapies that do not fall foul to the 

widespread, naturally occurring resistance mechanisms found in the environment. 

What is needed is a shift away from conventional antibiotics that target a single 

molecule, towards a more complex, multi-target approach that isn’t so readily 

defeated by the evolution of resistance.  

Various classes of alternatives to antibiotics are briefly summarised below. 

1.5.2.1. Adjuvants 

Adjuvants, other pharmacological modifiers of bacterial growth and function, 

represent one potential tool which may help to extend the lifespan of conventional 

antibiotics whilst novel antimicrobial therapies are developed. These chemicals 

typically have little antimicrobial activity themselves but enhance the efficacy of 

antibiotics by increasing drug uptake (efflux pump inhibitors inhibit the export of 

antibiotics from the cell; Loperamide makes the bacterial membrane more 

permeable to antibiotics) or targeting resistance mechanisms (Clavulanic acid 

cleaves the TEM b-lactamase, restoring b-lactam sensitivity) (258). However, 

resistance to adjuvants has already been seen in a clinical setting, suggesting the 

utility of adjuvants is limited by resistance formation, much like their antibiotic 

counterparts. 
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1.5.2.2. Vaccination 

Vaccination represents another approach to curtail antimicrobial resistance, by 

preventing bacterial infection in the first instance. This may have a large impact in 

the treatment of human infectious disease and animal disease in an agricultural 

setting (259). The treatment of Haemophilus influenzae infection with vaccination 

reduced b-lactamase prevalence within the Haemophilus population and reduced 

Haemophilus infection, demonstrating the utility of vaccination as an approach to 

combatting antimicrobial resistance (260, 261). However, resistance may evolve 

to current vaccines and new strains may emerge due to selection pressures 

against others, such has been the case for the Streptococcus pneumoniae Type 

A vaccine (261), suggesting that vaccines will need to be constantly modified to 

cover further serotypes and remain effective.  

1.5.2.3. Anti-virulence factors 

Anti-virulence factors prevent the establishment of infection by inhibiting bacterial 

mechanisms of colonisation or effector molecule release e.g., Type 3 Secretion 

System or Quorum Sensing inhibition (262-264). Drawbacks of anti-virulence 

factors are that they have a narrow spectrum, meaning that clinical diagnostics 

would need to advance to make their implementation most efficacious, they rely 

on a functional host immune system to eradicate the pathogen, which may not 

always be the case if treating immunocompromised individuals, and they only 

target actively growing cells that are expressing the virulence factor in question so 

do not eradicate all of the bacterial load as they are not effective against 

dormant/non-growing cells (265-268). They also have a single target typically, 

suggesting that the evolution of resistance mechanisms would also limit their 

effectiveness (269).  
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1.5.2.4. Bacteriophage therapy 

Bacteriophage target and infect bacteria in a highly receptor-specific manner, 

making them an effective, narrow-spectrum antimicrobial for targeting biofilm and 

planktonic bacterial populations (270-272). Bacteriophage attack bacteria when 

they are modifying their cell wall or peptidoglycan, potentially in response to the 

microenvironmental conditions within a human or animal host, giving a level of 

complexity to their antimicrobial action that requires further investigation to be fully 

understood.  

This raises the subject of how bacteriophage-mediated pathogen killing is 

impacted within a host or within host phagocytes due to the host environment 

induced modifications to the bacterial pathogens surface. Due to this high 

specificity, large libraries of bacteriophage would be needed, and diagnostic tools 

would need to improve to make bacteriophage a viable antimicrobial treatment 

option. Although receptor site mutation may provide resistance to bacteriophage 

entry in some cases, the live nature of this therapy may mean that co-evolution of 

both bacteriophage and pathogen may slow resistance formation (270-272).  

1.5.2.5. Enzybiotics 

Use of the bacteriostatic and bactericidal compounds, such as peptidoglycan 

hydrolases, phospholipases and other hydrolytic enzymes, that bacteriophage 

utilise as part of their lifecycle may also represent potential, novel antimicrobials 

(270, 273-276). Enzymes from the predatory lifecycle of Bdellovibrio bacteriovorus 

may also be of some use as enzybiotics for the treatment of bacterial infection 

(277).  

Bdellovibrio bacteriovorus has a broad host range, preying on a range of Gram-

negative bacteria, with predation not being impacted by a capsule, unlike some 

phage therapy (21). The use of B. bacteriovorus as a potential, novel antimicrobial 

therapy will require an in-depth analysis of the immune response to Bdellovibrio 

itself, and predation, whilst also assessing the efficacy of, and barriers to, 

predation within a host environment. Current knowledge, from 60 years of 

laboratory studies and initial ex-vivo and in-vivo studies, is summarised below.  
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1.6. Bdellovibrio bacteriovorus  

1.6.1. Background 

Bdellovibrio bacteriovorus is a small (0.3 µm x 1 µm) Gram-negative bacterium, 

vibroid in shape, belonging to the delta proteobacteria (278) (Figure 1.6.1). It is 

found within the environment, in soil and water, where it preys upon other Gram-

negative environmental bacteria completing its predatory cycle and multiplying 

(278). B. bacteriovorus has a wide host range, preying on all known Gram-

negative bacteria without discrimination due to capsule synthesis or LPS 

modifications, two common forms of immune response and antibiotic resistance.   

 

 

Figure 1.6.1: Bdellovibrio bacteriovorus is a small Gram-negative bacterium. Shown are two 
attack phase B. bacteriovorus bacteria (illuminated in blue due to a constitutively expressed 
cytoplasmic protein, Bd0064, being tagged with an mCerulean fluorescent tag) alongside an E. 
coli S17-1 prey bacterium (Dark). Phase: Exposure 250 ms; mCerulean: Exposure 10 s, Excitation 
420-450 nm, Emission 460-500 nm. White scale bar represents 2 µM.  

1.6.1.1. Genomic diversity 

Of the three well-studied species of B. bacteriovorus, all of which belong to the 

same phylogenomic lineage, B. bacteriovorus HD100 is by far the best studied, 

owing to the availability of a complete genome sequence. B. bacteriovorus 109J is 

also studied, with predation being slower and progeny being shorter and fatter, 

with the genomic reasons behind this diversity in morphology remaining unknown.  
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B. bacteriovorus HD100 has a predominantly predatory lifecycle, with host-

independent growth on rich carbon sources remaining rare (1 in 107 bacteria), 

whereas B. bacteriovorus Tiberius (isolated from the carbon rich river Tiber) 

exhibits both host-dependent and host-independent lifecycles, likely due to the 

high amount of carbon and nutrients present (279). This increased bias towards 

host-independent growth, compared to HD100, is independent of the mutation 

associated switch to host-independent growth within the Host Interaction locus 

(detailed in Section 1.6.4) of B. bacteriovorus HD100 (279). 

The genomes of B. bacteriovorus Tiberius and B. bacteriovorus HD100 are highly 

syntenic. Minor differences between B. bacteriovorus Tiberius and B. 

bacteriovorus HD100 include an increase in outer membrane and capsular 

polysaccharide synthesis genes (bd1677-1702) and cytochrome biogenesis 

genes facilitating alternative electron transport (bd2046, bd2668, bd2597-2602). 

These changes are likely due to the terrestrial habitat of B. bacteriovorus HD100, 

compared to the aquatic habitat of B. bacteriovorus Tiberius (279). 

I have chosen to focus on B. bacteriovorus HD100 for my studies, owing to its 

lifecycle being well studied, and the presence of a complete genome sequence, 

making it more genetically tractable.  

Encoded from the 3.8Mb genome of B. bacteriovorus is a wide range of proteins 

and hydrolytic enzymes that facilitate the predatory lifestyle by enabling the 

attachment to, invasion and re-modelling, and consumption, of prey 

macromolecules to produce progeny (280, 281). The genome is atypically large 

for a small bacterium, due to the array of hydrolytic enzymes and regulatory 

systems that are required for predation, but this fitness cost is likely outweighed 

by the exclusive access to the prey cell contents ascribed by the predatory 

lifecycle (279). Functional categorisation of the genome reveals genes for motility, 

alongside lipid, amino acid, nucleotide and carbohydrate metabolism and 

transport, similar to typical Gram-negative bacteria. How Bdellovibrio differs is 

speculatively due to the differential regulation and expression of these genes, 

rather than the gene content itself.  
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However, the genome of B. bacteriovorus is poorly annotated, with only 55% of 

the 3584 predicted proteins having a putative homology-assigned function, 11% 

of proteins having homology to proteins of unknown function and 34% not 

homologous to any known proteins (281). The function of the majority of the 

genes that facilitate the predatory lifecycle are unknown, and it is likely these 

genes that define the largely predatory lifecycle of Bdellovibrio, making 

characterisation of these predation-specific genes exceptionally difficult (281, 

282). Lifespan proteomics and transcriptomics to understand further the genomic 

events that underpin predation are currently ongoing. However, the genes that 

support the predatory lifecycle of Bdellovibrio and how these genes individually 

contribute to predation are largely known.  

Random transposon insertion mutagenesis studies, performed by Tudor and co-

workers (283) and Duncan and co-workers (284) revealed that, although non-

predatory gene deletion mutants were obtainable, these genes frequently did not 

code for proteins of known function. The enzymatic toolkit that allows Bdellovibrio 

to prey on other Gram-negative bacteria largely consists of genes that all Gram-

negative bacteria possess, mainly for cell wall and membrane homeostasis, but 

the regulation and expression of these genes differs in Bdellovibrio. 

The genome of B. bacteriovorus has no evidence of recent horizontal gene 

transfer from prey, based on a comparison of GC content (281). The GC bias 

within the genome, and the digestion of prey nucleic acids as part of the predatory 

cycle, suggest that little lateral gene transfer occurs during predation. However, 

ancient gene transfer has shaped the Bdellovibrio genome to a great extent, 

contributing upwards of 20% of the current genome (285). This is debated by 

some, with others suggesting that both ancient and recent lateral gene transfer 

from environmental bacteria (prey and others) into the B. bacteriovorus genome is 

evident (286, 287). 

The novel proteins and hydrolytic enzymes that facilitate predation are of great 

interest to scientists for a different reason; the increasing need for novel 

antimicrobial therapies to combat Gram-negative mediated multidrug resistant 

infections. The better understanding of the predation process, and its 

components, will hopefully be one avenue that provides these novel antimicrobial 

therapies.  
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1.6.2. Surface composition 

Predation by B. bacteriovorus centres around the predator and pathogen cell 

surface, making the interface between predator and prey surfaces somewhat 

analogous to that of the host-pathogen interface. Alterations to the pathogen cell 

surface will impact both recognition and predation by B. bacteriovorus and 

immune action against the pathogen by the host, therefore any pathogen cell 

surface changes that are induced by the host environment, the immune system or 

B. bacteriovorus predation are important to consider when discussing the use of 

B. bacteriovorus as an antimicrobial therapy and for the resolution of infection.  

The surface of B. bacteriovorus, like other Gram-negative bacteria, is a patchwork 

of outer membrane associated components including fimbriae, pili, outer 

membrane proteins (OMPs), autotransporters and secretion systems, all of which 

aid in bacterial survival (288).  

Bdellovibrio is not known as a pathogenic bacterium to animals and therefore 

does not have the surface adaptations of animal pathogens which can survive 

and pathogenically engage with animal hosts (289). Furthermore, the chemical 

differences between Bdellovibrio and its own bacterial prey can be important in it 

not destroying itself while consuming a bacterium from within (290-292). 

1.6.2.1. LPS 

The LPS of B. bacteriovorus is atypical, yielding an altered lipid conformation and 

sphingolipid content that aids membrane fluidity and prey invasion (288). The lipid 

membranes of B. bacteriovorus contain phosphatidylethanolamine and 

phosphatidylglycerol as the predominant glycerophosphatides, with 

phosphosphingolipids present too, giving an unusual lipid chemistry (293), that 

increases the fluidity of the outer membrane and aids in the invasion of Gram-

negative prey when pulling itself through the tight, enzymatically generated 

invasion pore. These differences in LPS lipid composition are also important to its 

predation of other Gram-negative bacteria, who have a “typical” LPS composition, 

and not targeting or killing itself throughout the predatory process, although, as 

the ligands that are targeted during predation are unknown, this is poorly 

characterised. 
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a-D-pyramannose groups replace the 1’ and 4’ phosphate groups on Bdellovibrio 

Lipid A, yielding a Lipid A moiety with no negatively charged groups, reducing the 

endotoxic activity and immunogenicity of B. bacteriovorus LPS and reducing 

cytokine activity also (reduced TNFa and IL-6 c.f. E. coli K12) (Schwudke et al., 

2003; Schromm et al., 1998). Bdellovibrio LPS contains 6 fatty acid chains, all of 

which are hydroxylated and are approximately 13 or 14 carbon atoms in length 

(294). The fatty acid chains of Lipid A also play an important role in TLR-4 

recognition and binding (295). Fatty acid chain length and hepta-acetylation of 

Lipid A are comparable to E. coli suggesting immunogenicity differences are not 

due to these components, although they may have a slightly altered conformation 

due to the alternative head group and interactions between side chains 

(Schwudke et al., 2003; Schromm et al., 1998). 

1.6.2.2. Peptidoglycan 

The B. bacteriovorus HD100 cell wall is not markedly different in composition to 

that of other bacteria, but differs in the crosslinking and modifications of the 

peptidoglycan monomers (296). Bacterial cell walls are comprised of highly 

crosslinked strands of peptidoglycan monomers, forming a strong structure that is 

constantly undergoing dynamic remodelling to allow for bacterial growth and 

division whilst still conferring its primary roles of providing strength and osmotic 

stability to the cell (297-299). The bacterial cell wall is indispensable and forms 

one of the key barriers between the bacterial cell and the environment, second 

only to the bacterial outer membrane (297-299).  

Peptidoglycan therefore plays a key role in the predation process and represents 

a key barrier that B. bacteriovorus has evolved to overcome, traverse, modify, 

utilise and ultimately degrade throughout the predation process (290-292, 300). 
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As the surface of the Bdellovibrio predator and Gram-negative prey are comprised 

of the same key components, Bdellovibrio may alter its outer surface components 

to target prey without targeting itself. These alterations to the outer surface 

components may also make Bdellovibrio less well recognised by the host immune 

response. The LPS of Bdellovibrio is distinct and differs from the typical LPS of 

Gram-negative prey (see Section 1.6.2.1) (301). The peptidoglycan of Bdellovibrio 

is of the same composition of Gram-negative prey bacteria, with differences in 

modification demarcating predator peptidoglycan from prey.  

To differentiate between its own peptidoglycan and prey (target) peptidoglycan, B. 

bacteriovorus dynamically alters peptidoglycan acetylation (and therefore 

lysozyme susceptibility) throughout predation, deacetylating prey peptidoglycan 

and demarcating it from its own, which remains acetylated, before lysing it to 

liberate Bdellovibrio progeny from the cell (290). Bdellovibrio targets 3’, 4’ 

crosslinks in prey cell peptidoglycan, cleaving them to form a rounded but 

osmotically stable bdelloplast. (277)  

Bdellovibrio D, D-endopeptidase enzymes do not act on the crosslinks in its own 

peptidoglycan due to the secretion of regulatory proteins that prevent self-action 

(277, 291). Also, the D, D-endopeptidase enzymes are not folded into their active 

state until they cross the Bdellovibrio periplasm, therefore they cannot act on the 

Bdellovibrio peptidoglycan. Deacetylation of prey peptidoglycan upon predator 

entry, and digestion of prey peptidoglycan with a deacetylated-peptidoglycan-

specific enzyme at the end of predation are key to the successful completion of 

predation (290-292). 

Acetylation state of peptidoglycan also alters susceptibility to host lysozymes and 

recognition by host PRRs and accessory proteins, as detailed in Section 1.4.3.2 

and 5.5.2.1.2.  
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1.6.2.4. Pili 

Type IV pili are long, retractable surface fibres that play a critical role in predation 

(302), through attachment to the prey cell wall and forcing of predator through the 

porthole in the prey cell, without which (via disruption of the pilus fibre gene pilA, 

although pilus extension and retraction ability remained) attachment, entry and 

predation do not occur (302, 303). Type IV pili have also been shown to be 

important for the initial recognition and attachment to prey in liquid cultures and in 

biofilms, where defects in a pilT gene lead to an impaired ability to clear biofilms 

(304, 305). 

Upon attachment of B. bacteriovorus to a prey cell, Type IV pili retract, bringing 

the outer membranes of the two bacteria into contact. Pili retraction, through the 

Host Interaction (HIT) locus, alters the growth state of the Bdellovibrio cell, 

triggering the expression and secretion of peptidoglycan-modifying enzymes that 

begin the next stage of bacterial predation and predator entry (detailed further in 

Section 1.6.3). Type IV pili are also implicated in contracting to squeeze the 

Bdellovibrio cell through the enzymatically generated pore, generating a strong 

physical force to aid predator entry, which increases predation efficiency (302). 

1.6.2.5. Flagellum 

Flagella are proteinaceous structures associated with cell motility. B. 

bacteriovorus has a single, polar, membrane sheathed flagellum (306) comprised 

of flagellin monomers, encoded by 6 genes. 1 of these 6 FliC genes is essential 

for normal flagellar motility and predation, with the other 5 being individually 

mutated to little effect and so only make a minor contribution to flagellar structure 

(307, 308). 
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Flagellar motility is not essential for predation and prey entry but flagellar rotation 

does drastically improve predation efficiency in planktonic populations, owing to 

the increased motility of predators increasing the likelihood of predator-prey 

collision and subsequent attachment and predation (307). The flagellum is 

internalised upon entry into the prey (309) and resynthesized on progeny attack 

phase cells at the completion of the predation cycle (306, 310, 311). Flagellar 

motility is powered by one of three pairs of MotAB proteins that form ion channels 

near the FliG motor protein and power its rotation and flagellar motility, with each 

being dispensable for motility (312).  

Flagellins, the subunits of flagella, are recognised by the host PRR TLR-5. As 

mentioned previously, the main recognition site on bacterial flagellins (for TLR-5 

recognition) lies between amino acids 89 and 96 (36). This recognition site is also 

conserved in the 6 Bdellovibrio FliC proteins and the FlaA protein (Figure 1.6.2). 

This is significant as it means that Bdellovibrio flagellin is recognised by TLR-5. 



 
56 

 

Figure 1.6.2: An alignment of Bdellovibrio FliC flagellin proteins (FliC1-6) with Bdellovibrio FlaA 
and Salmonella Typhimurium FliC shows a conserved TLR-5 recognition domain. Bdellovibrio 
FliC proteins (FliC1-6; Uniprot ID: Q5W1M9, Q6H8R6, Q6H8R4, Q6H8R2, Q6H8R3, Q6H8R5 
respectively) were aligned with Bdellovibrio FlaA (Q6MQQ2) and FliC from Salmonella Typhimurium 
(P06179) using Clustal Omega.  Blue bar indicates the FliC N-terminal domain (A). Red box indicates 
the TLR-5 recognition domain, which is conserved within Bdellovibrio FliC proteins and with Bdellovibrio 
FlaA and S. Typhimurium FliC (A; Zoomed in in D). Orange bar indicates the FliC C-terminal domain 
(B). FliC monomers (C-Right) assemble into a filament with the N- and C-termini forming a pore down 
the centre, as represented in the flagellum cross-section (C- Left). Amino acids are coloured by their 
physicochemical properties. (*) indicates a conserved residue. (:) indicates amino acids sharing 
strongly similar properties. (.) indicates an amino acid sharing weakly similar properties. Panel C was 
taken from Lu & Swartz, 2016 .(313). 
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fliC4:   88 LIRLRELGVQ 97
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1.6.3. Lifecycles 

B. bacteriovorus exhibits two distinct lifecycles, a host-dependent predatory 

lifecycle and a host-independent lifecycle (originally named the HI cycle) (Figure 

1.6.3) (314, 315). First glimpses of the predation process have been known since 

1966, where it was observed that B. bacteriovorus attaches (first reversibly then 

irreversibly) to and forms an enzymatically generated pore, via the action of 

various endopeptidases (300), through which the predator traverses the Gram-

negative cell wall, invades the prey bacterium and grows within the periplasm, 

consuming the prey cell from within (316).  

The predatory lifecycle of B. bacteriovorus can be divided into four distinct 

phases: attachment, invasion, intraperiplasmic growth and cell lysis. Predation of 

Gram-negative prey by B. bacteriovorus typically follows the same progression, 

with different prey being preyed upon with different efficiency in terms of time 

taken for completion of predation and the prey population remaining after 

predation (317, 318). 

1.6.3.1. Attachment 

Attachment begins when a highly motile, attack phase bacterium navigates itself 

towards prey using a single, polar flagellum and randomly collides with a prey 

bacterium via flagellar motility (in liquid) or gliding motility (in biofilms) (319, 320), 

guided by chemotaxis to regions of high prey abundance (321, 322).  

B. bacteriovorus attaches to the prey cell’ outer membrane using various pili, 

which contract to bring the two outer membranes initially into close contact (281, 

315). Then, through secreted enzyme action, B. bacteriovorus releases a series of 

peptidoglycan modifying enzymes (277, 296, 323) which de-link and re-link the 

peptidoglycan and reseal the entry porthole to form an osmotically stable 

bdelloplast (324, 325).  
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The ligand required for targeting of B. bacteriovorus to prey is still unknown, 

however a core sugar in the LPS of prey seems to be important (326) and outer 

membrane porins played no role in targeting (326). Removal of O-antigen seems 

to increase predation efficiency, perhaps by making core residues more 

accessible, whereas removing the core decreased predation efficiency/irreversible 

attachment, but did not abrogate it suggesting that the core oligosaccharide must 

aid but not be essential for predation (326). 

Presence of a thick polysaccharide capsule on the prey bacterium does not 

prevent predation by B. bacteriovorus. The reasons behind this are unknown, 

although the polysaccharide matrix is not believed to be enzymatically acted upon 

by Bdellovibrio (327).  

 

 

Figure 1.6.3: A schematic of the host dependent and host independent lifestyles of the 
predatory bacterium Bdellovibrio bacteriovorus. Host dependent: Attack phase B. 
bacteriovorus cells randomly collide with Gram-negative prey, attaching and entering the prey via 
a complex subset of peptidoglycan modification enzymes. Upon entry, B. bacteriovorus reseals 
the entry hole and modifies the prey cell further to form a rounded, osmotically stable bdelloplast. 
Intraperiplasmic growth proceeds, whereby B. bacteriovorus uses and re-purposes prey nutrients 
and cellular components to form a long filament, which septates upon nutrient exhaustion to form 
progeny attack phase cells. Upon lysis of the prey bacterium, progeny are released that invade 
further prey cells and restart the predatory cycle. Host independent: B. bacteriovorus undergoes a 
rare, mutation driven lifestyle whereby it grows in a slower, non-predatory manner. Figure taken 
from Sockett et al., 2009.  

Host independent Host dependent
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1.6.3.2. Invasion 

Upon entry, electron transport across the prey inner membrane ceases and the 

prey cell is killed (328). The entering Bdellovibrio is exposed to the highly 

oxidising, high proton, low pH environment of the prey periplasm due to a now-

dysfunctional electron transport chain (ETC), cytochromes and proton pumps that 

form part of the bacterial cells aerobic respiratory chain making the periplasm a 

highly oxidising environment. The oxidative stresses that Bdellovibrio experiences 

throughout predation are largely unknown, but I hypothesise that Bdellovibrio will 

undergo high amounts of oxidative stress when entering the prey cell periplasm, 

due to the abundance of reactive oxidative species and low pH environment. 

Bdellovibrio must quickly adapt to this hostile microenvironment, upregulating the 

twin arginine transport (Tat) system and exporting metalloproteinases and other 

oxidative stress response proteins to soak up the electron radicals (329). 

1.6.3.3. Intraperiplasmic growth 

Intraperiplasmic growth then begins, whereby B. bacteriovorus embeds a wide 

range of nutrient transporters, porins and outer membrane proteins to transport 

nutrients from the prey cell cytoplasm and degradative enzymes in to the prey cell 

(330, 331), using the nutrients and prey cell resources for its own intraperiplasmic 

growth. The hydrolysis of prey macromolecules by predator enzymes may 

generate free radicals and reactive oxygen species, leading to Bdellovibrio 

experiencing high levels of oxidative stress. 

B. bacteriovorus has evolved to be highly efficient in its use of prey resources for 

intraperiplasmic growth, using the majority of the prey’s nutrients and cellular 

components in its own growth, with polysaccharides, proteins and lipids all being 

incorporated into the growing B. bacteriovorus filament, often with minimal 

alteration (332).  



 
60 

Prey DNA and RNA are degraded using nucleases, with the DNA and RNA 

oligonucleotides and nucleic acids utilised to synthesise its own genome early on 

in intraperiplasmic growth (331, 333-338). Prey proteins are degraded into amino 

acids and used as an energy source for predatory growth (332)  or as a source of 

amino acids for predator protein synthesis, owing to B. bacteriovorus lacking the 

biosynthesis pathways for some amino acids (281).  

Intraperiplasmic growth results in a large filament growing unidirectionally within 

the prey periplasm, with chromosome replication, DNA and protein synthesis all 

occurring simultaneously (339, 340). The septation protein DivIVA controls cell 

morphology during filamentous cell division, potentially responding to amino acid 

biosynthesis or redox state cues in the bdelloplast to determine when nutrient 

exhaustion has occurred and septation and escape is pertinent (341).  

Throughout intraperiplasmic growth, the degradation of prey cell molecules and 

stripping of metal ions from the active sites of prey enzymes, combined with the 

high rates of metabolism and Bdellovibrio growth, will produce an abundance of 

reactive oxygen species that would prove harmful if left unchecked. I hypothesise 

that Bdellovibrio expresses an arsenal of oxidative stress response proteins to 

combat this increase in reactive oxygen species. 

1.6.3.4. Exit 

After intraperiplasmic growth concludes, an unknown signal believed to be 

triggered by nutrient exhaustion within the prey cell causes further acetylation-

sensitive peptidoglycan modification enzymes to be released by the predator, 

resulting in partial bdelloplast lysis (292, 311). Attack phase B. bacteriovorus exit 

the degraded bdelloplast through discrete pores (342), re-initiating the predatory 

lifecycle by seeking out new prey.  

Exit from the bdelloplast is carefully coordinated with synchronous filament 

septation (as opposed to binary fission, typical of bacteria) and flagellar synthesis 

(306, 343), without which a delay in cell motility, bdelloplast exit and subsequent 

predation are seen (344).  
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Maintenance of prey cell integrity beyond the cessation of intraperiplasmic growth 

is possible and is thought to depend upon the availability of susceptible prey cells, 

via some form of population density sensing mechanism. This mechanism 

remains uncharacterised, but is believed to be linked to the sensing of prey cell 

polyamines by Bdellovibrio to determine prey cell availability (345). Sustaining 

bdelloplast integrity until a beneficial, prey rich environment is sensed, may 

improve predator fitness within the environment as they are protected from other 

bacteriophage and environmental factors whilst inside the prey cell. 

Prey exit requires the hydrolysis of previously pre-modified prey peptidoglycan by 

predator secreted enzymes (290). Exit from the prey bdelloplasts represents a 

significant shift in oxygen tension, which may increase the oxidative stresses 

experienced by Bdellovibrio upon prey exit. 

To re-cap, the oxidative stresses that are experienced by Bdellovibrio when 

invading a Gram-negative prey cell, and throughout predation are largely 

unexplored. We can, however, infer where points of high oxidative stress may 

occur, from other individuals’ findings of the oxidative stressors present within the 

periplasm of “typical” Gram-negative cells (346). Bdellovibrio enters the prey cell 

periplasm, which is dysfunctional owing to it being within a rapidly dying cell and is 

highly acidic/low pH due to proton pumping into the periplasm by the prey ETC. 

Disruption of the prey ETC may also lead to free radical release at the terminal 

cytochrome. During Bdellovibrio intraperiplasmic growth, removal of iron from the 

cytochromes and other metal-containing enzymes/components of the ETC to fuel 

Bdellovibrio growth may lead to oxidative stress.  
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1.6.4. Host independence 

B. bacteriovorus is typically an obligately predatory bacteria that can only grow 

and survive within Gram-negative prey. However, host independent strains of B. 

bacteriovorus are able to grow on rich lab media, in a state mirroring 

intraperiplasmic growth inside prey, due to one or several mutations in the host 

interaction (HIT) locus (347). The HIT locus contains a cluster of Type IVb pilus 

associated genes, including bd0108 and bd0109, the former of which is unique to 

Bdellovibrio and the latter of which being essential for Bdellovibrio viability. A 

natural 42bp deletion within bd0108 causes greater Type IVa pilus extrusion than 

WT or whole gene deletion. Bd0108-Bd0109 interactions regulate pilus 

production, with the presence and retraction of pili when they contact the prey cell 

wall, altering the growth state of the Bdellovibrio cell (347, 348). Mutation within 

bd0108 gives rise to the host independent phenotype of B. bacteriovorus (301, 

348). This was originally believed to be an artefact of laboratory conditions 

however isolation of an environmental strain of B. bacteriovorus termed Tiberius 

also further supports the point that non-predatory (host independent) growth of B. 

bacteriovorus is also possibly either through mutation, or naturally in high nutrient 

environments (286).  Host independent culturing of mutant Bdellovibrio can be a 

method to test the function of predatorily essential genes. 
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1.6.5. Unknowns (from 60 years of laboratory 
experimentation) 

There are still many unknowns surrounding the predation process of B. 

bacteriovorus, including: 

- What is the molecular signature that facilitates prey recognition and 

attachment? 

- What are the signalling mechanisms that progress each stage of the 

lifecycle? 

- What are the effects of the host environment on predation? 
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1.6.6. Applications to AMR 

1.6.6.1. The need 

As detailed in Section 1.2, there is a great an urgent need for novel antimicrobial 

therapies and approaches to allow for the continued treatment of infectious 

disease and routine medical interventions, without which healthcare as we know it 

will rapidly revert to a pre-antibiotic era. Conventional chemical antibiotics have 

revolutionised healthcare. However, to overcome the problems imposed by the 

development of resistance to these conventional therapies, new approaches are 

needed, one of which being the use of the living antibiotic B. bacteriovorus.  

1.6.6.2. Advantages 

There are many advantages to the use of B. bacteriovorus as a novel 

antimicrobial, the largest of which being its potential to not fall foul of conventional 

antibiotic resistance formation.  

1.6.6.2.1. Possible resistance to predation 

As with all novel antimicrobial therapies, we need to be mindful about resistance 

developing. The likelihood of resistance developing to B. bacteriovorus predation 

is thought to be lower to that of conventional antimicrobial drug therapies for a 

multitude of reasons.  

Firstly, B. bacteriovorus recognises and targets several components of the prey 

bacterium during predation, therefore alteration of one component by prey to 

prevent bacterial death would likely not abrogate predation. The ligand(s) that B. 

bacteriovorus targets are likely to be essential for bacterial cell viability, meaning 

that they are not readily mutated or lost from the prey cell (349).   
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An absence of a protective gene response within the early transcriptional 

response of E. coli being preyed upon by B. bacteriovorus also suggests that 

resistance is unlikely, with the majority of gene expression linked to physical 

stress responses, such as osmotic stress regulation and cell wall and periplasm 

damage repair, due to cell wall and membrane damage (350).  

However, within the predation process, the exact component(s) of the Gram-

negative prey cell that B. bacteriovorus recognises to attach and begin predation 

are still unknown. These components must be highly conserved across Gram-

negative bacteria, but not recognised and targeted within B. bacteriovorus itself. It 

is well documented that alteration of the bacterial cell surface occurs due to 

microenvironmental conditions and cellular stresses, including stresses imposed 

by the host environment and the immune system, and that this alteration of the 

cell surface may confer protection against recognition by the host immune 

response. From this, it’ll be important to characterise the impact of these cell 

surface changes on predation by B. bacteriovorus within a host environment as 

this may alter susceptibility of the prey to predation, acting as a form of resistance.  

The capsule of Gram-negative bacteria is known to interfere with and protect 

against bacterial killing by bacteriophage and host immune mechanisms, 

therefore it might also have the potential to interfere with predation. However, it 

does not prevent predation of Gram-negative bacteria by B. bacteriovorus, where 

the presence of capsule did not interfere with prey invasion or lysis and did not act 

as a barrier to predation (21). S-layers did provide protection against predation 

from B. bacteriovorus (24), however any gap in this S-layer allowed predation to 

proceed, albeit at a slower rate suggesting that predation may still be possible if 

the S-layer isn’t 100% intact, something the host immune response may aid with.  

Another important consideration is that prey are never entirely eradicated from the 

“mix” either due to low probability of predator: prey interaction, or due to a 

microbial bet-hedging strategy, where prey cells are phenotypically resistant to 

predation due to random phase variation, but this resistance is not genetically 

encoded or transferred to progeny. This allows for the survival of a small 

contingent of prey, which revert back to being phenotypically typical and 

susceptible to predation when the predator is removed (351).  
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1.6.6.2.2. Host microbiota 

Bdellovibrio is predicted to be less detrimental effect on the host microbiota than 

broad spectrum chemical antibiotics, owing to it only targeting Gram-negative 

bacteria. E. coli and other Gram-negative bacterial species still form a large 

component of the gut microbiota and would still be targeted by B. bacteriovorus 

treatment. 

However, the detrimental effects associated with conventional antibiotic use are 

thought to far exceed the impacts of B. bacteriovorus treatment, with B. 

bacteriovorus being shown to be non-detrimental to gut microbiota (352-355), and 

not causing a typical antibiotic-associated dysbiosis response, whilst also being 

strongly associated with healthy individuals in their gut microbiota and absent in 

those suffering from gastrointestinal disease such as IBD (inflammatory bowel 

disease) or Celiac disease. This suggests that B. bacteriovorus may aid the 

control of gut microbiota, keeping it in a healthy state rather than triggering 

dysbiosis like many conventional antibiotics (356, 357). 

1.6.6.2.3. Combination therapy 

B. bacteriovorus also shows potential as being able to be used with other 

treatments such as b-lactam antibiotics, to which it is inherently resistant, or with 

antibiotics that target Gram-positive pathogens such as S. aureus to combat 

polymicrobial infections (358, 359). A promising study also showed the potential of 

combined B. bacteriovorus and bacteriophage application, where combination 

therapy led to an increase in bacterial killing due to targeting of pathogens 

sensitive to both Bdellovibrio and bacteriophage, genetically resistant to phage 

predation or plastically resistant to Bdellovibrio predation. Both may co-exist and 

cause co-incident selective pressure on prey, without falling foul to quick 

resistance and high specificity setbacks of phage therapy (360). 

B. bacteriovorus also does not fall foul to problems associated with bacteriophage 

therapy, such as impediment by the bacterial capsule, mutation of host 

recognition sites (the main form of resistance to bacteriophage therapy), and 

limited host range (B. bacteriovorus targets all Gram-negative bacteria). 
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1.6.6.2.4. Predation on Biofilms 

One major drawback of conventional antibiotic therapies and the host immune 

response that hinders the resolution of infection is the formation of biofilms, 

polymicrobial communities that exhibit altered gene expression profiles that 

frequently make them resistance to host immune mechanisms, bacteriophage 

therapy and conventional antibiotics, making biofilm infections especially hard to 

treat.  

One further advantage of B. bacteriovorus is that it preys upon bacteria within 

biofilms, preventing biofilm formation or eradicating formed biofilms, even 

targeting senescent cells that are usually immune to antibiotic action (361). 

Despite being susceptible to predation, biofilms may still allow a greater level of 

pathogen survival than in preyed upon planktonic populations, possibly due to a 

“microbial bet-hedging” resistance phenotype or stress response developing 

(362), but they still represent an improved approach in targeting hard-to-treat 

biofilm infections, potentially allowing the host immune response or other 

treatment measures to aid the resolution of infection also. B. bacteriovorus 

releases proteases and nucleases as part of the predation process that on their 

own may target and degrade biofilm populations, opening them up to targeting by 

the host immune response (330, 363).  

B. bacteriovorus is able to prey on a wide range of clinical Gram-negative 

pathogens planktonically and in biofilms for mono- and polymicrobial cultures 

(364), including multidrug resistant clinical isolates (365, 366) and their biofilms, 

preventing formation or targeting established biofilms (362, 367). 

1.6.6.2.5. Low immunogenicity  

B. bacteriovorus is only mildly immunogenic in comparison to its bacterial 

counterparts. This is supported by various studies looking at the cytokines 

induced by Bdellovibrio, of which IL-1b, IL-6, TNFa (proinflammatory) and IL-10 

(anti-inflammatory) have been studied (2, 368-370). Whilst Bdellovibrio is not 

immunogenically silent, the amount of cytokine induced compared to other, Gram-

negative bacteria is significantly less (discussed below).  
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1.6.6.2.6. Predicted immunogenicity of Bdellovibrio.  

Like many Gram-negative bacteria, the first point of contact between the host 

immune response and the bacterium is the outer surface. Bdellovibrio has an LPS 

outer membrane, which in other Gram-negative bacteria is highly immunogenic. 

However, the LPS of Bdellovibrio is atypical, containing 1’ and 4’ mannose groups 

in the Lipid A head group, in place of the typical phosphate groups (301), but a 

typical fatty acid composition. This reduces the negative charge of the Lipid A 

molecule, and therefore is predicted to reduce the binding affinity of host TLR-4 

(60) to Bdellovibrio Lipid A, reducing receptor activation and downstream 

proinflammatory signalling.  

As mentioned previously and like other Gram-negative bacteria, the surface of B. 

bacteriovorus is a patchwork of outer membrane associated components 

including fimbriae, pili and outer membrane proteins (OMPs) (288). However, as 

the majority of Bdellovibrio gene expression occurs within a bacterial prey cell, 

with only the outer membrane proteins required for prey sensing and attachment 

initially expressed, Bdellovibrio may express less of these immunogenic surface 

proteins, compared to other bacteria, potentially reducing its immunogenicity and 

recognition by the host immune response.  

The flagellum of B. bacteriovorus is another potentially immunogenic ligand that 

may be recognised by the host immune response. The flagellum of Bdellovibrio is 

encased in a membranous sheath, shielding the flagellin monomers from 

recognition by host TLR-5 receptors (307). In other Gram-negative bacteria, the 

membranous flagellar sheath prevents recognition of flagellin, reducing 

downstream proinflammatory signalling (371-375), therefore I predict a similar role 

and consequence for Bdellovibrio.  

The peptidoglycan cell wall of Bdellovibrio is masked from recognition by host 

TLR-2, NOD1 and NOD2 by the LPS outer membrane, until bacterial lysis occurs. 

Intracellular components, such as bacterial nucleic acids, are also initially masked 

from recognition by host PRRs. Within the phagosome, bacteria will be broken 

down and damaged, exposing peptidoglycan and other immunogenic ligands to 

recognition.  
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However, as B. bacteriovorus is a proposed novel antibacterial therapy, it will not 

be present without the presence of Gram-negative pathogenic prey. Recognition 

of, and activation by, these Gram-negative pathogens may also impact the 

recognition of B. bacteriovorus, which is an important consideration that has so far 

remained unaddressed when considering how B. bacteriovorus is recognised by 

the innate immune response.  

1.6.6.2.7. Limitations and unknowns from ex-vivo and 

laboratory studies 

60 years of laboratory research has been very informative about the mechanistic 

details surrounding the predatory process. However, the findings of these in vitro 

studies in buffer and bacteriological media need to be translated into more 

physiologically relevant, host-centric conditions. This will inform us of the potential 

efficacy and limitations to predation in a human or animal host, progressing our 

knowledge and potential implementation of Bdellovibrio as a novel antimicrobial 

therapy. The interactions between Bdellovibrio and the host form the focus of my 

study. I will document the current knowledge surrounding the use and efficacy of 

Bdellovibrio in a host, highlighting what still needs to be discovered.  

Temperature and Oxygen availability. Laboratory studies are typically 

performed at 29 degrees Celsius, in a well aerated environment whereas most 

vertebrate hosts have a warmer body temperature (e.g., humans 37°C), and 

some infection settings e.g., the gut, may be anaerobic. These factors may also 

impact predation efficacy (376, 377).  

Over-simplification. Laboratory studies are also simplified to only contain 

predator and prey, without the presence of other, non-susceptible cell types such 

as Gram-positive bacteria and yeast cells. In a host, even if an infection is caused 

by a single infectious agent, the surrounding environment will contain an array of 

differing microorganisms, all of which will impact predation efficiency and efficacy.  
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Modelling of predation in the presence of decoy cells has been carried out by 

Hobley and co-workers (378) and Wilkinson and co-workers (379), which showed 

that the presence of live, non-susceptible bacterial “decoy” cells did decrease 

predation efficiency, although not extensively. However, further investigation is 

needed.  

Host molecules. Other host factors may also impact predation efficacy, including 

Indole, a bacterial signalling molecule produced by bacteria in the gut, which has 

been shown to downregulate B. bacteriovorus motility through direct effects on 

flagellar motility genes, inhibiting predation (380). Host sera has also been shown 

to reduce predation efficacy, with serum albumin and osmolarity limiting predation 

efficiency (376), although I investigate this further. 

Nutrient availability. Most ex vivo studies of Bdellovibrio have been performed in 

nutrient depleted Ca/HEPES buffer, which also supplies divalent ions that help 

predator attachment to prey. The host is a nutrient rich environment by 

comparison, which will impact the cell surface of potential pathogenic prey and will 

therefore influence predation dynamics.  

Scalability. We must consider whether, if proven safe and effective, Bdellovibrio 

growth could be scaled up to the required amounts to provide a regular and 

uninterrupted supply, and how Bdellovibrio could be stored prior to use (381, 

382).  

Application. Consideration of the potential infection scenarios, e.g., wound 

infections and topical treatment, versus gut infection and oral administration and 

bloodstream infections requiring intravenous treatment, is also important when 

considering the limits of Bdellovibrio treatment.  

Serum studies. The few ex vivo studies that have been performed in host serum 

have improved our knowledge of how host factors may affect predation. A 

combined modelling and experimental approach studying the predation of K. 

pneumoniae in human serum showed that prey regrowth occurred after 24 hours 

(383), potentially in a similar manner to the phenotypic resistance phenotypes 

seen previously (351).  
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Alternatively, the lysis of predator and prey cells upon first exposure to human 

serum may have liberated nutrients for prey regrowth or decreased predation 

efficiency through the presence of cellular debris (384). Another interesting 

observation from this study is the impact of host serum antimicrobials on 

predation. In both the experimental and modelling approaches, serum 

antimicrobials initially target both predator and prey, causing a drop in bacterial 

number.  

Serum antimicrobials also slowed predation either through reduced attachment 

due to the presence of prey fragments, prey rounding or an unknown mechanism. 

However, after approximately an hour, serum antimicrobials in this closed system 

are exhausted and no longer play such a defined role.  

In a living host, serum antimicrobials would be continually replenished or 

potentially increased in abundance due to activation of the immune response (in a 

systemic infection), an important consideration when interpreting the findings of 

this study. However, the study concluded that in wound infections or peripheral 

sites, serum antimicrobials may not be replenished as quickly, potentially making 

the findings of this study more applicable to those scenarios.  

Willis and co-workers (detailed further below) showed that synergy between the 

immune response and B. bacteriovorus treatment may also play a key role in the 

resolution of infection (1). The replenishment of serum antimicrobials and a fully 

functional immune response may aid resolution of infection, in combination with B. 

bacteriovorus initially lowering prey numbers, eradicating the pathogens before 

regrowth can occur or to a level where the immune system can control infection 

(383).  

Further details of in-vivo and ex-vivo studies and their main experimental findings 

are documented below. 
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1.6.6.3. Animal models/ in vivo models 

Studies of how effective treatment may be within the host is also important, with 

many factors affecting potential efficacy including host body temperature, host 

immune response (towards predator and pathogen), oxygen conditions etc. as 

well as ascertaining the safety and performance of the predator in vivo such as 

dissemination, proinflammatory responses and cytotoxicity. The use of 

Bdellovibrio in animal models has begun to address this.  

B. bacteriovorus has been largely successfully used to treat various Gram-

negative infections in the eyes of rabbits (385, 386), periodontic, lung, gut and 

systemic K. pneumoniae infections in rats (353, 387-389) and mice (390-392) via 

various inoculation routes. 

Models of dental cavities and periodontal infection against periodontal disease 

pathogens have also been tested (393), with some successful outcomes and 

others demonstrating the implications on microbial diversity within the oral 

microbiome and how increased complexity of these scenarios impacts successful 

predation and warrants further study (394). 

B. bacteriovorus treatment has also been applied to environmental infection 

sources such as fish ponds (395), or preventing cross contamination in livestock 

(396) on plants e.g. mushroom spoilage (397, 398) and potato blight (399) 

Efficacy, cytotoxicity and immune response of treatment on human corneal cells 

(368), bovine kidney cells (400, 401), human primary cells (368, 369) and cell 

lines (386) and murine macrophages (369), all show a lack of cytotoxicity (by 

cytokine induction studies) and a beneficial impact of predation that is promising 

for the application of Bdellovibrio within a host. 

Atterbury et al., 2011. Other flagship studies include the first warm-blooded 

animal study where B. bacteriovorus was administered orally to chicks to combat 

Salmonella infection, with improvements in wellbeing, gut health and inflammation 

and decreases in Salmonella colonisation as some of the studies main findings, 

alongside no notable effects on gut microbiota diversity (402). 
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Willlis et al., 2016. The use of B. bacteriovorus to treat Shigella flexneri infection 

injected into the hindbrain of zebrafish larvae, where innate immune cells 

(macrophages and neutrophils) had access to, was the first study where the host 

immune response to infection and active predation could be observed in real time, 

have also made great progress in the field. The immune system of zebrafish 

larvae closely resembles the human innate immune response, as it is 

predominantly composed of macrophage and neutrophils (403).  

This study demonstrated that B. bacteriovorus treatment had no impact on 

zebrafish host survival alone, but strongly improved survival of the host in 

response to lethal S. flexneri infection. It also began to characterise the 

interactions between B. bacteriovorus and the innate immune system in vivo, 

which had not previously been done, where they showed that B. bacteriovorus 

was engulfed and cleared by macrophages and neutrophils, without affecting their 

viability or causing secondary infection, but had sufficient time to dwell on 

pathogenic prey within the host. Most importantly they also demonstrated, through 

studying predation outcomes, alongside depletion of the host innate immune 

response, reducing leukocyte numbers, that the combination of predation and 

host immune response gives the best resolution of infection and that they can 

work synergistically to combat infection within the host (1).  

Raghunathan et al., 2019. A study by Raghunathan and co-workers 

subsequently built on this to further quantify the host innate immune cell-predator 

interactions at a molecular level by studying the uptake, persistence, cytokine 

responses and intracellular trafficking of live B. bacteriovorus by human 

phagocytic U937 macrophage-like cultured cells (2). It showed that B. 

bacteriovorus is engulfed by human macrophages and persists within the 

phagosome for approximately 24 hours without affecting macrophage viability 

before being trafficked through the phagolysosomal pathway of degradation and 

being killed.  

This study also characterised the cytokine response to B. bacteriovorus by looking 

at expression of IL-1b, TNFa, IL-6, IL-10 and IL-8 in response to B. bacteriovorus 

compared with K. pneumoniae and S. enterica Typhimurium, concluding that 

expression levels were always several folds significantly lower in response to B. 

bacteriovorus, supporting its status as being less immunogenic.  
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Finally, they studied the prevalence of antibodies to B. bacteriovorus within the 

human population and found that antibody levels were low, but present in the 

majority of the population, suggesting most have previously came into contact 

with B. bacteriovorus, likely through an environmental route, and have not initiated 

a strong immune response to it.   

Animal studies have also thrown up some unexpected results, where it was 

shown that B. bacteriovorus may be able to prey on the Gram-positive bacterium 

S. aureus, although via a different predation mechanism (404), that likely uses the 

peptidoglycan active enzymes of possible lysed predators. This prompts 

suggestions that B. bacteriovorus treatment could be applied to problematic 

polymicrobial infections such as those associated with cystic fibrosis (405). The 

ability of B. bacteriovorus to prey on Gram-positive bacteria has been disputed by 

some (406), but the proteases B. bacteriovorus releases during predation also act 

to degrade Gram-positive biofilms and so some benefit of B. bacteriovorus 

treatment on reducing Gram-positive infection may still be seen (407, 408). 

The various published animal studies and their main findings are summarised in 

Supplementary Table 1.6.1. Briefly, these animal studies show that (i) Bdellovibrio 

is less immunogenic (through ELISA and qtPCR studies of cytokine expression) 

than other, more typical Gram-negative bacteria. (ii) Bdellovibrio is not cytotoxic to 

host cells. (iii) Bdellovibrio is able to prey upon a diverse array of multidrug 

resistant clinical isolates. (iv) Bdellovibrio is successfully able to prey on Gram-

negative pathogens ex-vivo and within the host, for intraperitoneal (392), ocular 

(368, 385) intranasal (388, 391) and gastrointestinal (352) infections, but 

treatment of intravenous infection was less successful (387, 400, 409). However, 

the zebrafish hindbrain model of infection used by Willis and co-workers (1) is 

analogous to an intravenous infection but was successful in the resolution of 

Shigella flexneri infection using B. bacteriovorus. This suggests that other factors, 

potentially including interaction with, and uptake by, host immune cells, and the 

activation state of these immune cells due to the presence of pathogenic prey, 

impacts predation efficacy and resolution of infection. 
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1.7. Looking forward 

We are currently going from well-established lab experimentation to the discovery 

of unknown viability of Bdellovibrio in-vivo and co-localisation within 

macrophages, with the subcellular localisation (phagosomal or not) yet to be 

determined. We need a better understanding of how Bdellovibrio interacts with the 

host immune response to progress.   

My contribution in this field is to look at their potential oxidative stress combatting 

gene products of predators that are silent when in attack phase (not typically 

expressed in attack phase) and how/if their expression changes during predation. 

I will then ask how/if their expression changes when the bacterium senses it is in 

a eukaryotic macrophage cell. This two-pronged experimental approach (testing in 

bacterial prey and in macrophage) is because entry into/exit from bacterial prey 

can bring oxidative challenges analogous to those of macrophage engulfment and 

residency. These oxidative challenges may overlap or be separate to those that 

occur within the phagosome of host macrophage throughout phagosomal 

maturation.  Bdellovibrio is an environmental bacterium that is typically found in 

soil and water. Bdellovibrio may encounter soil amoebae in its natural 

environment, which have a functional homology to the phagocytes of the host 

immune response. Such encounters between Bdellovibrio and environmental 

amoebae may select for oxidative stress survival genes that also confer a 

temporary survival benefit to Bdellovibrio within the macrophage phagosome. 

From studies of Bdellovibrio in zebrafish (1) and macrophage (2) we know that 

- Bdellovibrio are actively engulfed and cleared by macrophage and 

neutrophils.  

- Bdellovibrio have sufficient dwell time to prey on pathogens, therefore they 

are not immediately phagocytosed and killed. 

-  Bdellovibrio is engulfed and persists for over 24 hours in human 

macrophage-like cells. 

- Bdellovibrio is trafficked via the phagolysosomal pathway of degradation 

and does not appear to perturb uptake or phagosomal maturation. 
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Therefore, in this thesis, I aim to tell you about the host response to Bdellovibrio, 

putting this in the context of how this may impact the predation of Gram-negative 

pathogens by Bdellovibrio within a human host. I will interrogate how Bdellovibrio 

dwells within macrophage, looking at the differing transcriptional profiles of 

Bdellovibrio and the host throughout Bdellovibrio occupation of macrophage.  

I used PMA-differentiated U937 cells in this study, which have been demonstrated 

to be a robust approach for the study of the interactions of various Gram-negative 

pathogens with host macrophage and were successfully used by Raghunathan 

and co-workers to characterise the initial interactions of Bdellovibrio with human 

macrophage (2). I use a transcriptional dataset of Bdellovibrio within a zebrafish 

host (Tyson, Moore & Sockett, unpublished) to prime my study and identify 

candidate genes which may aid survival of Bdellovibrio within the host. I test these 

candidate genes within U937 cells to determine if they assist Bdellovibrio in 

surviving within the macrophage phagosome. 

My starting hypothesis is that the host immune response to Bdellovibrio is less 

that than seen for other Gram-negative bacteria and Gram-negative pathogens, 

and that Bdellovibrio persists for longer than most pathogens, by “silent-running” 

without attacking macrophages and actively modifying/evading phagosomal 

conditions. This may be due to biochemical surface differences that B. 

bacteriovorus has evolved to be different to the prey bacteria which it recognises 

and invades (preventing self-killing). 

I aim to investigate how Bdellovibrio temporarily survives within the phagosome of 

human macrophage.  
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1.8. Aims and objectives. 

In my PhD, I aimed to understand and further characterise the interactions 

between Bdellovibrio bacteriovorus and the cell-mediated part of the host innate 

immune response. I wished to apply this knowledge, to further our understanding 

of how the host environment and host immune response may alter or impede 

predation dynamics and impact the efficacy of Bdellovibrio predation of Gram-

negative bacterial pathogens in a host setting.   

I also characterised the role of a subset of Bdellovibrio genes that I predicted to 

be involved in the tolerance of oxidative stress and therefore of potential 

importance in the temporary survival of Bdellovibrio within host macrophage.  I 

then characterised the host transcriptional response to Bdellovibrio, by host 

macrophage that had engulfed Bdellovibrio, to further characterise the host 

immune response to Bdellovibrio.  

I had also aimed to analyse Bdellovibrio gene expression within host 

macrophage, to give the opposing view of how Bdellovibrio interacts with the host 

immune response, from the perspective of the bacterium, however this was 

limited by low levels of bacterial RNA (versus macrophage RNA).  

My PhD aims are laid out as follows: 

• Chapter 3: Characterise the effects of cell surface adaptation, due to host 

immune factors, on the dynamics and efficiency of predation by B. 

bacteriovorus. 

• Chapter 4: Identify and test the roles of novel genes within B. 

bacteriovorus which allow for survival within macrophages, through a 

greater tolerance to the host immune response and/or host-mediated 

oxidative stress.  

• Chapter 4: Elucidate any interface between evolution for oxidative stress 

tolerance and survival of B. bacteriovorus inside bacterial prey versus 

survival inside the phagosome of macrophages.  

• Chapter 5: Characterise the transcriptional response of Bdellovibrio 

(Chapter 5a) and host macrophage (Chapter 5b) simultaneously, capturing 
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the phagocytosis, phagosomal processing and killing of Bdellovibrio by 

host macrophage. 

The work associated with these aims allow for a greater insight into how B. 

bacteriovorus can act as a predator of Gram-negative bacteria inside 

macrophages, targeting pathogens that would normally exploit this protected 

intracellular niche, or within the wider host environment, asking the question “is 

predation within a human host possible?” 
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2. Chapter 2: Materials and Methods 

2.1. Bacterial strains 

This thesis focuses on the study of the invasive predatory bacterium Bdellovibrio 

bacteriovorus HD100, a soil isolate that was genome sequenced in 2004 (281) 

and is the main strain of B. bacteriovorus commonly used in our lab. This strain 

was also used in the work performed by Willis and co-workers, that first visualised 

active predation in vivo within zebrafish (1) and by Raghunathan and co-workers, 

who characterised the initial uptake and processing of Bdellovibrio by 

macrophage (2).   

Bdellovibrio bacteriovorus HD100 is genome sequenced (GenBank Accession: 

GCA_000196175.1). Predation of Gram-negative bacteria under laboratory 

conditions is possible in media containing divalent cations, such as Calcium 

HEPES buffer. B. bacteriovorus HD100 is Wildtype, allowing for modified genes to 

be introduced into the HD100 genome via homologous recombination of donor 

plasmids. 

HD100CFP (2) and HD100mCh (1) are fluorescently tagged strains of B. 

bacteriovorus with cerulean fluorescent protein 3 or cherry fluorescent protein 

tagged to the C-terminus of the gene product of bd0064 giving constitutive 

expression as documented in (1, 2, 341). Bd0064 acts as a cytoplasmic marker to 

illuminate the cell, which was necessary to act as a background colour to confirm 

the presence of B. bacteriovorus within macrophage-like cells (Chapter 4 
Specific) when testing for expression of our protein candidates.  

Serratia marcescens #42 (Chapter 3 Specific) is a multidrug resistant 

(Tetracycline: 15 µg/ml; Ampicillin 500 µg/ml) clinical isolate that I used in Chapter 

3 to test the roles of surface components on predation of S. marcescens by B. 

bacteriovorus ex vivo in human serum, to emulate predation in a host 

environment. 

Escherichia coli S17-1 is used as prey for the growth of B. bacteriovorus strains, 

when pre-grown to stationary phase in nutrient rich YT or LB broth.  
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E. coli S17-1 is also used as a tool for the introduction of gene deletion or 

fluorescently tagged gene constructs/plasmids into B. bacteriovorus, through the 

mobilisation of RK2 plasmids by rolling circle replication, acting as donors for 

conjugation of a modified gene construct into B. bacteriovorus.  

Through the addition of a pZMR100 plasmid, conferring kanamycin resistance, E. 

coli S17-1 pZMR100 may also be used as prey for growth of B. bacteriovorus 

strains containing a pk18mobSacB donor plasmid (also containing a modified B. 

bacteriovorus gene construct for fluorescent tagging and gene knockout studies).  

E. coli S17-1 l-PIR (Chapter 3 Specific) is a modified E. coli S17-1 strain used 

for the conjugation of mobilizable plasmids into S. marcescens #42. E. coli S17-1 

l-PIR contains an additional helper plasmid which increases conjugation 

efficiency, owing to the pSC2301 plasmid having a R6K origin of replication and a 

low copy number, making conjugation of our modified gene constructs into S. 

marcescens by rolling circle replication and conjugation inefficient in the absence 

of this additional helper plasmid. 

Full details of the bacterial strains used in Chapter 3 of this study can be found in 

Supplementary Table 2.1.1.  

Full details of the bacterial strains used in Chapter 4 and 5 of this study can be 

found in Supplementary Table 2.1.2. 
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2.2. Bacterial Growth Media 

2.2.1. YT broth & agar  

YT broth and agar were used for the routine culture of E. coli (both for cloning 

purposes and as prey for B. bacteriovorus).  

YT broth: 5 g/L Difco yeast extract, 8 g/L Difco tryptone, 5 g/L NaCl, pH 7.5 

(adjusted using 2 M sodium hydroxide).  

YT Agar: YT broth composition with the addition of 10 g/L select agar (Sigma). 

2.2.2. LB broth & agar 

LB broth and agar were used for the routine culture and enumeration of S. 

marcescens #42 (Chapter 3) and for enumeration of E. coli S17-1 prey in B. 

bacteriovorus predation assays (testing the efficiency of predation by B. 

bacteriovorus gene knockout mutants).  

LB broth: 10 g/l tryptone, 10 g/l NaCl, 5 g/l yeast extract (Sigma).  

LB agar: LB broth composition, plus 10 g/L select agar (Sigma).  

2.2.3. YPSC overlay plates. 

YPSC overlay plates were used for the routine culture, genetic modification, and 

enumeration of B. bacteriovorus.  

YPSC: 0.25 g/L MgSO4.7H2O, 0.5 g/L sodium acetate, 1 g/L peptone (Sigma), 1 

g/L yeast extract, 0.25 g/L CaCl22H2O, adjusted to pH 7.6 using 2 M sodium 

hydroxide.  

For YPSC-Bottom plates, which act as a base for the soft agar overlay, 10 g/L of 

select agar is added to YPSC media.  
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For YPSC-Top agar, which acts as a soft overlay within which E. coli S17-1 prey 

is immobilised and plaques of B. bacteriovorus grow, 6 g/L of select agar is used.  

N.B. For work performed in Chapter 3, broadbean peptone (Sigma) was used in 

YPSC media, whereas for work performed in Chapter 4 onwards, animal tissue-

derived peptone (Sigma) was used in YPSC media. This was due to an issue in 

obtaining broadbean peptone, and inconsistency in bacterial growth when using 

broadbean peptone.  

2.2.4. Ca/HEPES buffer 

Ca/HEPES buffer, a divalent cation-containing medium, was used for the routine 

sub-culture of liquid predatory cultures of B. bacteriovorus.   

Ca/HEPES: 5.94 g/L HEPES free acid, 0.294 g/L CaCl2.2H2O, adjusted to pH 7.6 

using 2 M sodium hydroxide. 

2.2.5. PY broth & agar 

PY broth and agar were used for the generation and culture of Host Independent 

(HI) B. bacteriovorus. 

PY broth: 10 g/L Difco-Bacto peptone, 3 g/L Difco Yeast extract., adjusted to pH 

6.8 using 2 M sodium hydroxide.  

PY agar: 10 g/L animal-derived peptone (Sigma), 3 g/L Difco yeast extract, 

adjusted to pH 6.8 using 2 M sodium Hhdroxide with the addition of 10 g/L select 

agar (Sigma). 
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2.3. Chapter 3 specific methods 

2.3.1. Bacterial culture 

2.3.1.1. Bdellovibrio bacteriovorus 

B. bacteriovorus wild type strain HD100 was cultured in 10 ml Ca/HEPES 

containing 600 µl E. coli S17-1 prey (cultured as detailed below) and an inoculum 

of 200 µl of a previous predatory culture, giving a ratio of 3:1 (E. coli S17-1: 

Bdellovibrio; Volume: Volume) and incubated at 29°C, 200 rpm. Predatory 

cultures were routinely sub-cultured every 2 days. Prior to use, Bdellovibrio 

cultures were examined using light microscopy to check for prey lysis and 

predator release. A 10 ml culture of B. bacteriovorus, grown as above, typically 

contained 2 x 108 PFU/ml of bacteria. 

Dense predatory cultures required for predation assays (where specified) were 

comprised of 10 ml of a previous predatory culture, 10 ml of E. coli S17-1 prey 

and 30 ml of Ca/HEPES. 

Fresh B. bacteriovorus cultures were cultured every 2 weeks by plating 50 µl of a 

frozen glycerol stock onto a YPSC overlay plate containing 150 µl of E. coli S17-1 

prey (grown overnight, see below) at 29°C until single plaques appeared on the E. 

coli S17-1 prey lawn, upon which plaques were picked into liquid cultures (2ml 

Ca/HEPES, 150 µl E. coli S17-1 overnight culture) and incubated (29°C, 48 

hours) to give liquid predatory cultures containing free-swimming attack phase 

Bdellovibrio.  

2.3.1.2. Escherichia coli  

E. coli S17-1 for B. bacteriovorus prey and for gene cloning was cultured in YT 

broth at 37°C, 200 rpm for 18-24 hours for liquid cultures. For plate cultures and 

revival of frozen stocks, YT agar was used, with colonies grown at 37°C 

overnight.  
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2.3.1.3. Escherichia coli l-Pir (for cloning into S. 

marcescens) 

E. coli S17-1 l-Pir was cultured in YT broth at 37°C, 200 rpm for 18-24 hours for 

liquid cultures, or on YT agar plates with colonies grown at 37°C (static) overnight.  

To provide selection for our suicide plasmid gene knockout constructs, media was 

supplemented with 25 µg/ml apramycin sulfate (Sigma) where appropriate.  

2.3.1.4. Serratia marcescens  

S. marcescens was cultured in LB broth at 37°C, 200 rpm for 18-24 hours for 

liquid cultures. For plate cultures, LB agar was used, with colonies grown statically 

at 37°C overnight.  

Bacterial strains (S. marcescens #42 and E. coli S17-1) were re-streaked weekly 

from frozen glycerol stocks (comprised of 750 µl of overnight culture and 200 µl of 

80 % glycerol; Kept at -80°C) onto YT agar (plus apramycin sulfate selection if 

appropriate) and incubated overnight at 37°C.  
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2.3.2. Chapter 3 specific bacterial growth media 

2.3.2.1. Minimal media (glucose) 

Minimal media (glucose) was used for the generation of S. marcescens gene 

knockout mutants.  

Minimal media (Glucose) (per litre): 10 ml 20 % glucose, 0.41 ml 1 M MgSO4, 10 

% (w/v) (NH4)2SO4, 20 ml 50x phosphate buffer, 16 g select agar.  

50x phosphate buffer (per litre): 350 g K2HPO4, 100 g KH2PO4, pH 7. 

2.3.2.2. Minimal media (high sucrose) 

Minimal media (high sucrose) was used to cure S. marcescens gene knockout 

mutants of the suicide vector plasmid, causing homologous recombination of the 

knockout construct.  

Minimal media (high sucrose) (per litre): 20 ml 50x phosphate buffer, 0.41 ml 1 M 

MgSO4, 10 % (w/v) (NH4)2SO4, 16 g select agar, 200 ml 50 % sucrose.  

2.3.2.3. BrillianceTM E. coli Coliform medium (Oxoid) 

Chromogenic agar was used to differentiate between E. coli S17-1 l-Pir donors 

and S. marcescens recipients/exconjugants, as both would grow on minimal 

media and would be apramycin resistant (due to containing the pSC2301 plasmid 

containing our gene knockout construct). E. coli cleave both chromogenic 

substrates in the medium, appearing purple, whereas other bacteria only cleave 

galactosidase and appear pink.  

BrillianceTM E. coli Coliform medium (per litre): 20.3 g/L chromogenic mix, 3 g/L 

yeast extract, 5 g/L peptone, 2.5 g/L lactose, 5 g/L sodium chloride, 3.5 g/L di-

sodium hydrogen phosphate, 1.5 g/L potassium di-hydrogen phosphate, 0.03 g/L 

neutral red, 15 g/L agar, pH 7.0.
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2.3.3. Construction of S. marcescens gene knockout 
strains 

To study the role and importance of gene/protein expression (highlighted by lab 

RNASeq studies) in the subsequent resistance of S. marcescens to predation by 

B. bacteriovorus in human serum, markerless gene deletion mutants of S. 

marcescens were constructed for the genes arnA, arnT, wza, fim3795-7 and 

fim4264-6. 

2.3.3.1. Design and PCR generation of fragments 

1 kb of 5’ and 1 kb of 3’ flanking, upstream and downstream of the gene(s) of 

interest, were amplified via PCR, using primers designed using NEBuilder (New 

England BioLabs) and detailed in Supplementary Table 2.3.1.  

These fragments also contained remnants of the target gene. If the neighbouring 

genes are transcribed towards the gene of interest, neighbouring gene expression 

will not be disrupted by the removal of this gene as the neighbouring genes 

promoter will not be contained within the section of gene removed in this process. 

In this case, the upstream fragment was designed to also contain the first 6 bp of 

the target gene, and the downstream fragment was designed to contain the last 

9bp of the target gene.  

If the neighbouring genes are transcribed away from the target gene, it is likely 

that the promoter for these neighbouring genes is contained within the gene that 

we are aiming to knock out, therefore removal of the target gene will also impact 

neighbouring gene expression. To avoid this, 50 bp of the start or end of the 

target gene was included in the 5’ or 3’ fragments respectively and where 

appropriate, to avoid disruption of neighbouring gene expression.  

For constructs where multiple genes are removed in one go, the 5’ fragment is 

located upstream of the first gene, and the 3’ fragment is located downstream of 

the last gene in the operon to be removed. 
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Each 100 µl PCR reaction contained: 

- 66 µl analar water 
- 20 µl 5x Phusion High Fidelity (HF) Buffer 
- 2 µl 10 mM dNTPs 
- 1 µl Phusion DNA Polymerase 
- 5 µl forward and reverse primers (10 mM) 
- 1 µl S. marcescens genomic DNA template 

The thermocycling conditions used to generate these fragments were as follows: 

- Initial denaturation: 98°C, 5 minutes 
- 30 cycles of: 

o Denaturation: 98°C, 30 seconds 
o Annealing: 70°C, 30 seconds 
o Extension: 72°C, 1 minute per kb of product 

- Final extension: 72°C, 5 minutes 

 

PCR products were mixed with 6x purple loading dye and ran on a 0.8 % agarose 

TBE gel (1 hour, 100 volts), against a 1 kb ladder (New England BioLabs), prior to 

excision and DNA extraction using the GenElute gel extraction kit (Sigma), 

following the manufacturer’s instructions.  

2.3.3.2. Ligation of fragments into pSC2301 

The two fragments generated above form the gene knockout construct, but they 

must first be ligated to one another and into pSC2301, a mobilizable suicide 

vector containing an apramycin resistance cassette (see Supplementary Table 

2.3.2) via Gibson assembly. 

After extraction, PCR fragments were ligated to each other and into a pSC2301 

vector via Gibson assembly (410). PCR products were added at a ratio of 7:1, 

relative to digested pSC2301 plasmid vector, and combined with 10 µl of 2x 

Gibson assembly master mix (from the NEBuilder HiFi DNA assembly cloning kit; 

New England BioLabs). These reactions were incubated at 50°C for 1 hour to 

ligate the individual fragments into one circularised vector (pSC2301 plus our 

gene knockout construct fragments).  
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2.3.3.3. Generation of chemically competent E. coli S17-1 l-

Pir donor cells  

Chemically competent E. coli S17-1 l-Pir cells were required for the conjugation 

of gene knockout constructs into S. marcescens. 

An overnight liquid culture of E. coli S17-1 l-Pir, grown in YT broth (37°C, 200 

rpm, 18 hours) that had reached stationary phase (Typical OD600 of 4.0 

approximately) was back-diluted and grown to an OD600 of 0.4, prior to 

centrifugation (4000 rpm, 10 minutes) and re-suspension in 20 ml of TFB-1. After 

5 minutes of incubation (on ice), cells were pelleted (4000 rpm, 10 minutes) and 

re-suspended in 2 ml of TFB-2, prior to incubation (on ice) for 1 hour. Cells were 

then aliquoted and snap-frozen, upon which they were stored at – 80°C until 

required. 

The same method was used to generate the chemically competent E. coli S17-1 

cells required in Chapter 4. 

2.3.3.4. Transformation into E. coli S17-1 l-Pir donor cells 

Circularised vectors were transformed into chemically competent E. coli S17-1 l-

Pir cells according to the NEBuilder HiFi DNA assembly cloning kit manufacturers 

protocol, before plating on YT agar plates with apramycin sulfate (50 µg/ml) to 

select for successful transformants.  

Apramycin selection ensures that only E. coli containing the pSC2301 plasmid will 

be apramycin resistant and able to grow. This does not guarantee that these 

recipients contain the plasmid containing our PCR fragments, as the digested 

pSC2301 plasmid may have re-ligated with itself, without the PCR fragments.  
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2.3.3.5. Validation of E. coli S17-1 l-Pir Plasmids 

To check that the individual PCR fragments had ligated into the pSC2301 vector 

in the correct order (although construct design should ensure that the fragments 

can only combine in one conformation), validation of potential transformants (and 

their plasmids) was performed by plasmid extraction and restriction digest.  

E. coli S17-1 l-Pir transformants were inoculated into YT broth (as above) and 

grown overnight (37°C, 200 rpm). Plasmids were extracted using the GenElute 

plasmid miniprep kit (Sigma), according to the manufacturer’s instructions.  

Plasmids were then validated by restriction digest, with (actual) band sizes being 

compared to expected band sizes to identify transformants containing a plasmid 

with the correct PCR fragment conformation.  

Restriction digest reactions (10 µl) consisted of:  

- 1 µl plasmid (Extracted as above or WT pSC2301 as a positive control) 
- 1 µl FastDigest restriction enzyme (ThermoScientific) 
- 1 µl FastDigest restriction digest (10x) Buffer 
- 7 µl analar water 

Reactions were subsequently incubated (37°C, 1 hour), prior to being ran on a 0.8 

% agarose gel (1 hour, 100 volts), against a 1 kb Ladder (New England BioLabs). 

Plasmids from the “correct” transformants were then verified further by Sanger 

sequencing.  

2.3.3.6. Conjugation into S. marcescens #42 

E. coli S17-1 l-Pir strains containing our desired gene knockout constructs act as 

donors for transmission of the plasmid construct into S. marcescens by 

conjugation and rolling circle replication.   
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E. coli S17-1 l-Pir donors (containing our constructs of interest) and S. 

marcescens #42 recipients were grown as detailed in Section 2.3.1. S. 

marcescens and E. coli S17-1 l-Pir cultures were pelleted (4000 rpm, 20 

minutes), prior to resuspending each (individually) in 100 µl of LB broth. S. 

marcescens cell suspension was pipetted onto a nylon membrane, suspended on 

a LB agar plate, and allowed to dry. Once dry, the E. coli S17-1 l-Pir cell 

suspension was then added on top of the S. marcescens cell residue. This plate 

was then incubated overnight (18 hours) at 29°C.  

Cells were then washed off the membrane and re-suspended in LB broth. This 

cell suspension was then serially diluted and plated onto minimal media + glucose 

(MM-G) agar plates (containing 50 µg/ml apramycin sulfate). These plates were 

incubated for 24 hours (37°C) until single colonies appeared. 

E. coli S17-1 l-Pir donor cells with the construct should not be able to grow on 

minimal media due to the carbon auxotrophy present meaning it has no available 

carbon source to grow on. Some E. coli may still grow due to the dead S. 

marcescens and E. coli cells acting as an alternative carbon source, therefore 15 

µg/ml of tetracycline, of which our clinical S. marcescens isolate is resistant to, 

was used to select against E. coli growth also. 

2.3.3.7. Further validation of S. marcescens exconjugants 

Potential exconjugants were patched in parallel onto fresh MM-G plates 

containing 50 µg/ml apramycin and 15 µg/ml tetracycline, and onto Brilliance 

Chromogenic agar before being grown for a further 24 hours (37°C). Cross-

referencing of these plates allowed me to determine which colonies were S. 

marcescens exconjugants containing the desired gene knockout constructs and 

which were E. coli donor cells.  Exconjugants were tested by colony PCR to test 

for gene knockout construct integration (primers detailed in Supplementary Table 

2.3.1). 
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Colony PCR (per 25 µl reaction) 

- 5 µl bacterial culture (potential KO or WT S. marcescens as a positive 
control) 
- 3 µl forward and reverse primer (10 mM) 
- 2 µl dNTPs (10 mM) 
- 2 µl 10x DreamTaq buffer 
- 0.3 µl DreamTaq Polymerase enzyme 
- 9.7 µl analar water 

Thermocycling conditions (DreamTaq PCR) 

- Initial denaturation: 98°C, 8 minutes 
- 35 cycles of: 

- Denaturation: 98°C, 30 seconds 
- Annealing: 60°C, 30 seconds 
- Extension: 72°C, 1 minute per kb of product 

- Final extension: 72°C, 5 minutes 

PCR products were run on a 0.8 % agarose TBE gel (1 hour, 100 volts), against a 

1 kb ladder (New England BioLabs). 

Successful exconjugant candidates were grown in larger overnight cultures (37°C, 

24 hours, 200 rpm), prior to genomic DNA being extracted (using the GenElute 

bacterial genomic DNA extraction kit (Sigma), as per the manufacturer’s 

instructions), the knockout region amplified by PCR (primers detailed in 

Supplementary Table 2.3.1) and then sequenced by Sanger sequencing.  

2.3.3.8. Generation of double-crossover gene knockout 

mutants via homologous recombination 

Exconjugant S. marcescens cells contain our gene knockout construct on one 

strand of their chromosome (that has integrated via homologous recombination), 

and a WT copy of the gene on the other strand.  To form a complete gene 

deletion strain, we need to encourage the homologous recombination of our gene 

knockout construct into the other strand of the chromosome also, via a second 

genetic recombination event, and cure the exconjugants of the plasmid, removing 

it to create a markerless gene deletion that will no longer contain the target gene 

and will not be apramycin resistant. 
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To do this, the strain undergoes a sucrose-mediated counter-selection (detailed in 

(411)). The addition of sucrose to culture media, combined with the omission of 

apramycin selection, encourages the excision of the pSC2301 plasmid backbone 

from the genome, as the sacB gene contained within the plasmid encodes a 

levansucrase enzyme that converts sucrose to a toxic product. This selects 

against plasmid retention, resulting in the generation of two sub-populations. One 

loses the plasmid and recombines to restore the WT copy of the gene on both 

strands of the bacterial chromosome, resulting in a “WT revertant” bacterium. The 

second population recombines immediately before the gene knockout construct, 

integrating the gene knockout construct into both strands of the bacterial 

chromosome and forming a “gene knockout” bacterium. 

Successful exconjugants were serially diluted onto minimal media + 50 % sucrose 

plates (with no antibiotic selection) and incubated at 37°C for 24 hours. Individual 

colonies were inoculated into LB broth, grown overnight (37°C, 24 hours, 200 

rpm) and then tested for gene knockout integration by colony PCR (as detailed 

above). Gene knockout mutants were identified due to the PCR band being 

smaller than WT controls, by approximately the same size as the removed gene.  

2.3.3.8.1. Validation of gene deletion mutants 

Candidates for successful gene knockout candidates of S. marcescens were 

grown in larger overnight cultures (37°C, 24 hours, 200 rpm), prior to genomic 

DNA being extracted. Genomic DNA was extracted using the GenElute bacterial 

genomic DNA extraction kit (Sigma), as per the manufacturer’s instructions. 

The knockout region, consisting of the 5’ (upstream) and 3’ (downstream) flanking 

regions, either side of the deleted gene, that made up the knockout construct, 

plus an additional 1kb of 5’ and 3’ flanking, from the genome of S. marcescens, 

was amplified by PCR using primers detailed in Supplementary Table 2.3.1, and 

subsequently sequenced by Sanger sequencing by Source Bioscience (services 

available at https://www.sourcebioscience.com/genomics/sanger-sequencing). 

These sequencing reads were compared to the S. marcescens genome to confirm 

that the target gene had been deleted, and that no other mutations had occurred 

within the 5’ and 3’ flanking regions surrounding the target gene.  
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2.3.4. Human serum 

Human serum (Sigma; Batch numbers: SLBN8826V and SLBN9196V) from pools 

of Male AB humans was used in these experiments. Upon arrival, serum was 

thawed once and aliquoted to avoid repeated freeze-thaw cycles, and then stored 

at -20°C until needed. 

2.3.5. S. marcescens mutant viability in human serum 

To determine whether the removal of surface genes from S. marcescens alters 

the dynamics of in-serum predation by B. bacteriovorus, we had to first check that 

our bacterial clones were still viable in human serum.  

S. marcescens WT and mutant strains were grown overnight (10 ml LB broth, 

37°C, 200 rpm, 18 hours) and suspended in human serum at an OD600 of 0.01. 

Viability was then measured via serial dilution and Miles and Misra plating (20 µl, 

in triplicate) onto LB agar for a 48-hour period, with plates being incubated at 

29°C overnight and individual bacterial colonies counted the next day. 

2.3.6. Predation of S. marcescens gene deletion 
strains by B. bacteriovorus in human serum 

To determine whether the removal of surface gene products would affect the 

susceptibility of S. marcescens to predation by B. bacteriovorus, S. marcescens 

WT and mutant strains were incubated with B. bacteriovorus HD100 in human 

serum.  

S. marcescens WT and mutant strains were grown overnight (10 ml LB broth, 

37°C, 200 rpm, 18 hours) and suspended in human serum at an OD600 of 0.01. 

Dense predatory cultures of B. bacteriovorus were prepared as detailed 

previously, prior to centrifugation (4000 rpm, 20 minutes) and resuspension in 500 

µl of Ca/HEPES buffer to give a 100x cell suspension. B. bacteriovorus cell 

suspension was added to the S. marcescens (in human serum) to give an MOI of 

10:1 (Bdellovibrio: Serratia) respectively and incubated at 29°C, 200 rpm.  



 
94 

Predator numbers were enumerated at 0 hours, 1 hour, 4 hours, 24 hours, 48 

hours, and 72 hours by plating onto YPSC overlay plates (as above).  

Prey numbers were enumerated every hour at 0-10 hours, and subsequently at 

24 hours, 48 hours and 72 hours via Miles and Misra technique onto LB agar.  

2.3.7. Statistical analysis 

Statistical analysis of the results generated in the “predation of S. marcescens 

knockout strains by B. bacteriovorus in human serum” experiments was not 

carried out for S. marcescens DarnT, S. marcescens DFim3795-7 and S. 

marcescens DFim4264-6 experiments as it was deemed to be inappropriate, 

considering that only one biological replicate was obtained for these experiments. 

Further repeats would be required before considering statistical analysis of these 

data. 

Statistical analysis on S. marcescens DarnA and Dwza data sets was performed 

using GraphPad Prism 8.0. First, data were analysed for normality using a 

D’Agostino-Pearson test, which deemed our data to not be normally distributed. 

Data were then analysed using the non-parametric, Two-way ANOVA multiple 

comparisons T test function. N.S indicates non-significance (P>0.05), * indicates 

significance (P<0.05), ** indicates significance (P<0.01). 
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2.4. Chapter 4 Specific Methods 

2.4.1. Bacterial culture  

2.4.1.1. Bdellovibrio bacteriovorus  

B. bacteriovorus wild type strain HD100 was cultured as detailed above (Chapter 

3 Specific Methods).  

B. bacteriovorus strains containing fluorescent tag constructs were kanamycin 

resistant, and so they were cultured/grown on E. coli S17-1 containing a 

pZMR100 plasmid that conferred kanamycin resistance, with the addition of 50 

µg/ml of kanamycin sulphate to the culture media. 

2.4.1.2. Escherichia coli 

As detailed above, E. coli S17-1 for B. bacteriovorus prey and for gene cloning 

was cultured in YT broth at 37°C, 200 rpm for 18-24 hours for liquid cultures. For 

plate cultures and revival of frozen stocks, YT agar was used, with colonies grown 

at 37°C overnight.  

 

E. coli S17-1 was used for cloning mCerulean3-tagged or mCherry-tagged gene 

constructs and gene knockout constructs into B. bacteriovorus, and as prey for B. 

bacteriovorus culture.  

To provide selection for our mCerulean3-tagged, mCherry-tagged and gene 

knockout constructs, media was supplemented with 50 μg/ml kanamycin sulphate 

where appropriate.  

Full details of the bacterial strains used in this study can be found in 

Supplementary Table 2.1.2. 
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2.4.2. Construction of B. bacteriovorus mCerulean3- 
and mCherry-tagged strains.  

To investigate the role of a subset of genes in survival within macrophages, a 

subset of gene products (detailed in Chapter 4: Table 4.2.1) were tagged with an 

mCerulean3 or mCherry protein fluorescent tag and subsequently visualised via 

microscopy. The process behind the construction of mCerulean/mCherry tagged 

strains is detailed in Figure 2.4.1. 

 

Figure 2.4.1: A schematic summarising the construction of fluorescently tagged B. 
bacteriovorus strains. 

2.4.2.1. Design and PCR generation of fragments 

For mCerulean3 and mCherry tagged genes, gene and mCerulean3/mCherry tag 

fragments were constructed using primers (detailed in Supplementary Table 

2.4.1) that amplified the gene and mCerulean3/mCherry tag fragments (from B. 

bacteriovorus HD100 genomic DNA and pmCerulean3-N1/pAFK56 plasmid 

backbone respectively) via PCR (using the same reagents and thermocycling 

conditions used in Section 2.3.4.1 but a different DNA template), producing two 

overlapping fragments with complimentary sticky ends to one another.  
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2.4.2.2. Ligation of fragments into pk18mobSacB 

After extraction, PCR fragments were ligated to each other and into a 

pk18mobSacB vector via Gibson assembly (410) (Figure 2.4.2), using the same 

reaction parameters as detailed in Section 2.3.4.2. This ligates the individual 

fragments into one circularised vector (pk18mobSacB plus our gene and 

fluorescent tag fragments). 

 

Figure 2.4.2: A plasmid map of the pk18mobSacB plasmid used for gene deletion and 
fluorescent tagging studies. Ori: Origin of Replication; MCS: Multiple Cloning Site (Site of 
insertion for gene-tag and gene knockout constructs); lacZa: lacZ gene (used for blue-white 
selection); NeoR/KanR: Neomycin Phosphotransferase gene (confers Kanamycin and 
Neomycin resistance); SacB Promoter/SacB: Encodes a Levansucrase enzyme that renders 
bacteria susceptible to sucrose (Used for Sucrose counter-selection); oriT: Origin of 
Transfer. 
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2.4.2.3. Transformation into E. coli DH5a 

Circularised vectors were transformed into chemically competent E. coli NEB5a 

(E. coli DH5a cells sourced from New England BioLabs as a component of their 

NEBuilder HiFi DNA Assembly Cloning Kit) according to the manufacturers 

protocol, before plating on YT agar plates with kanamycin sulphate (50 µg/ml), X-

Gal (40 µg/ml) and IPTG (40 µg/ml) to select for successful transformants and 

screening by blue-white selection.  

Kanamycin selection ensures that only E. coli containing the pk18mobSacB 

plasmid will be kanamycin resistant and able to grow. This does not guarantee 

that these recipients contain the plasmid containing our PCR fragments, as the 

digested pk18mobSacB plasmid may have re-ligated with itself, without the PCR 

fragments.  

Blue-white selection acts as a secondary selection measure for this. Successful 

and correct transformants will appear white on agar plates containing X-Gal and 

IPTG, as ligation of PCR fragments into the digested vector disrupts the lacZa 

gene contained within the pk18mobSacB vector backbone, subsequently 

preventing E. coli transformants from utilising X-Gal and IPTG in the media, and 

therefore colonies appear white. Digested plasmid that self-ligates to reform the 

pk18mobSacB backbone without our PCR fragments will appear blue on YT agar 

plates containing IPTG and X-Gal.  

2.4.2.4. Validation of plasmids in E. coli DH5a 

Constructs were validated by restriction digest, as detailed in Section 2.3.4.5, 

using WT pk18mobSacB DNA as a positive control. 

2.4.2.5. Transformation into E. coli S17-1 donor cells 

Plasmids that had been confirmed to be correct (via restriction digest) were 

transformed into chemically competent E. coli S17-1 cells (as detailed in Section 

2.4.2.4), prior to being plated onto YT agar containing 50 µg/ml kanamycin sulfate 

and incubated for 18 hours at 37°C. 
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Plasmids from the “correct” E. coli S17-1 transformants were then verified further 

by Sanger sequencing. These plasmids are summarised in Supplementary Table 

2.4.2. 

2.4.2.6. Conjugation into B. bacteriovorus 

E. coli S17-1 containing our desired fluorescently tagged gene constructs act as 

donors for transmission of the plasmid construct into B. bacteriovorus by 

conjugation and rolling circle replication.   

E. coli S17-1 donors (containing our constructs of interest) and B. bacteriovorus 

HD100 recipients were grown as detailed in Section 2.3.1. B. bacteriovorus and E. 

coli S17-1 cultures were pelleted (4000 rpm, 20 minutes), prior to resuspending 

each (individually) in 200 µl of YT broth. B. bacteriovorus cell suspension was 

pipetted onto a nylon membrane, suspended on a PY agar plate, and allowed to 

dry. Once dry, the E. coli S17-1 cell suspension was then added on top of the B. 

bacteriovorus cell residue. This plate was then incubated overnight (18 hours) at 

29°C.  

Cells were then washed off the membrane and re-suspended in Ca/HEPES. This 

cell suspension was then serially diluted and plated onto YPSC overlay plates 

with 50 µg/ml kanamycin sulfate selection and YPSC-Top overlays containing 

Kanamycin-resistant E. coli S17-1 pZMR100 prey. These plates were incubated 

for 5 days (29°C) until single plaques (clearings in the E. coli S17-1 pZMR100 

prey lawn) appeared. These plaques were picked into Ca/HEPES containing 

Kanamycin-resistant E. coli S17-1 pZMR100 prey and incubated (29°C, 200 rpm, 

48 hours) to give predatory cultures of B. bacteriovorus. 

Exconjugant B. bacteriovorus cells contain a fluorescently tagged gene construct 

on one strand of their chromosome (that has integrated via homologous 

recombination), and an untagged, WT copy of the gene of interest on the other 

strand.  

Fluorescently tagged gene constructs were also conjugated into 

Bd0064mCherry/Bd0064mCerulean3-containing B. bacteriovorus, to allow for 

fluorescent visualisation of predators inside bacterial prey or host macrophage. 
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2.4.2.7. Further validation of fluorescently tagged B. 

bacteriovorus exconjugants.  

Genomic DNA was extracted from liquid cultures of B. bacteriovorus exconjugants 

to determine whether target genes had been successfully fluorescently tagged, 

without any deleterious mutations occurring.  

Genomic DNA was extracted using the GenElute bacterial genomic DNA 

extraction kit (Sigma), as per the manufacturer’s instructions.  

Genomic DNA was then used as a template to amplify the region containing the 

gene-fluorescent tag fusion via PCR, using primers (detailed in Supplementary 

Table 2.4.1) that bind approximately 200bp upstream and downstream of the 

gene, encompassing the whole gene, whole fluorescent tag and the gene-tag 

fusion junction. This PCR product was sequenced, via Sanger sequencing. These 

sequencing reads were compared to the B. bacteriovorus HD100 genome and the 

fluorescent tag plasmid reference sequence to confirm that the target gene and 

fluorescent tag were correct i.e., no deleterious mutations had occurred. 

2.4.3. Construction of B. bacteriovorus single gene 
knockout mutants  

To study the role and importance of gene/protein expression in the survival of B. 

bacteriovorus within macrophage, markerless, single gene deletion strains of B. 

bacteriovorus were generated.  This process is summarised in Figure 2.4.3. 

2.4.3.1. Design and PCR generation of fragments 

For gene knockout constructs, 1 kb of 5’ and 1 kb of 3’ flanking, upstream and 

downstream of the gene of interest, were amplified via PCR, using primers 

designed using NEBuilder (New England BioLabs) and detailed in Supplementary 

Table 2.4.3, with the same stipulations as documented in Section 2.3.3.1.  
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2.4.3.2. Synthesis, transformation and conjugation of gene 

knockout constructs. 

PCR fragments were then synthesised, ligated into pk18mobSacB, transformed 

into E. coli DH5a,  validated by restriction digest, transformed into E. coli S17-1 

and conjugated in B. bacteriovorus HD100, as detailed in Sections 2.4.2.1-2.4.2.6 

inclusive. 

Gene knockout constructs were also conjugated into Bd0064mCherry/ 

Bd0064mCerulean3-containing B. bacteriovorus, to allow for fluorescent 

visualisation of predators. 

Exconjugant B. bacteriovorus cells contain a gene knockout construct on one 

strand of their chromosome (that has integrated via homologous recombination), 

and a WT copy of the gene of interest on the other strand. To form a complete 

gene deletion strain, we need to encourage the homologous recombination of our 

gene knockout construct into the other strand of the chromosome also, via a 

second genetic recombination event, and cure the exconjugants of the plasmid, 

removing it to create a markerless gene deletion that will no longer contain the 

target gene and will not be kanamycin resistant. 
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Figure 2.4.3: A schematic summarising the construction of single gene deletion mutants in B. 
bacteriovorus. 



 
103 

2.4.3.3. Generation of double-crossover Gene Knockout 

mutants via homologous recombination 

To cure merodiploid B. bacteriovorus exconjugants of the pk18mobSacB plasmid 

and encourage the second genetic event that incorporates the gene knockout 

construct fully (or reversion to WT), sucrose counter selection is used. The 

addition of sucrose to culture media, combined with the omission of kanamycin 

selection, encourages the excision of the pk18mobSacB plasmid backbone from 

the genome, as the sacB gene contained within the plasmid encodes a 

levansucrase enzyme that converts sucrose to a toxic product. This selects 

against plasmid retention, resulting in the generation of two sub-populations. One 

loses the plasmid and recombines to restore the WT copy of the gene on both 

strands of the bacterial chromosome, resulting in a “WT revertant” bacterium. The 

second population recombines immediately before the gene knockout construct, 

integrating the gene knockout construct into both strands of the bacterial 

chromosome and forming a “gene knockout” bacterium (Figure 2.4.4). 

 

 

Figure 2.4.4: A schematic summarising the two outcomes of a second genetic crossover 
event in merodiploid B. bacteriovorus containing a gene knockout construct.  
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Predatory cultures of B. bacteriovorus were serially passage through Ca/HEPES 

buffer containing 5 % sucrose, 150 µl of E. coli S17-1 prey (heat killed at 105°C 

for 3 minutes) and 50 µl of B. bacteriovorus predatory culture. After 9 rounds of 

passaging, predatory cultures were serially diluted and plated onto YPSC overlay 

plates to yield single plaques. After incubation for 5 days (29°C), single plaques 

were picked into Ca/HEPES buffer (containing E. coli S17-1 prey) into 96-well 

plates. 

After lysis of prey and growth of B. bacteriovorus to form predatory cultures (after 

48 hours, 29°C), each of which has originated from a single plaque, each well was 

screened for kanamycin resistance by subbing into 96-well plates containing 

Ca/HEPES and E. coli S17-1 or Ca/HEPES, E. coli S17-1 pZMR100 and 50 µg/ml 

kanamycin.  

Kanamycin resistant isolates still contain the pk18mobSacB plasmid and were 

therefore discarded. Kanamycin sensitive isolates were screened by colony PCR 

to identify potential gene deletion mutants (using the same reagent and 

thermocycling parameters as stated in Section 2.4.3.7). A gene knockout mutant 

was identifiable by a difference in band size, compared to WT controls.  

2.4.3.4. Further validation of B. bacteriovorus gene knockout 

exconjugants 

Gene knockout mutants confirmed by colony PCR were then further tested by 

Sanger sequencing to determine whether target genes had been successfully 

deleted. 

Genomic DNA was extracted from liquid predatory cultures of B. bacteriovorus 

using the GenElute bacterial genomic DNA extraction kit (Sigma), as per the 

manufacturer’s instructions.  
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The knockout region, consisting of the 5’ (upstream) and 3’ (downstream) flanking 

regions, either side of the deleted gene, that made up the knockout construct, 

plus an additional 1kb of 5’ and 3’ flanking DNA, outside of the construct region, 

was amplified from the candidate genomes, by PCR using primers detailed in 

Supplementary Table 2.4.2, and subsequently sequenced by Sanger sequencing 

by Source Bioscience. These sequencing reads were compared to the B. 

bacteriovorus HD100 genome to confirm that the target gene had been deleted, 

and that no other mutations had occurred within the 5’ and 3’ flanking regions 

surrounding the target gene.  

2.4.4. Host-independent Gene Knockout strain 
generation 

2.4.4.1. Generation of host independent strains from 

merodiploid 

If removal of individual genes from host dependent B. bacteriovorus was deemed 

unlikely, due to the target gene(s) being essential for predation, therefore making 

gene knockout clones non-viable, a host-independent gene knockout clone, that 

doesn’t carry out a predatory lifecycle that is dependent on Gram-negative prey 

cells, was sought. These bacteria grow by binary fission and are further explained 

in (348).  

To generate host-independent gene knockout mutants, gene knockout constructs 

were conjugated from E. coli S17-1 (containing the gene knockout construct) into 

B. bacteriovorus HD100 (as before). Merodiploid exconjugants, containing one 

WT gene copy on one DNA strand and the gene knockout construct integrated 

into the other DNA strand, were selected, and picked into predatory cultures as 

before (containing 150 µl E. coli S17-1 overnight liquid culture, grown as before, 

and 2ml Ca/HEPES). Predatory cultures were filtered to remove any remaining 

Gram-negative prey and plated onto PY agar plates to select for host-independent 

B. bacteriovorus that will grow on the nutrient rich media in the absence of Gram-

negative prey.  
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After incubation for 2 weeks, due to the slow-growing nature of these bacteria, 

individual colonies were selected and serially passaged on PY agar plates +/- 5 % 

Sucrose to counter-select against the sacB containing pk18mobSacB containing 

plasmid, to cure exconjugants of the plasmid and encourage homologous 

recombination of the gene knockout construct into the genome of B. bacteriovorus 

(by the same process as detailed in host-dependent gene knockout clone 

generation). Potential gene knockout clones were then tested by PCR and 

sequenced.   

2.4.4.2. Conjugation of gene knockout constructs direct into 

host-independent B. bacteriovorus 

If generation of gene knockout clones in host-dependent B. bacteriovorus or by 

conversion and sucrose-curing of merodiploid gene knockout exconjugants was 

unsuccessful, conjugation of the gene knockout construct from E. coli S17-1 

(containing the gene knockout construct) directly into host-independent B. 

bacteriovorus is a strategy of last resort due to its difficult nature. This is 

necessary due to the genetic event involving the integration of the gene knockout 

construct may be immediately selected against in merodiploid (host-dependent) B. 

bacteriovorus if the target gene is essential, therefore conversion of merodiploid 

B. bacteriovorus into host-independent strains may only yield WT B. bacteriovorus 

as the genetic event is quickly selected against and the gene knockout construct 

lost from the bacterial genome. Conjugation of the gene knockout construct 

directly into host-independent B. bacteriovorus strains may bypass this issue. 

To conjugate gene knockout constructs directly into a host-independent B. 

bacteriovorus, dense cultures of HID13 or HID22, two separate host-independent 

B. bacteriovorus strains containing two separate groups of mutations, were 

prepared by spreading liquid cultures of HID13 or HID22 onto PY agar plates, 

growing at 29°C for a week, and suspending the entire plate of bacterial growth in 

a small volume of PY broth.  
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This is because HID13 and HID22 grow very poorly at low population densities in 

liquid culture. The thick bacterial suspension of HID13 or HID22 was suspended 

on a nylon filter, on a PY agar plate, and allowed to dry. A liquid culture of E. coli 

S17-1, containing the gene knockout construct, was grown overnight (37°C, 200 

rpm, 18 hours), centrifuged (4000 rpm, 10 minutes) and resuspended to give a 

100x concentrated bacterial cell suspension. This bacterial cell suspension was 

added onto the membrane containing HID13/HID22 and allowed to dry. Plates 

were then incubated overnight at 29°C to allow for conjugation of the gene 

knockout construct into HID13/HID22. The dried cell mass was recovered, 

resuspended in PY broth, and filtered (0.45 nm) to remove any remaining E. coli 

S17-1 donor cells, before being serially diluted and plated onto PY agar. After 7 

days of incubation (29°C), individual colonies were selected and patched onto PY 

agar plates +/- 5 % sucrose and passaged and screened for knockout construct 

integration as detailed above.  

2.4.5. Macrophage culture  

U937s are a monocyte derived cell line that when stimulated can assume the 

morphological and physiological characteristics of mature macrophages.  

U937 cells (ATCC CRL-1593.2), a human monocyte-like cell line, were grown in 

RPMI medium containing 12 mM sodium bicarbonate, 2 mM L-glutamine, 10 mM 

HEPES, 1 mM sodium pyruvate, 25 mM D-glucose, 10 % foetal bovine serum 

(FBS) and 1 U/ml penicillin and 100 μg/ml streptomycin at 37°C, 5 % CO2.  

U937 cells were routinely passaged every 72 hours, during which the cells were 

dislodged via gentle scraping, washed in Dulbecco’s phosphate buffered saline 

(D- PBS) (2.7 mM KCl, 1.5 mM KH2PO4, 137 mM NaCl and 8.8 mM 

Na2HPO4•7H2O, pH 7.4), and seeded into fresh media at 5 x104 cells/ml.  
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For experimental use, U937 cells were seeded at 5 x105 cells/ml in T-75 flasks 

(Corning) and differentiated into macrophage-like cells via the addition of 100 nM 

PMA (phorbol 12- myristate 13-acetate), then incubated for 48 hours, 37°C, 5 % 

CO2. Cells were then harvested via gentle scraping, washed in D-PBS, pelleted 

via centrifugation (300 xg, 5 minutes) counted and then seeded at the desired 

concentration in fresh media, allowing them to adhere overnight (18 hours, 37°C, 

5 % CO2).  

2.4.6. Visualisation of fluorescently tagged attack 
phase B. bacteriovorus via microscopy.  

To determine the expression and localisation of our candidate genes in attack 

phase B. bacteriovorus, bacteria from predatory cultures (routinely cultured as 

detailed above) were immobilised on a bed of Ca/HEPES containing 1 % agarose 

and imaged using a Nikon Eclipse Ti-E inverted fluorescence microscope 

equipped with a Plan Apo 100x Ph3 oil objective lens. Images were taken using 

phase contrast (Exposure: 250 ms; Gain 1) mCherry (Exposure: 10 s; Excitation: 

550-600 nm; Emission: 610-665 nm) and mCerulean3 (Exposure: 10 s; Excitation: 

420-450 nm; Emission: 460-500 nm) filters. Images were acquired using Nikon 

NIS Elements software and an Andor Neo sCMOS camera.  

2.4.7. Image analysis 

Images taken on the Nikon TiE microscope (.nd2 format) were opened and 

analysed using Fiji image analysis software, a subsidiary of ImageJ (412).  From 

raw image files, regions of interest (ROIs) were selected and adjusted using the 

brightness and contrast toggles. Scale bars were added, and ROIs were saved as 

.tiff files.  
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2.4.8. Visualisation of fluorescently tagged B. 
bacteriovorus strains throughout the predatory 
lifecycle via microscopy. 

This assay aimed to characterise the expression of our proteins of interest 

throughout the predatory lifecycle of B. bacteriovorus, using fluorescence as a 

proxy for protein expression. 

B. bacteriovorus strains containing a fluorescently (mCerulean3 or mCherry)- 

tagged candidate gene were grown as detailed previously (10 ml Ca/HEPES, 600 

µl E. coli S17-1 pZMR100, 200 µl of a previous predatory culture, 50 µg/ml 

kanamycin sulfate) for 24 hours, 200 rpm, prior to being checked via light 

microscopy to ensure total E. coli prey lysis. B. bacteriovorus liquid cultures were 

concentrated (10x) by centrifuging 5 ml of liquid predatory culture (4000 rpm, 20 

minutes) and re-suspending in 500 µl of Ca/HEPES buffer.  

To synchronise the invasion and predatory process so that all E. coli prey are 

invaded by B. bacteriovorus simultaneously, an excess of B. bacteriovorus 

predators was used. Approximately 1 x 109 PFU of B. bacteriovorus (suspended 

in 500 µl of Ca/HEPES buffer) were combined with 1x108 CFU/ml of E. coli prey 

(grown for 18 hours, 37°C, 200 rpm in YT-broth) in 1200 µl of Ca/HEPES buffer. 

This ratio of Predator:Prey:Buffer ensures synchronous predation. Samples were 

taken at 0 hours (post-mixing of B. bacteriovorus and E. coli), 15 minutes, 30 

minutes, 45 minutes, 1 hour, 2 hours, 3 hours, and 4 hours to capture each 

characteristic/landmark stage of predation and characterise fluorescent protein 

expression at these points. Samples were immobilised on a bed of Ca/HEPES 

containing 1 % agarose and imaged using a Nikon Eclipse Ti-E inverted 

fluorescence microscope as before. The process used to visualise fluorescently 

tagged B. bacteriovorus strains throughout the predatory lifecycle via microscopy 

is summarised in Figure 2.4.5.
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Figure 2.4.5: A schematic summarising how the expression of fluorescently tagged proteins in B. bacteriovorus is visualised throughout the predatory 
cycle.
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2.4.9. Visualisation of fluorescently tagged B. 
bacteriovorus strains inside U937 macrophage-like 
cells via microscopy.  

U937 cells (grown and differentiated as described above) were seeded onto glass 

cover slips within 24-well plates at 2 x 105 cells per ml and left to adhere overnight 

at 37°C, 5 % CO2. Cells were then washed with D-PBS (Dulbecco PBS: 

phosphate buffered saline with Mg2+ and Ca2+) and the media replaced with 

growth media containing 1 x 107 PFU/ml of our fluorescently tagged B. 

bacteriovorus strains (grown as previously described), giving an MOI of 1:50 

(macrophage: bacteria). After 2 hours of incubation (37°C, 5 % CO2), the media 

containing B. bacteriovorus was removed and cells were washed with D-PBS. For 

the 2-hour timepoint, infected cells were immediately imaged via fluorescence 

microscopy (as above) to determine whether expression of the 

mCerulean3/mCherry tagged genes was altered within macrophages. For 4 and 

24-hour timepoints, infected cells were incubated with fresh, bacteria-free growth 

media (37°C, 5 % CO2) until 4 or 24 hours post-bacterial addition, after which they 

were washed with D-PBS. Cells were then imaged as above. This is summarised 

in Figure 2.4.6.
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Figure 2.4.6: A schematic detailing how the expression of fluorescently tagged proteins by B. bacteriovorus is investigated inside U937 macrophage-like 
cells via microscopy. 
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2.4.10. Viability of gene knockout mutants of B. 
bacteriovorus inside U937 macrophage-like cells, 
via enumeration. 

Plaque counts were used as a proxy for B. bacteriovorus quantification, as these 

bacteria are too small to be quantified via typical optical density-based methods. 

These plaque counts are expressed as PFU/ml (Plaque Forming Units per ml), 

analogous to the CFU/ml (Colony Forming Units/ml) used for “typical” colony-

forming bacteria such as E. coli. 

PMA-differentiated U937 cells (grown as detailed in Section 2.4.5) were seeded 

into 24-well plates at 2 x 105 cells per well for 24 hours (37°C, 5 % CO2) prior to 

being washed with D-PBS. Cells were then exposed to B. bacteriovorus HD100 

(or single gene deletion strains of B. bacteriovorus) at an MOI of 1:50 

(Macrophage: B. bacteriovorus) for 2 hours, after which the B. bacteriovorus 

containing medium was removed and cells were washed with D-PBS+ 5 % FBS. 

RPMI was then added to the wells, whereby they were then incubated at 37°C, 5 

% CO2 until the designated timepoints, except for the 2-hour timepoint where cells 

were lysed immediately.  

To measure the viability of the single gene deletion strains, Bdellovibrio-containing 

macrophage were lysed through the addition of ice cold, sterile, distilled water and 

incubated (on ice) for 10 minutes. Cell suspensions were pipetted vigorously to 

ensure a homogenous mixture, prior to being serially diluted and enumerated on 

YPSC plates. Briefly, 100 µl of the appropriate dilution of cell suspension was 

added to 150 µl of E. coli S17-1 bacterial culture (grown as previously described) 

and 5 ml of YPSC-Top agar (molten but cooled), before being poured onto a set 

YPSC-bottom agar plate to form a layer of soft-set agar with Bdellovibrio and E. 

coli suspended within. These plates were incubated for 5 days (29°C), until 

plaques (clearings in the E. coli prey lawn) appeared after which they were 

counted and compared to wildtype B. bacteriovorus HD100. This process is 

summarised in Figure 2.4.7.
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Figure 2.4.7: A schematic detailing how the viability of gene knockout mutants of B. bacteriovorus is investigated inside U937 macrophage-like cells via 
enumeration.
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2.4.11. Testing the efficiency of B. bacteriovorus gene 
deletion mutants throughout predation 

This experimental approach was adapted from the protocol documented in Remy 

et al., 2022 (413), by Dr Carey Lambert in our lab. Dr Carey Lambert aided and 

supervised me for this set of experiments, for which I am extremely grateful.  

To determine whether the removal of our candidate gene products would affect 

the efficiency of predation by B. bacteriovorus, our gene deletion strains were 

incubated with E. coli S17-1 prey, and the OD600 of the predation culture 

measured over time. As B. bacteriovorus are too small to be measured accurately 

by optical density, the growth of E. coli S17-1/optical density of the predatory 

culture containing E. coli S17-1 was used as a proxy for successful predation 

(indicated by prey cell lysis and a drop in optical density).  

B. bacteriovorus gene deletion mutants were grown overnight as documented 

previously (Section 2.3.1). Plaque forming units (PFU) inputs for each strain were 

then matched using SYBR Green DNA stain, to ensure that equal titres of 

Bdellovibrio for each strain were used as starting inputs in our predatory cultures. 

This approach is documented in Remy et al., 2022 (413). Briefly, samples of 

Bdellovibrio were incubated with SYBR Green dye for 90 minutes (300 rpm 

double orbital, in darkness, in triplicate), before fluorescence was measured using 

a FLUOStar Omega Plate Reader (BMG Labtech) (excitation: 485 nm, emission: 

520 nm, Gain: 800), with fluorescence values being interpolated into relative 

PFU/ml counts using a PFU:SYBR Green Fluorescence correlation curve 

(provided by Dr Carey Lambert).  
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PFU inputs were matched for each single gene deletion strain, giving an input of 1 

x 108 PFU/ml of Bdellovibrio with a starting OD600 of E. coli prey of 1.0, 

corresponding to 1x 109 CFU/ml of E. coli S17-1, giving a predator: prey ratio of 

approximately 1:10. Predatory cultures (containing E. coli prey and Bdellovibrio 

bacteriovorus WT or mutant) were inoculated in triplicate into a black OptiPlate 

(Corning), along with media only, Bdellovibrio only (no prey) and Prey only (no 

Bdellovibrio) controls. The optical density (OD600) of the predatory culture was 

measured every 20 minutes, for 18 hours (200 rpm, double orbital, in triplicate) to 

give a prey survival curve, where a drop in OD600 is indicative of successful 

predation and prey lysis.  

OD600 values were exported using MARS OMEGA data analysis software and 

plotted compared to WT B. bacteriovorus HD100 to analyse any differences in 

predation efficiency caused by gene deletion.  

In addition to this, OD600 data was analysed using CurveR, according to the 

method documented in Remi et al., 2022, to analyse prey cell lysis and predation 

dynamics. This generates a table of values showing the quality of analysis and 

key criteria of the modelled curve. VEcv represents the fit of the curve (where 100 

represents a perfect match). Rmax indicates the maximum rate of prey cell lysis. S 

indicates the inflection point, the time at which the maximum rate of prey cell lysis 

(Rmax) occurs i.e., the steepest point on the curve.  
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2.4.12. Bioinformatic analyses 

Features of the candidate genes/proteins in this study were investigated using 

various bioinformatic tools and servers to tell us more about the structure and 

function of the proteins in this study. These tools are listed below and detailed in 

Table 2.4.1. 

xBASE: https://hactar.shef.ac.uk/xbase/viewregion.cgi (414) 
UniProt: https://www.uniprot.org/ (415) 
NCBI BLAST: https://blast.ncbi.nlm.nih.gov/Blast.cgi (416) 
SignalP 6.0: https://services.healthtech.dtu.dk/service.php?SignalP-6.0 (417) 
PredTAT: http://www.compgen.org/tools/PRED-TAT/ (418) 
PFAM: http://pfam.xfam.org/ (419) 
EMBOSS Needle: https://www.ebi.ac.uk/Tools/psa/emboss_needle/ (420) 
Clustal Omega: https://www.ebi.ac.uk/Tools/msa/clustalo/ (420) 
STRING: https://string-db.org/cgi/ (421-423) 
KEGG: https://www.genome.jp/kegg/ (424, 425) 

Analysis of RNASeq data, and the tools used in this process, will be detailed 

separately. 
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Table 2.4.1: Bioinformatic tools used in this study.  

Server/Tool Function Reference 
xBASE Used to retrieve DNA sequences for each of the 

B. bacteriovorus genes in this study 
Chaudhari 
et al., 2008  

UniProt Used to retrieve Protein sequences encoded by 
each of the B. bacteriovorus genes in this study 

The Uniprot 
Consortium, 
2021  

NCBI 
BLAST 

Used to compare DNA/Protein sequences of 
interest with homologues in B. bacteriovorus or 
other Gram-negative bacteria 

Altschul et 
al., 1990 

Signal P 6.0 Identification/Prediction of signal peptides and 
secretion signals in protein sequences 

Teufel et al., 
2022 

PredTAT Identification/Prediction of Sec/Tat signal peptides 
and secretion signals in protein sequences 

Bagos et al., 
2010 

PFAM Identification/Prediction of well-characterised 
domains 

Mistry et al., 
2020 

EMBOSS 
Needle 

Pairwise alignment of DNA/Protein sequences to 
investigate homology between gene/protein 
homologues  

Madeira et 
al., 2022 

Clustal 
Omega 

Pairwise alignment of DNA/Protein sequences to 
investigate homology between gene/protein 
homologues  

STRING Gene neighbourhood and association studies to 
highlight other genes with similar functions within 
the genome of B. bacteriovorus.  
Magenta threads represent experimentally 
determined interactions; Green threads represent 
gene neighbourhood interactions; Dark blue 
threads represent gene co-occurrence; Black 
threads represent co-expression; Lilac threads 
represent protein homology; Yellow threads 
represent textmining (i.e. associations in 
literature). 
 

Szklarczyk 
et al., 2021  

KEGG Identify related genes and pathways, interacting 
with the proteins in our study 

Kanehisa et 
al., 2016  
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2.4.12.1. Statistical analysis  

Statistical analysis on each dataset was performed using GraphPad Prism 9.0. 

Data was analysed for normality using a Shapiro-Wilk normality test. If the data 

fitted a parametric/normal distribution, a One-Way ANOVA test was used to 

assess statistical significance (testing if each condition was statistically different 

from a control group). If the data fitted a non-parametric/non-normal distribution 

more closely, a Two-Way Repeated Measure ANOVA with a Sidak’s multiple-

comparison test was used to assess statistical significance. Statistical analysis of 

the data generated in “Determining the importance of our candidate proteins in 

the predation of E. coli by B. bacteriovorus.” and “Determining the Viability of B. 

bacteriovorus gene deletion mutants in macrophage” was performed using a Two-

Way Repeated Measure ANOVA with a Sidak’s multiple-comparison test. The 

number of biological replicates is indicated in the appropriate result figure 

legends.  
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2.5. Chapter 5 Specific Methods: RNASeq 
analysis 

The aim of this work was to see the gene expression by Bdellovibrio bacteriovorus 

engulfed by U937 macrophage-like cells (PMA-differentiated from a U937 

monocytic cell line and hereafter described as macrophages) and persisting for up 

to 24 hours, alongside gene expression induced in macrophage by Bdellovibrio 

persistence. I was able to make use of pre-existing frozen samples of Bdellovibrio 

inside macrophages from 2-, 4-, 8- and 24- hours, that were prepared by Dhaarini 

Raghunathan during her study on Bdellovibrio persistence (2).  

2.5.1. Sample preparation 

2.5.1.1. Cell culture and infection 

PMA-differentiated U937 cells (grown as detailed in Section 2.4.5) were seeded 

into 24-well plates at 2 x 105 cells per well for 24 hours (37°C, 5 % CO2) prior to 

being washed with D-PBS. Cells were then exposed to B. bacteriovorus HD100 at 

an MOI of 1:50 (Macrophage: B. bacteriovorus) for 2 hours, after which the B. 

bacteriovorus containing medium was removed and cells were washed with D-

PBS+ 5 % FBS. RPMI was then added to the wells, whereby they were then 

incubated at 37°C, 5 % CO2 until the designated timepoints.  

At 2 hours post-bacterial addition, all media was removed from the wells and 1ml 

of TRI Reagent (a monophasic solution containing phenol and guanidine 

isothiocyanate; Invitrogen) was added to each well, homogenising and lysing the 

sample. The sample was then transferred to a sterile 1.5ml Eppendorf and flash 

frozen at -80°C to preserve total nucleic acids in the sample. 

The same approach was performed at 4 hours, 8 hours, 24 hours, and 48 hours 

post-addition for both Bdellovibrio-containing and macrophage-only wells.  

The above steps were performed by Dr Dhaarini Raghunathan, a previous 

postdoctoral researcher in the lab.  
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2.5.1.2. RNA isolation and preparation 

To isolate both the host and bacterial RNA, homogenised samples were defrosted 

on ice and mixed thoroughly. Total nucleic acids were then extracted from the 

sample through the addition of 200 µl of chloroform (Sigma) to suspend the 

nucleic acids in the aqueous phase of our sample (DNA is held at the interface 

between the organic and aqueous phases due to its association with 

histones/other host proteins), followed by ethanol precipitation. The samples were 

then purified for total RNA using the Qiagen RNEasy kit (with on-column DNase 

digestion) as per the protocol suggested (Figure 2.5.1).  

RNA samples were analysed using an Agilent 2100 Bioanalyser and Agilent RNA 

6000 Nano kit, according to manufacturer’s instructions by Dr Carey Lambert. 

This was performed to check electrophoretically for RNA quality and quantity 

(including examining ribosomal RNA bands as a measure of total, undegraded 

RNA), DNA contamination and RNA degradation (Table 2.5.1) and then checked 

for the presence of bacterial RNA by RT-PCR (Qiagen one-step RT- PCR kit; 

reaction details in Section 2.5.1.3), probing for dnaK using primers (dnaK_F: 

TGAGGACGAGATCAAACGTG; dnaK_R: AAACCAGGTTGTCGAGGTTG) to 

amplify a 100bp product within the dnaK gene. dnaK was used as a control for the 

presence of B. bacteriovorus DNA as it is constitutively expressed by the 

bacterium. RT-PCR products were visualised on a 2 % agarose gel (1 hour, 100 

volts) against a 100bp ladder (New England Biolabs) to check for the presence of 

DNA in our RNA samples. 
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2.5.1.3. RT-PCR (To test for the presence of bacterial DNA) 

Per 25 µl reaction 

- 5 µl of 5X buffer 
- 5 µl of Q solution 
- 1 µl dNTPs 
- 1.5 µl dnaK_F primer (10mM) 
- 1.5 µl dnaK_R primer (10mM) 
- 1 µl of Enzyme MasterMix 
- 0.5 µl of template* 
- 9.5 µl Nuclease-free water 

 

*Test: RNA sample 
 Positive Control: B. bacteriovorus genomic DNA 
 Negative Control: Nuclease-free water 

Using the thermocycling conditions: 

- Reverse transcription (conversion of RNA to cDNA): 50°C, 30 minutes 
- Initial denaturation: 94°C, 15 minutes 
- 35 cycles of: 

o Denaturation: 94°C, 1 minute 
o Annealing: 50°C, 1 minute 
o Extension: 72°C, 1 minute 

- Final extension: 72°C, 10 minutes 

2.5.1.4. Quality control (prior to RNA sequencing) 

Samples from 48 hours post-uptake were excluded from RNA sequencing and 

further analysis as they were of poor quality, with low quantity and poor RIN (RNA 

Integrity Number: Calculated by the ratio of 28s to 18s rRNA) quality values. 

Electropherograms also indicated RNA degradation in one of the two samples 

from 48-hour Cell only controls and U937 + Bdellovibrio test samples (See 

Supplementary Table 2.5.1), therefore the 48-hour timepoint was excluded from 

further studies due to a lack of (high quality) RNA.  

Technical replicates for each of the 8 remaining conditions (U937 Cell only control 

and U937 + Bdellovibrio test samples, for each of 4 timepoints (2-, 4-, 8- and 24-

hours after Bdellovibrio engulfment) were pooled and sent for Dual RNA 

Sequencing to Vertis Biotechnologie, Germany.  
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The samples were named as follows: 

T2C: PMA-differentiated U937 cells only; 2 hours 

T2CBd: PMA-differentiated U937 cells with Bdellovibrio; 2 hours post-uptake 

T4C: PMA-differentiated U937 cells only; 4 hours 

T4CBd: PMA-differentiated U937 cells with Bdellovibrio; 4 hours post-uptake 

T8C: PMA-differentiated U937 cells only; 8 hours 

T8CBd: PMA-differentiated U937 cells with Bdellovibrio; 8 hours post-uptake 

T24C: PMA-differentiated U937 cells only; 24 hours 

T24CBd: PMA-differentiated U937 cells with Bdellovibrio; 24 hours post-uptake 
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A 

B 

Figure 2.5.1: A schematic showing the approach used for Sample Preparation, RNA isolation, Dual RNA 
Sequencing and Analysis in this study. PMA-differentiated U937 cells were exposed to B. bacteriovorus at a 
Multiplicity of Infection (MOI) of 1:50 (U937: Bdellovibrio) for two hours, prior to removing the Bdellovibrio-
containing media and periodically lysing the U937 cells at 2-, 4-, 8- and 24-hours post-uptake to isolate total 
RNA (Bacterial and Eukaryotic) at each timepoint. RNA was extracted and sent for Dual RNA sequencing, 
prior to RNASeq analysis.  
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2.5.2. Dual RNA sequencing (performed by Vertis 
Biotechnologie, Germany) 

Total RNA samples were examined by capillary electrophoresis. Ribosomal RNA 

was then depleted from the total RNA samples (Vertis Biotechnologie, in-house 

protocol). Ribosomal RNA depleted samples were fragmented by ultrasound (30s, 

4°C), prior to 3’ oligonucleotide adaptor ligation. cDNA synthesis was performed 

using M-MLV reverse transcriptase, with the 3’ adaptor acting as a primer. cDNA 

was purified, after which a 5’ Illumina TruSeq sequencing adaptor was ligated to 

the 3’ end of the antisense cDNA. The resulting cDNA was amplified to 10-20 

ng/µl by PCR, using a high-fidelity DNA polymerase. cDNA was purified using an 

Agencourt AMPure XP Kit (Beckman Coulter Genomics) and analysed by 

capillary electrophoresis.  

cDNA samples were pooled in approximately equimolar amounts, prior to size 

fractionation (200 – 500bp) using a preparative agarose gel, a sample of which 

was analysed by capillary electrophoresis. The cDNA pool was sequenced on an 

Illumina NextSeq 500 system using a 75bp read length. Sample details, including 

the number of reads obtained from each sample, are documented in 

Supplementary Table 2.5.2. 

Fastq files were sent to FIOS Genomics, Edinburgh for analysis.  
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2.5.3. Fios Genomics RNASeq analysis 

2.5.3.1. Eukaryotic analysis 

2.5.3.1.1. Quality control 

FastQC was used to calculate several metrics assessing the quality of the cDNA 

reads (derived from the RNA) in each sample was sufficient for further analysis, 

including per-base sequence quality, per tile sequence quality, per sequence 

quality scores, per sequence GC content, sequence length distribution, 

overrepresented sequences, and adapter content. Per-base sequence quality was 

high and stable in all samples. Other metrics tested also showed that the samples 

met the required quality conditions for further analysis. 

2.5.3.1.2. Alignment  

Reads (for the Bdellovibrio and macrophage DualSeq) were aligned to a hybrid 

genome, created by combining the human reference genome (GRCh38.p13) with 

the B. bacteriovorus HD100 genome. 75-85 % of the reads were successfully 

mapped to the hybrid genome using the STAR aligner (426). The first 4 samples 

(T2C, T2CBd, T4C and T4CBd) relating to 2- and 4-hour timepoints for both cell 

only and cell + Bdellovibrio samples contained 20 % unmapped reads whereas 

the latter 4 samples (T8C, T8CBd, T24C and T24CBd) contained less than 20 % 

unmapped reads. This may be down to a batch effect introduced during RNA 

sample harvesting or prior to RNA sequencing, but this is unlikely to affect further 

analysis. 5-11 % of the successfully mapped reads did not map to known features 

within the hybrid genome. This may be due to them mapping to prophage 

sequences that are not part of the reference genomes (human or Bdellovibrio 

bacteriovorus HD100). The U937 cell line has been certified to be free of viruses 

and other microbial contaminants (ATCC), however running the reads through 

readily available software e.g. Kraken (427), would test for contamination and 

determine whether these unmapped reads belong to another characterised 

organism.  
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The (eukaryotic) raw data was then assessed by a further 6 quality control tests, 

with PCA (Principal Component Analysis) plots revealing no apparent major batch 

effects in the samples. PCA highlighted that introducing B. bacteriovorus to cells 

caused a significant shift in the expression profiles (as expected). Unexpectedly, 

incubation time did not lead to noticeable stratification of the samples. Despite 

this, I looked at later timepoints (24 hours) compared to earlier timepoints (2, 4 

and 8 hours) of Bdellovibrio occupation to investigate any differentially expressed 

genes. Human genes outnumber Bdellovibrio genes 63,494 to 3619 and so the 

expression data would have been stratified mainly by changes in macrophage 

gene expression.  

2.5.3.1.3. Eukaryotic association analysis 

As no replicates were prepared for this experiment, it was not possible to employ 

any statistical tool to find differentially expressed genes. Therefore, only fold 

changes in expression between control and Bdellovibrio-containing samples were 

calculated and used for further analyses. This was due to the financial cost of 

further replicates totalling £60,000 for 3 biological repeats, making this unfeasible. 

As we originally envisaged using this experiment as a general look at the two 

transcriptional responses (macrophage and bacteria), prior to experimentally 

validating and following up our findings, one biological repeat was deemed 

feasible.  

Tables of differentially expressed genes (fold change >2 or < 0.5, comparing cell 

only controls to Bdellovibrio-containing samples) were provided for each 

timepoint, highlighting differences in gene expression induced by Bdellovibrio, by 

comparing cell only controls to Bdellovibrio-containing samples. Each timepoint 

gave approximately 5000 differentially expressed genes.  

Differences in gene expression at certain timepoints, relative to other timepoints, 

was also calculated. Genes of interest were then manually curated from this data 

by asking certain biologically and contextually relevant questions, probing gene 

expression profiles in our data to support this. 
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2.5.3.1.4. Eukaryotic functional analysis 

The approximately 5000 genes differentially expressed at each timepoint 

(Bdellovibrio-containing samples relative to cell only controls), were mapped (by 

Fios Genomics) to Reactome pathways and Gene Ontology terms, correcting for 

the number of genes in each pathway/term that may be expected by chance.  

2.5.3.2. Analysis of bacterial gene expression using the 

Rockhopper pipeline 

2.5.3.2.1. Rockhopper analysis 

Rockhopper is a purpose-built interface designed for the analysis of bacterial 

RNASeq data. The underlying process Rockhopper uses is documented fully by 

McClure, Tjaden and co-workers (428-430). Essentially, Rockhopper aligns the 

bacterial reads to the B. bacteriovorus HD100 genome, constructing a 

transcriptome map to which it quantified transcript abundance and tested for 

differential gene expression using a negative binomial distribution. In this study, 

Rockhopper was used to map our reads to the B. bacteriovorus HD100 genome, 

quantify transcript abundance and test for differential gene expression.  I then 

manually curated the dataset to examine which genes were present and highly 

differentially expressed by Bdellovibrio, within macrophage, at each timepoint.
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2.5.4. Comparison to Bdellovibrio gene expression 
throughout predation 

Comparison of the differential regulation of B. bacteriovorus genes throughout the 

predatory lifecycle of B. bacteriovorus was made possible by the work of (and kind 

gift of this work by) Dr Simona Huwiler, a former post-doctoral researcher in the 

Sockett Laboratory.  Dr Huwiler isolated RNA from B. bacteriovorus from each 

characteristic stage of the predatory lifecycle, whilst it preyed upon E. coli K12, 

subsequently sequencing this RNA to form a (yet unpublished) RNASeq profile of 

the transcriptional regulation of every gene within the B. bacteriovorus genome, at 

each stage of predation.  Read per kb per million reads (RPKM) were used as a 

proxy for gene expression and compared to attack phase transcription values to 

determine the differential expression of individual genes throughout predation. 
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3. Chapter 3: Exploring the function 
and regulation of surface proteins 
on the resistance of Serratia 
marcescens during predation by 
Bdellovibrio bacteriovorus in human 
serum.
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3.1. Introduction 

3.1.1. Rationale behind Chapter 3 

Before any potential use of Bdellovibrio bacteriovorus as a novel antimicrobial 

therapy, the interplay between the host immune response, the pathogen and 

Bdellovibrio bacteriovorus must firstly be understood.  

It is well documented (431, 432) that alteration of the bacterial cell surface occurs 

due to microenvironmental conditions and cellular stresses, including stresses 

imposed by the host environment and the immune system, and that this alteration 

of the cell surface may confer protection against recognition by the host immune 

response. From this, it’ll be important to characterise the impact of these cell 

surface changes on predation by B. bacteriovorus within a host environment as 

this may alter susceptibility of the prey to predation, acting as a form of resistance.  

Building on pilot work from the lab, this chapter will elaborate the mechanisms that 

interface with predation of pathogenic prey within the host, aiding the future 

application of B. bacteriovorus as a novel antimicrobial therapy.   

As bacterial surfaces are central to the first interactions between predator and 

prey, and as the subset of differentially expressed genes that I investigated further 

in this chapter all encode surface proteins (or modifications thereof), I aimed to 

test how bacterial surface alterations affect the dynamics of predation in a host 

setting. In this study, I characterise the host factor-induced alterations that occur 

on the pathogen cell surface during predation by B. bacteriovorus in human 

serum, asking if such alterations confer a decreased susceptibility to predation.  

As mentioned previously, multidrug resistant Gram-negative bacterial pathogens 

are of great concern for the continued treatment of bacterial infection.  One such 

multidrug resistant pathogen is Serratia marcescens. 
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The strain of S. marcescens used in this study, S. marcescens #42, is a clinical 

respiratory isolate of S. marcescens (detailed in Supplementary Table 2.1.1) that 

was sequenced by Dr Dhaarini Raghunathan. The genome of S. marcescens #42 

was then annotated by Dr Dhaarini Raghunathan, through comparison to the 

genome-sequenced Type strain S. marcescens DB11 (NCBI Taxonomy ID: 

273526). This strain was chosen as it represents a clinically relevant pathogen, 

similar to which we would aim to treat with B. bacteriovorus in future, and was 

selected from a panel of bacterial pathogenic isolates that were seen to cause 

infections within the Nottingham University hospital trust. S. marcescens #42 is of 

the same lineage as the S. marcescens Type strain DB11. 

As detailed in Section 1.4.4, plasma is where the majority of immunological and 

bactericidal exchanges occur and where therapeutic Bdellovibrio would encounter 

bacterial pathogens during treatment. Experimentally, or ex vivo, we are able to 

investigate the effects of plasma on predation using human serum. This is derived 

from whole blood which has been clotted to remove all cells (red blood cells, 

lymphocytes etc.) and just contains the soluble components of blood plasma, 

such as, but not limited to, antibodies, complement proteins and antimicrobial 

proteins. Serum contains two predominant microbicidal mechanisms which target 

bacterial surfaces, as the key component of the host-pathogen interface, 

complement deposition and antimicrobial proteins, both of which mediated killing 

through bacterial cell lysis (discussed in Section 1.4.4). 

Previous work ((383)), showed that Bdellovibrio predation was possible in serum, 

but I wanted to investigate this further, by studying whether predation of a clinical 

isolate of S. marcescens was possible in human serum, and how surface 

modifications impact predation efficacy. 
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3.1.2. Serratia marcescens 

3.1.2.1. Virulence 

Serratia marcescens infection is typically associated with intravenous or urinary 

catheter use and is a common nosocomial infection, potentially resulting in sepsis, 

pneumonia and urinary tract infections are common (433, 434).  

The components of the bacterial cell surface of S. marcescens are largely typical 

(documented in Section 1.3). Modifications to the bacterial cell surface assist in 

resisting the actions of the host immune response, contributing to bacterial 

virulence. These include the upregulation of capsule production, where 

capsulation is associated with bacteraemia, to resist the actions of host 

complement (435-437), as detailed in Section 1.4.4.3, and extension of O-antigen 

regions, decreasing C3 (complement protein 3) deposition and causing MACs to 

form away from the bacterial outer membrane (169, 435).  

3.1.2.2. S. marcescens complement resistance.  

Studies of complement activation by S. marcescens show that all three 

complement pathways are activated in human serum, resulting in MAC formation 

on the bacterial cell surface, suggesting that complement pathway activation is 

not perturbed in these isolates (438). Instead, complement-resistance is 

suggested to be conferred by an increase in LPS synthesis and potential 

degradation of C3b on the surface into its subunits, minimising MAC formation, 

whereby an alternative unknown mechanism may subsequently prevent 

phagocytosis (438). 

S. marcescens expresses fimbriae, otherwise known as Type I pili, on its outer 

surface (439, 440). The structure and function of pili, and other outer membrane 

proteins such as OmpC and OmpF (441, 442), may vary based on different 

stresses reflecting adaptation to differing microenvironmental conditions (31).  
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Fimbriae have not been extensively studied in Serratia, but our sequencing 

detected two fimbrial gene clusters within our isolate, based on homology to S. 

marcescens DB11 fimbrial clusters. As the fimbrial clusters of S. marcescens 

have not been extensively studied, they do not have annotated names. 

Capsular export and synthesis in S. marcescens are summarised below (Figure 

3.1.2) (19, 437, 443-451). 

Figure 3.1.1: A schematic of the machinery involved in capsular synthesis and export in 
Serratia marcescens. Capsular biosynthesis is initiated by WbaP, which catalyses the transfer of 
galactose-1-phosphate from UDP-galactose to an undecaprenyl phosphate carrier lipid at the 
cytoplasmic face of the inner membrane. Further hexose sugar moieties are then added by other 
glycosyltransferases to build the polysaccharide region, upon which this complex is then flipped to the 
periplasmic face of the inner membrane by Wzx. This repeating unit is then polymerised to form the 
capsular polysaccharide, through the polymerase-mediated addition of units to the chain, controlled 
by the actions of Wzc, a tyrosine kinase, and Wzb, a phosphatase, which both regulate capsular 
polymerisation and export. This then cues Wza to export the large capsular polysaccharide across 
the outer membrane. In S. marcescens strains the capsule tethering protein Wzi is absent.  Figure 
designed by C.C., originally based on (Haas, E., 2012). 
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3.1.2.3. S. marcescens antimicrobial peptide resistance  

S. marcescens also modifies the Lipid A core of its LPS outer membrane with a L-

Ara(4)N sugar, encoded by the arnBCADTEF operon. This subset of genes 

encodes the addition of 4-amino-4-deoxy-L-arabinose (L-Ara(4)N) to the 1’ and 4’ 

phosphate groups of Lipid A, and the Kdo2 residues of the core oligosaccharide, 

altering the overall negative charge of the region and negating the binding of 

cationic antimicrobial peptides, conferring polymyxin and CAMP resistance (129-

131). This is further discussed in Section 1.4.4.1.2 and summarised in Figure 

3.1.2. 

 

 

 

Figure 3.1.2: Arn-mediated modification of Gram-negative LPS Lipid A with an L-Ara(4)N 
sugar. The synthesis of L-Ara(4)N, before it is attached to Lipid A 1’ and 4’ phosphate groups, 
is initiated by the conversion of UDP-Glucose to UDP-Glucuronic acid via UDP-glucose 
dehydrogenase (Ugd). UDP-Glucuronic acid is converted to UDP-4’-Ketopentose by ArnA. 
ArnB converts UDP-4’-Ketopentose to UDP-b-L-Ara(4)N after which ArnA further modifies 
UDP-b-L-Ara(4)N to UDP-b-L-Ara4FormylN. UDP is switched out for an undecaprenyl 
phosphate carrier to form undecaprenyl phosphate-L-Ara4FN, catalysed by ArnC, before 
undergoing deformylation by ArnD. ArnE/F flippases transport undecaprenyl phosphate-L-
Ara(4)N across the bacterial inner membrane, into the periplasm, where it is attached to Lipid A 
by ArnT forming (Lipid A)-1’, 4’-L-Ara(4)N. Figure taken from Yan et al, 2007, using information 
from Williams et al., 2005. 
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3.1.3. Preliminary results that primed my work 

3.1.3.1. S. marcescens becomes resistant to predation by B. 

bacteriovorus in human serum after an initial period of 

successful predation.  

Predation of various multidrug resistant clinical isolates and pathogens by B. 

bacteriovorus has been tested within our lab in a Ca/HEPES buffer medium.  

Our lab (Dr Dhaarini Raghunathan & Dr Dave Negus) then sought (383) to 

determine how predation may proceed within pooled male AB human serum, a 

medium with multiple host microbicidal mechanisms, and whose findings may be 

more applicable to the host than predation in buffer. How Bdellovibrio and S. 

marcescens change when they are grown in human serum is unknown, therefore 

this study also aimed to qualify this. To achieve this, S. marcescens #42 was 

incubated in human serum with B. bacteriovorus at an MOI of 1:10 (Serratia: 

Bdellovibrio), and the viability of both predator and prey measured over a 72-hour 

period. S. marcescens was shown to initially be preyed upon by B. bacteriovorus, 

represented by the initial drop in recoverable CFU at 1 hour, but subsequently 

became resistant to predation by B. bacteriovorus, at approximately 8 hours, after 

which S. marcescens appeared to be resistant to predation and grew unaffected 

within human serum. No effect on predator numbers was observed, suggesting 

that this resistance to predation was not due to predator death, and that S. 

marcescens was adapting during predation to become less susceptible (Figure 

3.1.3).  Addition of further Bdellovibrio at 8 hours did not result in any further 

predation (indicated by a drop in S. marcescens CFU count) (data not shown), 

which also suggests that resistance to predation is due to a host-mediated effect 

on S. marcescens, that impacts predation susceptibility, rather than resistance to 

predation being due to an absence of viable and/or functional predators.
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Figure 3.1.3: S. marcescens becomes resistant to predation by B. bacteriovorus in 
human serum, after an initial period of successful predation (Sockett Lab, 
unpublished). WT S. marcescens is initially preyed upon by B. bacteriovorus in human 
serum, resulting in a drop in recoverable CFU. After a period of approximately 8 hours, S. 
marcescens becomes resistant to predation by B. bacteriovorus, resulting in growth of S. 
marcescens in human serum. Sm alone refers to the viability (CFU) of S. marcescens 
incubated in human serum. Sm + HD100 refers to the viability (CFU) of S. marcescens 
incubated (in human serum) with WT B. bacteriovorus HD100 at an MOI of 1:10 (Serratia: 
Bdellovibrio). HD100 + Sm refers to the viability (PFU) of B. bacteriovorus HD100, incubated 
(in human serum) with S. marcescens. Data was analysed with a two-way ANOVA multiple 
comparisons test. Data points represent the mean of each of three biological replicates. N=3, 
where n represents the number of independent biological replicates obtained for this 
experiment. Error bars represent the standard error of the mean of the data set. 
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3.1.3.2. Cell surface factors are responsible for resistance of 

S. marcescens to predation by B. bacteriovorus in human 

serum. 

To determine the mechanism through which S. marcescens becomes resistant to 

predation by B. bacteriovorus in human serum, RNASeq analysis of S. 

marcescens differential gene expression during the period of resistance to 

predation (at 12 hours) was performed, comparing S. marcescens gene 

expression at 12 hours of predation by B. bacteriovorus in human serum, with S. 

marcescens in human serum alone.  

Dr Dhaarini Raghunathan interrogated the genes that are differentially expressed 

by S. marcescens #42 in a period of resistance to predation by B. bacteriovorus, 

in human serum and identified 5 main gene targets that were to be investigated 

further, which form the basis of this study (Table 3.3.1). Of the larger list of 

differentially upregulated and downregulated genes, these genes were picked as 

they were highly upregulated by S. marcescens during resistance to predation, 

and, as predation initially focuses on the bacterial cell surface, each of these 

genes were potentially related to a change in bacterial surface composition.  

ArnA catalyses the conversion of UDP-Glucuronic acid to UDP-4’-Ketopentose 

and later UDP-b-L-Ara(4)N to UDP-b-L-Ara4FormylN in the L-Ara(4)N Lipid A 

modification pathway and is also the most highly upregulated gene in the arn 

operon. ArnT transfers the L-Ara(4)N sugar onto Lipid A as the final step in the 

arn-modification pathway. Individual deletion of the genes encoding these two 

proteins gives DarnA and DarnT mutants respectively. Wza is a capsular 

polysaccharide exporter which is essential for capsule production. Deletion of wza 

gives an acapsular mutant (Dwza). Fimbriae are composed of a chaperone protein 

(FimC), an usher protein (FimD) and pilin proteins (major pilin: FimA; Minor pilins: 

FimF, FimG and FimH)(Figure 3.2.6). Deletion of the major fimbrial subunit (fimA; 

fim3795 or fim4264 in each of the two fimbrial operons), chaperone protein (fimC; 

fim3796 or fim4265) and usher protein (fimD; fim3797 or fim4266) disrupts fimbrial 

synthesis and produces bacterial mutants where fimbriae are absent from the 

bacterial surface (Dfim3795-7 or Dfim4264-6).
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Gene  Function Fold Change  Log2FC Corrected 
P Value 

arnA Lipid A modification; Initial 
L-Ara(4)N synthesis 

10.20 3.35 2.5 x 10-8 

arnT Lipid A modification; 
Addition of L-Ara(4)N to 
Lipid A 

6.56 2.71 6.2 x 10-6 

wza Capsular polysaccharide 
exporter 

3.93 1.98 1.3 x 10-1 

Fimbrial 
Cluster 1 

fim3795 Major fimbrial subunit 
(fimA)  

12.30 3.62 4.6 x 10-3 

fim3796 Chaperone protein (fimC) 8.68 3.12 4.0 x 10-2 
fim3797 Usher protein (fimD) 7.98 3.00 5.6 x 10-3 

Fimbrial 
Cluster 2 

fim4264 Major fimbrial subunit 
(fimA)  

105.41 6.72 3.2 x 10-5 

fim4265 Chaperone protein (fimC) 37.06 5.21 3.4 x 10-4 
fim4266 Usher protein (fimD) 11.29 3.50 1.5 x 10-3 

Table 3.1.1: S. marcescens genes associated with resistance to predation by B. 
bacteriovorus in human serum. Relative expression of 5 genes/gene clusters of interest in 
this study that are upregulated by S. marcescens, according to RNASeq analysis at the 12-
hour timepoint, in a period of resistance during predation by B. bacteriovorus in human serum. 
Fold change represents the (positive) fold change in expression of the gene in human serum 
with B. bacteriovorus compared to human serum alone (B. bacteriovorus absent). Log2FC 
represents the Log2 function of the fold change. Corrected P value indicates the probability 
value of each gene being differentially regulated by chance, adjusted for multiple comparisons 
using a Benjamini-Hochberg correction. 
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3.1.4. Research aims. 

Although resistance to B. bacteriovorus has not yet been observed in pathogenic 

prey, the effect of cell surface changes (in response to the hostile serum 

environment) on predation has not been characterised and may alter predation 

susceptibility. Additionally, the specific components that B. bacteriovorus targets 

to initiate attachment to Gram-negative prey also remain unknown and needs 

further investigation. 

To investigate the roles of the aforementioned genes further, Dr Raghunathan 

began the construction of suicide plasmid vectors containing knockout constructs 

for these genes. In this study, I continued her work by sequencing and validating 

the knockout construct plasmids and conjugating them into S. marcescens. I 

removed arnA, arnT and wza individually via markerless gene deletion, giving 

mutants disrupted in Lipid A modification (DarnA & DarnT) or capsule expression 

(Dwza). I also removed, as a trio, the fimA (major pilin subunit), fimC (chaperone) 

and fimD (usher) genes for each of the two fimbrial gene clusters in S. 

marcescens, giving mutants defective in fimbriae synthesis (Dfim3795-7 and 

Dfim4264-6). I then tested the susceptibility of S. marcescens to predation by B. 

bacteriovorus, hypothesising that removal of these genes would restore 

susceptibility to predation and disrupt the development of resistance.  

These 5 genes/subsets encode some potentially important roles, but they are a 

small number of genes within the large transcriptional response of S. marcescens 

to host serum and predation by B. bacteriovorus. Therefore, even though we have 

chosen to investigate the most important candidates, it is important to consider 

that we are only looking at a small snapshot of a much larger transcriptional 

response. 

The further understanding of the roles of these genes in susceptibility to 

predation, and the impact of cell surface adaptation due to host immune factors 

on the dynamics of predation will aid our understanding of how predation may 

unfold within the host, aiding the potential application of B. bacteriovorus as a 

novel antimicrobial therapy. 
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3.2. Results 

In this chapter, I aimed to characterise the effects of cell surface adaptation, due 

to host immune factors, on the dynamics and efficiency of predation by B. 

bacteriovorus. I removed genes that encode major surface components from S. 

marcescens, each of which were significantly upregulated by S. marcescens in 

transcriptional studies during a period of resistance to predation by B. 

bacteriovorus within human serum. This phase of resistance to predation was 

more extensive in human serum, compared to Ca/HEPES buffer, suggesting that 

host environment-induced alterations to the bacterial surface were responsible for 

this resistance phenotype.  

First, I tested the viability of my gene deletion mutants, each of which has a 

significantly altered bacterial surface, in human serum. This was necessary as 

large surface changes may alter the viability of S. marcescens, and as these 

surface components are closely associated with serum resistance and survival, 

mutants in these surface components may not be viable in human serum. Next, I 

tested the efficacy of predation of S. marcescens surface mutants by B. 

bacteriovorus, in human serum. 



 
142 

3.2.1. S. marcescens gene knockout mutants remain 
viable in human serum. 

During predation of S. marcescens WT by B. bacteriovorus in human serum, 

genes encoding lipid A modification (arnA and arnT), fimbriae biosynthesis 

(fim3795, fim3796, fim3797, fim4264, fim4265 and fim4266) and capsule 

biosynthesis (wza) are upregulated in a phase of resistance to predation. The 

removal of these genes confers large surface changes to S. marcescens, some of 

which I and Dr Raghunathan postulated may be essential for viability in human 

serum. To determine whether S. marcescens gene knockout mutants remain 

viable in human serum, S. marcescens WT and gene mutants were inoculated 

into human serum and their viability measured over a 48-hour period. Despite an 

initial 20x drop in viable CFU within the first 90 minutes of serum incubation, S. 

marcescens gene knockout mutants remain viable in human serum (Figure 3.2.1), 

allowing the testing of susceptibility to B. bacteriovorus predation in mutant strains 

to go ahead. 
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Figure 3.2.1: S. marcescens gene knockout mutants remain viable in human serum. Single gene knockout mutants of S. marcescens are 
viable in human serum over a period of 48 hours. S. marcescens mutants with single gene knockouts in arnA, arnT and wza or triple gene 
knockouts in fim3795-7 and fim4264-6 were incubated in human serum over a period of 48 hours and their viability monitored. After an initial 
drop in viability after approximately 1.5 hours, S. marcescens mutants recovered and grew in human serum, remaining viable for beyond 48 
hours. Data was analysed with a two-way ANOVA multiple comparisons test. No significant differences were found (WT vs mutant) throughout 
the data set (P>0.05). Data points represent the mean of each of three technical replicates.  N=2 where n represents the number of independent 
biological replicates obtained for this experiment. Error bars represent the standard error of the mean of the data set. 
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3.2.2. Removal of ArnA-mediated Lipid A 
modification, but not ArnT-mediated modification, 
from S. marcescens delays resistance to predation 
in human serum 

To determine whether Lipid A modification alters the susceptibility of S. 

marcescens to predation by B. bacteriovorus in human serum, single gene 

knockout mutants in arnA and arnT, genes encoding the most highly upregulated 

and the most important genes in the arn lipid A modification operon respectively, 

were constructed (Figure 3.1.1; Figure 3.2.2). Susceptibility to predation by B. 

bacteriovorus in human serum was then tested. Removal of arnA from S. 

marcescens did not prevent resistance to predation but did delay it by 

approximately 2-3 hours (Figure 3.2.3). Removal of arnT did not alter 

susceptibility to predation by B. bacteriovorus in human serum (Figure 3.2.3).  

 

 

 

  

 

 

Figure 3.2.2: Lipid A phosphate groups are modified with a L-Ara(4)N sugar by enzymes of the 
arn operon. The 1’ and 4’ phosphate groups of Lipid A molecules are modified through the addition of 
an L-Ara(4)N sugar, reducing the negative charge of the Lipid A moiety and conferring polymyxin and 
antimicrobial peptide resistance. arnA catalyses the conversion of UDP-Glucuronic acid to UDP-4’-
Ketopentose and later UDP-b-L-Ara(4)N to UDP-b-L-Ara(4)FormylN. arnT transfers the L-Ara(4)N 
sugar onto Lipid A as the final step in the arn-modification pathway. Figure modified from Yan et al., 
2007. 
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Figure 3.2.3: Lipid A modification alters the susceptibility of S. marcescens to 
predation by B. bacteriovorus in human serum but does not prevent resistance. 
Removal of the Lipid A modification gene arnA from S. marcescens delays resistance to 
predation (A), whereas removal of arnT, another Lipid A modification gene, does not alter 
susceptibility to predation (B). Single gene knockout S. marcescens mutants of Lipid A 
modification genes arnA and arnT were incubated with B. bacteriovorus at an MOI of 1:10 in 
human serum over a period of 72 hours to determine whether removal of the 
aforementioned genes affects susceptibility to predation. Viability of all three S. marcescens 
strains (WT and two mutants) drops initially with predation. After 8 hours, WT and DarnT S. 
marcescens become resistant to predation and CFU levels recover (B). DarnA S. 
marcescens exhibits a delay in predation resistance formation, suggesting removal of ArnA 
has altered the susceptibility of S. marcescens to continued predation (A). Data was 
analysed with a two-way ANOVA multiple comparisons test. N.S. indicates non significance 
(P>0.05). ** indicates significance (P<0.01) (A). Statistical analysis was not carried out on 
this data set owing to a lack of biological replicates (B). Data points represent the mean of 
each of six technical replicates (A) or 3 technical replicates (B).  N=2 (A), N=1 (B), where n 
represents the number of independent biological replicates obtained for this experiment. 
Error bars represent the standard error of the mean of the data set. 
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3.2.3. Removal of the capsule from S. marcescens 
does not alter susceptibility to predation by B. 
bacteriovorus.  

Capsule production is a major component of the surface of S. marcescens, whose 

production is upregulated during the period of predation resistance during S. 

marcescens predation, likely altering how S. marcescens is perceived by B. 

bacteriovorus during attachment and predation. To determine whether capsule 

biogenesis alters the susceptibility of S. marcescens to predation by B. 

bacteriovorus, a single gene knockout of wza, the capsule exporter protein (Figure 

3.1.2), was generated. Susceptibility to predation by B. bacteriovorus in human 

serum was then tested. Removal of capsule export did not prevent resistance or 

alter susceptibility to predation by B. bacteriovorus (Figure 3.2.4).
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S. marcescens (WT)
S. marcescens (WT) + B. bacteriovorus HD100
Δwza S. marcescens 
Δwza S. marcescens + B. bacteriovorus HD100
B. bacteriovorus HD100 (+ S. marcescens WT)
B. bacteriovorus HD100 (+ S. marcescens Δwza)

Figure 3.2.4: Deletion of capsule production does not alter the susceptibility of S. marcescens to predation by B. bacteriovorus in 
human serum. Removal of the capsule exporter gene wza from S. marcescens does not affect susceptibility to predation. A single gene 
knockout mutant of the capsule exporter protein Wza was incubated with B. bacteriovorus at an MOI of 1:10 in human serum over a period of 
72 hours to determine whether removal of Wza affected susceptibility to predation. Viability of both S. marcescens strains (WT and Dwza 
mutant) drops initially with predation. After 8 hours, WT and Dwza S. marcescens become resistant to predation and CFU levels recover. Data 
was analysed with a two-way ANOVA multiple comparisons test. Statistical significance (P<0.05) was seen at 3 hours and 9 hours between 
WTBd and WzaBd, however this was deemed to not be biologically relevant due to the variation within the data throughout the assay. Data 
points represent the mean of each of six technical replicates. N=2, where n represents the number of independent biological replicates obtained 
for this experiment. Error bars represent the standard error of the mean of the data set. 
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3.2.4. Removal of fimbriae from S. marcescens does 
not alter susceptibility to predation by B. 
bacteriovorus. 

Fimbriae biogenesis plays a multitude of roles in S. marcescens, including how 

the surface of the bacterium is perceived by elements of the host immune 

response, and by B. bacteriovorus. Fimbriae synthesis genes (fim3795, fim3796, 

fim3797, fim4264, fim4265 and fim4266) were majorly upregulated during the 

resistance period of S. marcescens suggesting their potential importance in 

resistance to predation. To determine whether fimbriae synthesis and expression 

alters the susceptibility of S. marcescens to predation by B. bacteriovorus in 

human serum, genes encoding the chaperone (FimC; Fim3796; Fim4265), usher 

(FimD; Fim3797; Fim4266), and major subunit (FimA; Fim3795; Fim4264) 

proteins from both fimbrial clusters of S. marcescens were removed (Dfim3795-7 

or Dfim4264-6) (Figures 3.2.5 and 3.2.6) and susceptibility to predation by B. 

bacteriovorus tested. Removal of fimbriae from the surface of S. marcescens 

does not alter susceptibility to predation and resistance (Figure 3.2.7). 
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Sm_3802; prsF; Pilus assembly protein; Pilus-like adhesion protein; 498bp
Sm_3801; mrfF; Minor fimbrial protein mrrF; 936bp 
Sm_3800; Hypothetical protein; 333bp
Sm_3799; smfA; Fimbrial A protein; 522bp
Sm_3798; mrpA_2; Pilin; 537bp
Sm_3797; bioD1/papC; Fimbrial assembly protein; 2535bp
Sm_3796; papD; Molecular chaperone; 765bp
Sm_3795; fimA; Fimbrial protein; 639bp
Sm_3794; mrpA_1; exotoxin; 555bp 

prsF mrfF smfA

mrpA_2Hypothetical

papC papD fimA

mrpA_1

yhjH fimA fimC fimD fimA

Sm_4263; yhjH; diguanylate phosphodiesterase; 717bp
Sm_4264; fimA; ferrous iron transporter B; 558bp 
Sm_4265; papD/fimC/ecpD; Pilus assembly protein; 729bp
Sm_4266; fimD; fimbrial outer membrane usher protein; 2562bp
Sm_4267; fimA; Major Type I fimbrial protein; 1038bp 

Figure 3.2.5: Schematics representing the genes surrounding the fim3795-fim3796-
fim3797 (Top) and fim4264-fim4265-fim4266 (Bottom) gene clusters. Gene colours 
match proteins on Figure 3.2.6.  
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Figure 3.2.6: A schematic showing Type I Pilus/Fimbriae biogenesis. Figure adapted 
from Werneburg & Thanassi, 2018. FimA Pilin subunits are translocated across the inner 
membrane, into the periplasm, via the SecYEG translocon. Pilin subunits bind with FimC 
chaperone, and fold into their active state. FimA-FimC complexes interact with the FimD usher 
protein (situated in the outer membrane), enabling FimA secretion across the outer membrane, 
FimA integration into the pilus fibre and release of the FimC chaperone. In my Dfim3795-7 and 
Dfim4264-6 mutants, FimA, FimC and FimD are absent, as indicated by the red crosses on this 
diagram.  
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Figure 3.2.7: Removal of fimbriae from S. marcescens does not alter susceptibility to 
predation by B. bacteriovorus in human serum. Removal of genes encoding fimbriae 
biosynthesis the chaperone protein, usher protein and major subunit protein within each of two 
fimbrial clusters from S. marcescens does not affect susceptibility to predation. A triple gene 
knockout mutant of the fimbrial biosynthesis genes (Dfim3795-7 or Dfim4264-6) was incubated 
with B. bacteriovorus at a MOI of 1:10 in human serum over a period of 72 hours to determine 
whether removal of fimbriae affected susceptibility to predation. Viability of all three S. 
marcescens strains (WT and the two mutants) drops initially with predation. After 4 hours, WT, 
Dfim3795-7 and Dfim4264-6 S. marcescens become resistant to predation and CFU levels 
recover. Statistical analysis was not carried out on this data set owing to a lack of biological 
replicates. Data points represent the mean of each of three technical replicates. N=1, where n 
represents the number of independent biological replicates obtained for this experiment. Error 
bars represent the standard error of the mean of the data set. 
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3.2.5. Different serum compositions alter DarnA S. 

marcescens survival and susceptibility to 
predation by B. bacteriovorus in human serum. 

In a clinical setting, individual patients, and the immune response they mount to 

infection will differ. Despite using pooled human sera from multiple individuals, I 

decided that it was important to test how widespread the effect I had found was 

within the wider population by changing the batch number and thus the source of 

the human serum, incorporating potential differences in serum diversity and 

complexity into this study.  

To widen the applicability of our findings with regards to DarnA S. marcescens 

being delayed in resistance development when being preyed upon by B. 

bacteriovorus in human serum, I used serum from a different batch, although still 

pooled human sera from AB Human males, as the medium for another predation 

assay with the same experimental set up. Despite both S. marcescens WT and 

DarnA S. marcescens being initially preyed upon by B. bacteriovorus (as before), 

both S. marcescens strains entered the phase of resistance to predation earlier (4 

hours c.f. 8 hours previously). DarnA S. marcescens also grew back at a faster 

rate than WT S. marcescens in this serum (Figure 3.2.8), in direct contradiction to 

our previous findings (Figure 3.2.3). 
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S. marcescens (WT)
S. marcescens (WT) + B. bacteriovorus HD100
ΔarnA S. marcescens 
ΔarnA S. marcescens + B. bacteriovorus HD100
B. bacteriovorus HD100 (+ S. marcescens WT)
B. bacteriovorus HD100 (+ S. marcescens ΔarnA)

Figure 3.2.8: Serum composition changes alter DarnA S. marcescens survival and susceptibility to predation by B. bacteriovorus in 
human serum. Predation of DarnA S. marcescens by B. bacteriovorus in human serum of a different batch (with unknown variation in 
composition) was less successful, with both WT and DarnA S. marcescens being preyed upon initially, but entering the phase of resistance to 
predation faster (c.f. previous serum). DarnA S. marcescens also grew at a faster rate in the presence of B. bacteriovorus in human serum 
compared to WT S. marcescens in direct contradiction to our previous findings (Figure 3.2.2). Statistical analysis was not carried out on this data 
set owing to a lack of biological replicates. Data points represent the mean of each of three technical replicates. N=1, where n represents the 
number of independent biological replicates obtained for this experiment. Error bars represent the standard error of the mean of the data set. 
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3.3. Discussion 

The intricacies of how predation may occur within the diverse immunological 

environments of different human hosts are not fully understood, preventing the 

development of a safe application of B. bacteriovorus as an antimicrobial therapy. 

Characterisation of the bacterial cell surface, which is known to act as the main 

trigger of the host immune response and is key to the initiation of the predation 

process (although the specific target remains unknown), and how the surface and 

thus detection is altered within a host environment will provide further 

understanding of the predation process in a host setting and will facilitate the 

development of B. bacteriovorus as a novel antimicrobial therapy. 

Some studies (376) suggest that predation by B. bacteriovorus in human serum is 

not possible, due to serum albumin coating the predator and preventing predation. 

I, however, demonstrate that in this study, predation was possible. This is likely 

due to several factors, including serum composition and the number of 

Bdellovibrio used. This contrast in findings warrants further investigation. 

In this study, I focused on 4 cell surface components, the genes encoding which 

were differentially expressed by S. marcescens during a period of resistance to 

predation by B. bacteriovorus, within human serum (Figure 3.2.1 & Table 3.2.1). 

This differential gene expression and resistance to predation occurred to a much 

lesser extent during predation in Ca/HEPES buffer (data not shown) suggesting 

that this differential gene expression is a host-mediated as well as a predation-

mediated response. Removal of single genes (DarnA, DarnT & Dwza), or gene 

clusters (Dfim3795-7 & Dfim4264-6) via markerless gene deletion through 

homologous recombination was followed by testing of predation susceptibility to 

establish whether expression, and thus removal, of these genes altered 

susceptibility to predation and was responsible for the observed resistance to 

predation.  

A summation of the results presented in Chapter 3 is shown below. 
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Table 3.3.1: A summary of the findings presented in Chapter 3. CFU refers to colony forming units, which were used as a proxy for S. marcescens viability. WT 

refers to wildtype. 

S. marcescens 
mutant 

Genotype Proposed phenotypic effect Growth in serum Predation in serum 

Wildtype N/A / WT N/A Approximate 12-fold drop in viability 
initially (1.5 hours), followed by regrowth 
(2-48 hours) 

Approximate 104 drop in viable CFU at 1 
hour, with CFU remaining constant until 
8 hours, upon which S. marcescens 
grew and was considered resistant to 
predation, reaching levels similar to non-
preyed upon cultures at 24 hours 

Arn-mediated Lipid 
A mutant 

DarnA Deletion of a L-Ara(4)N synthesis 
protein 

Initial drop in viability comparable to WT, 
followed by stronger regrowth than WT 
at 6 hours (represented by higher viable 
CFU), then comparable growth to WT at 
24 and 48 hours 

Initial drop in CFU comparable to WT, 
due to predation, at 1 hour. Growth of S. 
marcescens did not recommence until 
10 hours (significantly later than WT), 
reaching levels similar to non-preyed 
upon cultures and WT cultures at 24 
hours 

DarnT Deletion of the export protein that 
incorporates L-Ara(4)N into the 1’ and 4’ 
positions on Lipid A 

Initial drop in CFU, due to predation, 
lower than WT at 1-3 hours, followed by 
growth mirroring that of WT from 3 hours 
onwards 

Capsule 
biosynthesis 
mutant 

Dwza Deletion of the capsular export protein 
Wza, giving an acapsular mutant 

Initial drop in viability comparable to WT, 
followed by slower regrowth than WT at 
6 hours (represented by lower viable 
CFU), then comparable growth to WT at 
24 and 48 hours 

Initial drop in CFU, due to predation, 
comparable to WT at 1 hour, followed by 
growth mirroring that of WT from 1 hours 
onwards 

Fimbriae deletion 
mutant 

Dfim3795 
Dfim3796 
Dfim3797 

Deletion of the first (of two) fimbriae 
clusters 

Initial drop in CFU, due to predation, 
comparable to WT at 1 hour, followed by 
growth mirroring that of WT from 1 hours 
onwards Dfim4264 

Dfim4265 
Dfim4266 

Deletion of the second (of two) fimbriae 
clusters 
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As seen in Figure 3.1.3, S. marcescens is initially preyed upon by B. 

bacteriovorus, before becoming resistant to predation at approximately 8 hours 

onwards. RNASeq studies at 12 hours show that a subset of surface modification 

genes are upregulated, corresponding with the time where S. marcescens is 

growing well in human serum and there is limited to no predation. Either these 

genes are expressed as a protective mechanism against Bdellovibrio predation or 

a protective mechanism against growth in serum. As our RNASeq study 

compared growth of S. marcescens in human serum with Bdellovibrio, to S. 

marcescens grown in human serum without Bdellovibrio, I suggest that these 

changes in gene expression are indicative of a protective response against 

Bdellovibrio predation. Removal of arnA likely impacts predation by Bdellovibrio or 

growth in human serum. The improved growth of an arnA mutant in human serum 

suggests that arnA expression incurs a fitness cost (deletion improves bacterial 

growth; see Figure 3.2.1) and that expression is due to Bdellovibrio predation. 

Loss of arnA should increase the susceptibility of S. marcescens to predation. We 

see a slight delay in resistance to predation and subsequent S. marcescens 

growth in the DarnA mutant (Figure 3.2.3), but resistance to predation does still 

ensue, suggesting that other resistance mechanisms against predation are 

present. 

This effect is likely only seen at later timepoints (between 7 and 12 hours) 

because arnA expression is only induced and ArnA functionally expressed, thus 

modifying the Lipid A of S. marcescens at these timepoints. Serum complement 

proteins and AMPs are quickly depleted from the medium, owing to it being a 

closed system. Within a live host, serum antimicrobials would be continually 

replenished, adding another dimension of complexity to this interaction. This time-

dependent effect, which applies to all of the genes of interest in this study, is likely 

a combination of the initial assault of antimicrobial peptides and complement 

proteins, followed by a response to predation by B. bacteriovorus, which 

culminates in a delayed transcriptional response to both predation and human 

serum, owing to a lack of nutrients, until translation of this gene expression 

provides a discernible fitness benefit.  
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Quantification of arnA expression throughout the earlier timepoints of S. 

marcescens growth in human serum, both with and without Bdellovibrio, through 

qtPCR would be very informative. I would hypothesise that significant arnA 

expression would not occur until 7 hours onwards, although a delay between arnA 

transcription and ArnA translation and functional modification of Lipid A must be 

taken into account. 

In the case of arnA deletion, wildtype S. marcescens is preyed upon and 

subsequently grows in human serum from 8 hours onwards, after the initial 

depletion in viable CFU (by predation) between 0 and 8 hours, whereas DarnA S. 

marcescens does not recover until 10 hours. As this difference in time-dependent 

growth does not occur in the S. marcescens without Bdellovibrio, this suggests 

that this delay is a predation specific effect and that arnA deletion alters the 

susceptibility of S. marcescens to predation. 

3.3.1. Resistance to Predation by B. bacteriovorus is 
more prominent in human serum, than in 
laboratory buffer 

Human serum contains an array of antimicrobial peptides that non-specifically kill 

bacteria. The L-Ara(4)N pathway is typically activated in Salmonella enterica and 

Salmonella Typhimurium due to iron excess (452), magnesium limitation (453, 

454) and the detection of CAMPs (455), but not typically activated under lab 

conditions (456). As antimicrobial proteins are not present in buffer but are in 

human serum, this suggests that induced Arn-mediated surface modification, 

alongside other host induced surface changes, which are largely uncharacterised, 

has a strong role in the differential gene expression and remodelling of the 

surface of S. marcescens that ultimately results in this decrease in susceptibility to 

predation. If a host-induced change is responsible for this altered susceptibility to 

predation, I would hypothesise that predation of DarnA S. marcescens should 

mirror WT S. marcescens, as the Arn-mediated modification system should not be 

active in Ca/HEPES buffer. This would be interesting to test. 
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3.3.2. Removal of arnA altered the resistance of S. 
marcescens to predation, whilst removal of arnT 
did not. 

Surprisingly, removal of the arnT gene, another component of the arn operon, 

from S. marcescens did not affect resistance to predation by B. bacteriovorus 

(Figure 3.2.3). ArnT is responsible for the export of L-Ara(4)N and substitution of 

the 1’ and 4’ phosphates of Lipid A, making it a key gene within the operon and 

therefore it was hypothesised to have played more of a role in this phenotype. 

ArnA is responsible for catalysing two of the initial steps of L-Ara(4)N synthesis 

and was the most upregulated gene in the operon, suggesting it plays an 

important role also (Figure 3.2.2). The steps catalysed by ArnA do not represent 

commitment to the Arn-mediated Lipid A modification pathway, suggesting that 

their upregulation may play a role in a different, and yet unknown, process 

instead, potentially explaining the lack of impact of ArnT removal also. 

 In other studies, individual removal of the arnA, arnT, arnB and arnC has 

abrogated polymyxin and AMP resistance, suggesting it is integral for the 

functioning of the Arn operon (457-459). No assays like ours have been carried 

out for direct comparison, so we must take polymyxin resistance as an indication 

of Arn-modification function. No visible changes in colony morphology were seen 

for S. marcescens DarnA and DarnT mutants. Testing the resistance of DarnT and 

DarnA mutants to polymyxins would confirm whether deletion fully disrupts Arn-

mediated LPS modification. 

One explanation may be that the synthesis of the L-Ara(4)N sugar is sufficient to 

alter the surface and appearance of S. marcescens sufficiently to perturb 

predation and that its export and integration into Lipid A is not required, however 

this seems unlikely. Alternatively, there may be an alternative L-Ara(4)N export 

mechanism that is replacing the function of ArnT in this scenario, or some other 

mechanism may be compensating for the effect of inactivation of the Arn operon 

and conferring resistance to predation instead, potentially through a similar Lipid 

A modification pathway. Unfortunately, the only assays conducted around the Arn 

operon have focused on AMP resistance where removal of ArnT has restored 

susceptibility, making the comparison of our study to theirs more difficult.  
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However, this was only investigated in a single experiment and would therefore 

require further investigation and repeats before any firm conclusions regarding the 

role of ArnT can be drawn.  

3.3.3. Removal of major surface components of S. 
marcescens does not affect bacterial viability in 
human serum. 

All of our S. marcescens mutants were significantly killed but remained viable in 

human serum. There is an initial drop in S. marcescens mutant viability that 

represents initial bactericidal killing, as seen in Figure 3.2.1, between 0 and 2 

hours, after which all S. marcescens strains grow and recover. Deletion of any of 

the surface components in this study did not impact the ability of S. marcescens to 

survive in human serum, compared to Wildtype S. marcescens.   

This was surprising in the case of the ArnA and ArnT mutants, and the capsular 

export Wza mutant as the role of the Arn operon in conferring antimicrobial protein 

resistance (113, 127, 177, 457, 460-462) and the capsule in protection against 

complement mediated killing (18-20, 170, 171) are well documented. Deletion of 

arnA and arnT also appeared to improve the growth of S. marcescens within 

human serum, between 4 and 6 hours. The reasons behind this are unknown and 

would need to be further invesitigated. Alterations to the cell surface are known to 

cause changes in cell aggregation, which could affect how bacterial growth is 

calculated (from CFU plating counts), leading to experimental error. However, no 

discernible changes in aggregation were seen in these experiments. It is possible 

that deletion of one cell surface modification mechanism induces or impacts the 

expression of another, conferring a previously unseen fitness benefit. However, 

this is purely speculative. 



 
161 

Alternatively, the presence of other mechanisms that confer protection against 

AMP- and complement-mediated killing, and are upregulated in response to 

serum exposure, could contribute to the lack of growth defect in human serum. 

However, the mechanisms behind this are purely speculative such as alternative 

residues and extended O-antigen polysaccharide chains conferring complement 

resistance (128, 172-176). Viability of S. marcescens mutants has only been 

characterised in one batch of human serum, something that is easily rectified and 

could be tested further in future; however, all human sera will contain varying 

degrees of AMP and complement-mediated killing effects, but neither will ever be 

entirely absent. Characterisation of the different compositions of Human sera 

batches would aid these investigations (see future work). 

3.3.4. The viability of B. bacteriovorus was not 
discernibly impacted by human serum. 

The viability of B. bacteriovorus was not affected by human serum in our assays. 

Considering human serum contains an array of antimicrobial mechanisms, the 

absence of a significant drop in bacterial viability is surprising. However, B. 

bacteriovorus, and its cell surface, are highly atypical. A significant proportion of 

the immunogenic activity directed towards Gram-negative LPS is centred around 

the presence of phosphate groups in the Lipid A region, which as I have 

mentioned, can be modified to reduce AMP binding, antibody binding and host 

pattern recognition receptor binding (463). In B. bacteriovorus, the modified Lipid 

A moiety, where the phosphate residues are substituted for mannose (294), has a 

reduced negative charge, resulting in decreased AMP attraction and binding and 

less antibody deposition, potentially leading to less activation of the classical 

complement deposition pathway also. These effects culminate in B. bacteriovorus 

being resistant to some of the bactericidal mechanisms present in human serum, 

explaining its sustained viability in human serum.  
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3.3.5. Removal of fimbriae did not impact the 
susceptibility of S. marcescens to predation by B. 
bacteriovorus. 

Despite fimbrial synthesis being highly upregulated during the resistance period of 

S. marcescens predation (Table 3.1.1), abrogation of fimbrial synthesis in each of 

the two fimbrial clusters by deleting genes encoding the major subunit, chaperone 

protein and usher protein for each, did not alter susceptibility of S. marcescens to 

predation or abrogate resistance formation (Figure 3.2.7). One possible 

explanation for this is that the two fimbrial clusters are compensating for one 

another and therefore the removal of both fimbrial clusters is required for 

abrogation of resistance. Alternatively, fimbrial biosynthesis may be a stress 

response to predation, triggering adhesion and biofilm formation and may not play 

a role in protection against predation at all. Future work would consist of the 

construction of a double fimbriae mutant to confirm the role of fimbrial synthesis 

on decreased susceptibility to predation more definitively. Electron microscopy 

would also be performed to visually check if alternative fimbriae have replaced the 

previously deleted fimbriae (mutated in this study), encoded by other genes of yet 

unknown function within the S. marcescens genome, and to check if fimbriae are 

diminished in our mutants by negative staining.  

3.3.6. Removal of the polysaccharide capsule did not 
impact the susceptibility of S. marcescens to 
predation by B. bacteriovorus. 

Removal of the capsule exporter gene wza, thus producing an acapsular strain of 

S. marcescens appeared to not alter the susceptibility of S. marcescens to 

predation as it was still preyed upon and grew comparably to wildtype S. 

marcescens.  
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Predation of capsular Gram-negative bacteria by B. bacteriovorus has previously 

been demonstrated (327), therefore increased susceptibility to predation through 

the removal of the capsule is not expected. RNASeq analysis between S. 

marcescens in human serum and S. marcescens with B. bacteriovorus in human 

serum should remove the possibility that upregulation of capsule biosynthesis is 

due to the effects of human serum on S. marcescens alone, therefore an absence 

in alteration of predation susceptibility when Wza is removed is surprising. It is 

possible that capsule synthesis may act as a signal to other surface-modification 

processes that ultimately confer a decreased susceptibility to predation, hence the 

upregulation of capsule synthesis genes but the absence in alteration of predation 

susceptibility with their removal, however this would require a multitude of further 

experiments to determine this.  

3.3.7. Serum composition alters the susceptibility of 
S. marcescens to predation by B. bacteriovorus. 

Human serum is composed of various immune surveillance and bactericidal 

proteins such as antibodies, complement proteins and antimicrobial proteins, all in 

varying concentrations. The use of a different batch of human serum in these 

experiments yielded a different phenotype whereby S. marcescens (both WT and 

DarnA mutant) grew back faster than previously, and grew back at the same time 

and rate (i.e. deletion of DarnA did not delay resistance formation or increase 

susceptibility to predation as seen previously). This is likely due to a difference in 

serum composition but without metabolomic analysis of each it is hard to conclude 

which component(s) vary and are having this effect. One suggestion is that the 

latter batch of serum contained less AMPs and therefore would not induce the Arn 

operon and incur a viability cost on the DarnA mutant, making both the WT and 

mutant comparably fit and susceptible to predation. One approach to quantifying 

the differences between human sera batches without full metabolomic analysis 

would be to heat-treat and thus complement deplete samples of sera, enabling 

the role of complement proteins in this varying phenotype to be determined. 
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Alternatively, host antibody binding to O-antigen side chains has been 

demonstrated to provide serum resistance in Pseudomonas aeruginosa, 

Enteropathogenic E. coli and S. typhimurium infection by sterically hindering 

complement protein binding. One possibility is that serum antibody composition 

may vary between batches and thus different levels of steric hindrance to 

complement killing is seen (113, 464, 465). There is, however, no evidence 

currently to suggest that antibody-mediated steric hindrance of complement killing 

is occurring in this scenario. Further studies of predation with other batches of 

human sera may aid the elucidation of the cause of this difference in response, 

and the scale to which it may affect predation (see future work).  

3.3.8. Limitations 

Many of the experiments require further biological repeats before any firm 

conclusions can be drawn. This has also led to the conclusions that have been 

drawn being highly likely to be oversimplified of the actual situation, where a 

multitude of factors are likely to participate towards our phenotype of resistance to 

predation.  

What this study has achieved is the demonstration that host factors do alter the 

dynamics of the predation process and therefore must be considered and their 

implications studied in further detail before B. bacteriovorus can be used as a 

novel antimicrobial therapy.  
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3.3.9. Future work 

How do immune-mediated bacterial surface changes alter predation? 

As deletion of any single surface modification gene did not abrogate the 

resistance phenotype investigated in this study, I propose that further serum-

induced changes conferred on S. marcescens through growth in human serum, 

are responsible for its resistance to predation by B. bacteriovorus. Future work 

would aim to test the predation susceptibility of more complex S. marcescens 

mutants including a double DarnADarnT mutant to determine whether this further 

amplifies the delay in resistance seen with the single DarnA S. marcescens 

predation. The capsule exporter protein Wza is a polysaccharide transporter 

protein whose role likely extends beyond capsular polysaccharide export, i.e., in 

signalling further surface changes across the bacterium. Although a single Dwza 

S. marcescens mutant did not reveal any discernible difference in their 

susceptibility to predation, the construction of other surface mutants in 

combination with removal of Wza such as a DarnADwza double S. marcescens 

mutant is likely to induce further surface changes that may alter susceptibility to 

predation. Determining the effect of these proposed surface changes on predation 

will provide further details on the factors that aid or impede predation within the 

host environment, taking us one step closer to the application of B. bacteriovorus 

as a novel antimicrobial therapy.  
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How does Serum Composition impact the susceptibility of S. marcescens to 
predation by B. bacteriovorus? 

Serum composition, much like the immune response of individuals, can vary 

dramatically and therefore the impact of host factors on the dynamics of predation 

is also likely to vary. One experiment that I hoped to perform was the assaying of 

predation efficacy across a panel of human sera samples. By measuring the 

optical density (OD600) of S. marcescens as a proxy for predation, I would 

incubate S. marcescens with/without Bdellovibrio to determine the viability and 

susceptibility of S. marcescens (Wildtype and surface mutants) within over 100 

different batches of sera. This would significantly widen the scope of my findings 

and would more conclusively inform me if the removal of certain structural 

components from the surface of S. marcescens impacted bacterial survival and 

predation susceptibility. This would also help to abrogate the effects of batch-to-

batch variation in human sera composition and determine if my preliminary 

findings are biologically relevant. 

Further characterisation of the differences between different batches of human 

sera would also be useful in assisting our understanding as to why the 

susceptibility of S. marcescens to predation by B. bacteriovorus varies between 

batches. Quantification of complement protein titres and antibody titres (to both S. 

marcescens and B.  bacteriovorus), through a combination of Western blot and 

ELISA analyses would be beneficial. Depletion of complement by heat-treatment 

of serum, and then repetition of these assays would also help to determine the 

possible effects of complement within this assay. 

Pre-incubation of S. marcescens in human serum, prior to exposure and 

attempted predation by B. bacteriovorus would be a useful approach to further 

characterising these interactions. I would hypothesise that, if host factors were 

inducing changes on the S. marcescens bacterial surface that reduced its 

susceptibility to predation by B. bacteriovorus, B. bacteriovorus would not be able 

to prey upon S. marcescens, or to a much lesser extent, signified by a smaller 

reduction in viable CFU upon Bdellovibrio exposure. 

Alternative ways of establishing which bacterial factors which facilitate or 
resist predation. 



 
167 

In place of RNASeq studies, other labs have aimed to characterise which bacterial 

factors facilitate or resist predation through taking libraries of mutants with 

deletions in known phage receptor genes, such as those highlighted in Mun et al., 

2022 (466), and testing them for predation susceptibility, based on the 

assumption that there will be some overlap between the surface receptors 

targeted by bacteriophage and Bdellovibrio. Mun and co-workers found that 

deletion of OmpF in E. coli significantly reduced predation susceptibility although, 

by their own admission, predation still occurred but at a much slower rate, and this 

effect was specific to this single bacterial strain (466). This highlights that there 

are clearly multiple surface factors targeted by Bdellovibrio during prey 

recognition. I could also aim to characterise factors that resist or enable predation 

in human serum, via a similar approach. 

3.3.10. Final remarks 

In this Chapter, I aimed to test how bacterial surface alterations affect the 

dynamics of predation in a host setting. I characterised the host factor-induced 

alterations that occur on the pathogen cell surface during predation by B. 

bacteriovorus in human serum, asking if such alterations confer a decreased 

susceptibility to predation. Prey cell surface modifications involving the bacterial 

capsule, LPS and fimbriae are most prominent in this resistance period. Deleting 

cell surface modifying genes and testing serum survival and predation reveals that 

LPS modification in response to human serum antimicrobial proteins is likely an 

important mechanism, although a combination of mechanisms and cell surface 

changes likely contributes to this resistance phenotype. Collectively, my results 

suggest that bacterial cell surface LPS alteration, in response to bacterial 

predation, is a key consideration when considering the application of B. 

bacteriovorus as a novel antimicrobial therapy. Future work will elaborate further 

the combination of cell surface changes that contribute to predation resistance 

phenotypes. This improves our understanding of how predation would occur, and 

the potential barriers to predation, within a human host, in collaboration with the 

host immune system. Overall, this aids the potential application of B. 

bacteriovorus as a novel antimicrobial therapy through this improved 

understanding.  
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4. Chapter 4: Exploring the roles of 
novel genes that allow for 
temporary Bdellovibrio 
intramacrophage survival.
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4.1. Rationale for Chapter 4 

In this Chapter, I identify and test the roles of a subset of novel genes in B. 

bacteriovorus which, I propose, allow for prolonged survival of Bdellovibrio within 

macrophage, through a greater tolerance to host-mediated oxidative stresses and 

the immune response. I also explore the roles of these genes in predation of 

Gram-negative bacteria by B. bacteriovorus, positing that if these genes aid the 

tolerance of oxidative stress throughout predation, they may also aid the survival 

of Bdellovibrio in the macrophage phagosome. Further characterisation of the 

immune response to Bdellovibrio, and the interactions between the host immune 

response, Gram-negative prey and Bdellovibrio bacteriovorus will aid the potential 

development of B. bacteriovorus as a novel antimicrobial therapy. 

I will first outline how I have selected the subset of gene/protein candidates in this 

study, followed by what is currently known/can be inferred through bioinformatic 

analyses about these proteins. I then characterise the roles of these proteins in 

predation and intramacrophage survival through fluorescent microscopy, gene 

deletion and transcriptional studies. 

4.2. Selection of gene candidates 

The innate immune system of zebrafish embryos is highly similar to that of 

humans, with the primary response being mediated by macrophages and 

neutrophils (403). This suggests that genes that are upregulated in response to 

survival within a zebrafish hindbrain model of infection may also play a role in 

survival within human macrophage. Previous studies have shown that B. 

bacteriovorus doesn’t perturb phagosomal maturation or resist phagocytic uptake 

and that once it is passively taken up, it resides within the phagocyte until it is 

killed, predominantly between 8- and 24-hours post-uptake (2). My study aims 

both to address what expression is induced in the macrophage by B. 

bacteriovorus, and, in this section, whether its macrophage-induced transcription 

explains how it survives and tolerates the actions of the phagolysosome for that 

long, before eventually being degraded and killed.  
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Previous, unpublished RNASeq studies have profiled the transcriptional response 

of B. bacteriovorus injected into the hindbrain and thus circulation of a zebrafish 

larvae model (Tyson, Moore, Sockett et al., manuscript in prep.). It is known that 

B. bacteriovorus survives live within zebrafish larvae for over 24 hours and 

encounters macrophages and neutrophils (1). To determine whether changed 

expression levels of any genes may confer a temporary survival advantage to B. 

bacteriovorus whilst inside a zebrafish host, differentially up- or downregulated 

genes were studied by those authors. The levels of bacterial expression were low 

due to B. bacteriovorus not being a replicating pathogen. However, a (limited) 

differentially expressed list of genes was prepared. 

I then interrogated these differentially expressed B. bacteriovorus genes and 

found a subset of genes that I believed would assist in tolerance to phagosomal 

conditions and temporary survival in macrophage, due to their known functional 

annotations in oxidative stress tolerance. These genes are listed in Table 4.2.1. I 
then interrogated the literature surrounding survival of bacterial pathogens in 

macrophage and interrogated the B. bacteriovorus HD100 genome for other 

homologues of my candidate proteins to give 7 further proteins of interest 

(bd0017/surA, bd0799/ankB, bd1154/katA, bd1155/ankB and bd1401/sodC). I 

explored the predicted functions of these encoded proteins, using freely available 

bioinformatic tools, to gather more information about their function before 

exploring their importance experimentally.  
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Table 4.2.1: Differentially expressed genes predicted to confer a survival advantage in a 
zebrafish larvae model of infection. Confidential: Tyson, Moore, Sockett et al., manuscript in 
prep. 7 genes, 5 of which are related to the oxidative stress defence response and 2 of which are 
hypothetical, were chosen for further investigation in my study to determine if they aid tolerance 
and prolong survival within human macrophage. p.i.: post-inoculation into zebrafish larvae; buffer: 
Ca/HEPES buffer; N.D. indicates not detected. 

Gene Function Expression (Fold change) 

1hr post 
zebrafish 
hindbrain 
injection cf. 
buffer 

6hrs post 
zebrafish 
hindbrain 
injection cf. 
buffer 

6hrs post 
zebrafish 
hindbrain 
injection cf. 1hr 
p.i. 

bd0295 SodC; Cu/Zn Superoxide 
dismutase 

-4.39 -3.05 1.34 

bd0798 CatA: catalase N.D.  3.75 N.D. 
bd1815 Hypothetical protein 2.62 3.54 N.D. 
bd2517 AhpC; alkylhydroperoxide 

reductase 
N.D. 3.27 N.D. 

bd2518 AhpF; alkylhydroperoxide 
reductase 

-1.68 N.D. 3.34 

bd2620 Dps; DNA protection 
protein during starvation 
and oxidative stress 
transcription regulator 
protein 

-5.26 -2.88 2.38 

bd3203 Hypothetical protein -2.78 N.D. 3.19 
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4.3. Bioinformatic analyses and informatic 
predictions for each gene product of interest 

Firstly, I sought to analyse each of the highlighted genes using publicly available 

bioinformatics tools to confirm that their functional annotation was in-line with 

literature of other characterised proteins or to determine whether any additional 

homologues of these proteins existed within the Bdellovibrio genome or within 

other well-characterised bacteria, to help ascribe (or confirm) a functional 

annotation to the proteins in this study.  

4.3.1. Predicted Copper-Zinc superoxide dismutases. 

4.3.1.1. Bd0295/SodC 

Bd0295 is predicted to be a Copper-Zinc superoxide dismutase, 189 amino acids 

in length and 19.5 kDa in size (UniProt). Superoxide dismutases convert 

superoxide (O2-) molecules into hydrogen peroxide (H2O2) and diatomic oxygen 

(Figure 1.4.6), preventing DNA and protein mutation and oxidative damage to the 

cell. Bd0295 is a periplasmic superoxide dismutase meaning that, as superoxide 

radicals cannot naturally cross the cytoplasmic membrane, SodC can protect 

Gram negative bacterial cell from superoxide radicals that are generated in the 

periplasm or exogenously (467, 468).  

Analysis of predicted domain structure 
Analysis of the predicted domain structures within Bd0295, using PFam, shows a 

signal peptide at the N-terminus of Bd0295 (Amino acids 1-19) and a Cu/Zn 

Superoxide dismutase domain. Bd0295 has a lipobox signature/attachment site (a 

Cysteine residue at the C-terminus of the N-terminal signal peptide), indicating 

that Bd0295 is secreted across the cytoplasmic membrane, into the periplasm, 

and processed by lipid attachment using the Cys signal and then likely anchored 

to the outer leaflet of the cytoplasmic membrane (469).  
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Analysis of Bd0295 with SignalP 6.0, a programme that predicts the presence of 

signal peptides, confirms the presence of a lipoprotein signal peptide at the N-

terminus of Bd0295 (Figure 4.3.1), with a predicted cleavage site between amino 

acids 16 and 17.  

 

 

Figure 4.3.1: Prediction of a lipoprotein signal peptide at the N-terminus of Bd0295. Figure 
generated using SignalP 6.0. 

 

Gene neighbourhood and association analyses 

bd0295 is monocistronic, bordered by a fumarylacetoacetate hydrolase family 

protein (gene: bd0294), responsible for tyrosine and phenylalanine metabolism, 

and a large lipoprotein (gene: bd0296) of unknown function (Figure 4.3.2) 

(xBase).  

 

 

Figure 4.3.2: A schematic showing the gene neighbourhood of bd0295. Diagram taken from 
xBase.  
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Using STRING to analyse the predicted protein-protein interactions and functional 

enrichment, Bd0295 is predicted to interact with other oxidative stress defence 

proteins, including CatA (Bd0798) and KatA (Bd1154), both of which are catalase 

proteins that detoxify hydrogen peroxide within the cell, and SodBBd2407 and 

SodBBd3617, which are both Manganese-Iron superoxide dismutases that detoxify 

superoxide radicals within the cytoplasm of the cell, that originate from the 

electron transport chain of aerobically respiring cells (467, 468). Bd0295 is also 

predicted to be associated with Bd2609 and Bd1348, both of which have 

predicted roles in cation transport, and ResABd1980 and ResABd2208, both of which 

are thioredoxins associated with cytochrome c biogenesis. Bd1341 is a putative 

disulphide-isomerase also associated with thioredoxin function (Figure 4.3.3). 

 

Figure 4.3.3: A schematic showing the predicted protein-protein interactions of SodCBd0295. 
Figure generated using STRING. Magenta threads represent experimentally determined 
interactions; Green threads represent gene neighbourhood interactions; Dark blue threads 
represent gene co-occurrence; Black threads represent co-expression; Lilac threads represent 
protein homology; Yellow threads represent text mining (i.e., associations in literature) (STRING). 
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Searches for homologues in Bdellovibrio and other bacterial species 
Searches of the B. bacteriovorus HD100 genome, using BlastP to check for 

proteins with a high sequence similarity at the amino acid level, reveals a second 

Cu/Zn SodC superoxide dismutase, Bd1401, which shows a 42% sequence 

similarity (Figure 4.3.5). SodC homologues are also present in the closely related 

environmental strain B. bacteriovorus str. Tiberius. 

 

Figure 4.3.4: An alignment of Bd0295 to the other SodC protein, Bd1401, in the B. 
bacteriovorus HD100 genome. Purple box indicates the Copper/Zinc binding site, that is highly 
conserved amongst Cu/Zn Superoxide dismutase/SodC proteins. Blue boxes indicate the signal 
peptide for each protein. Bold and underlined is the cysteine residue for the Bd0295 lipobox. 
Bd0295/sodC of B. bacteriovorus (Uniprot accession: Q6MR06) was aligned to the SodC protein 
Bd1401 (Q6MN60) using Clustal Omega. Complete amino acid sequences are shown for both 
proteins. Amino acids are coloured by their physicochemical properties. (*) indicates a conserved 
residue. (:) indicates amino acids sharing strongly similar properties. (.) indicates an amino acid 
sharing weakly similar properties. 

 

Like Bd0295, Bd1401 is predicted to be a Copper-Zinc Superoxide dismutase 

protein. The gene bd1401 is monocistronic. Bd1401 is an 18.9 kDa protein, 180 

amino acids in length (UniProt). The gene bd1401 is bordered by a DUF3747 

domain containing protein (Gene: bd1400) and a Murein L, D-transpeptidase 

catalytic domain family protein (Gene: bd1402) (Figure 4.3.5) (xBase). 

 

Figure 4.3.5: A schematic showing the gene neighbourhood of bd1401. Diagram taken from 
xBase.  
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Analysis of predicted domain structure 
Analysis of the predicted domain structures within Bd1401, using PFam, shows a 

signal peptide at the N-terminus of Bd1401 (Amino acids 1-20) and a Cu/Zn 

Superoxide Dismutase domain. Unlike Bd0295, Bd1401 does not have a lipobox 

signature/attachment site at the C-terminus of the N-terminal signal peptide, 

indicating that Bd1401 is secreted across the cytoplasmic membrane, into the 

periplasm, but is not anchored to the cytoplasmic membrane.  

Analysis of Bd1401 with SignalP 6.0, a programme that predicts the presence of 

signal peptides, confirms the presence of a lipoprotein signal peptide at the N-

terminus of Bd1401 (Figure 4.3.6). 

 

 

Figure 4.3.6: Prediction of a signal peptide at the N-terminus of Bd1401. Figure generated 
using SignalP 6.0. 

Gene neighbourhood and association analyses 
Using STRING to analyse the predicted protein-protein interactions and functional 

enrichment, Bd1401 is predicted to interact with a similar network of proteins to 

Bd0295. Bd1401 is predicted to interact with CatA (Bd0798), KatA (Bd1154), 

SodBBd2407, SodBBd3617, Bd2609, Bd1348, Bd1980, Bd2208 and Bd1341 (Figure 

4.3.7).  
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Figure 4.3.7: A schematic showing the predicted protein-protein interactions of Bd1401. 
Figure generated using STRING. Magenta threads represent experimentally determined 
interactions; Green threads represent gene neighbourhood interactions; Dark blue threads 
represent gene co-occurrence; Black threads represent co-expression; Lilac threads represent 
protein homology; Yellow threads represent textmining (i.e. associations in literature) (STRING). 

Predicted structure analyses 
To compare the (predicted) structures of these two SodC homologues, I 

downloaded the PDB (Protein Data Bank) structural prediction files for both 

proteins from AlphaFold (470) and aligned them using TMalign (471) to compare 

their structures. Comparing the structures of Bd0295 and Bd1401, although they 

have a highly similar amino acid sequence in their core region (Figure 4.3.8), 

structurally, the N- and C- termini differ.  
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Figure 4.3.8: Predicted structures of the two SodC proteins, Bd0295 and Bd1401. Structural 
predictions and Protein Data Bank (.pdb) files were obtained from AlphaFold for Bd0295 (UniProt 
accession: Q6MR06; Top, Left) and Bd1401 (Q6MN60; Top, Right). PDB files were aligned using 
TMPred to generate the structural overlay depicted (lower, centre). Despite having a similar 
structure at their centre, the N and C termini of Bd0295 and Bd1401 differ significantly (labelled).  

 

Searches for structural homologues in known bacterial pathogens also revealed a 

low similarity (at the consensus amino acid level) with the SodC proteins of other 

bacteria. SodCBd0295 (Uniprot accession: Q6MR06) and SodCBd1401 (Uniprot 

accession: Q6MN60) of B. bacteriovorus were aligned to the SodC proteins of 

Legionella pneumophila (P69049), Salmonella Typhimurium (P0CW86 & 

O68901), Neisseria meningitidis (EON866), Brucella abortus (D9YMC5) and 

Salmonella enterica (A0A0M0QRP9 & A0A242UPN8) using Clustal Omega.  

N

N
C
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Consensus amino acid structure appears dissimilar between SodCBd0295 and the 

SodC proteins tested (P69049: 36.6%, P0CW86: 33.6%, O68901: 34.4%, 

EON866: 31.4%, D9YMC5: 33.8%, A0A0M0QRP9: 35.6% and A0A242UPN8: 

35.0% percentage identity) (Figure 4.3.9). Aligned regions begin at Ala28 and 

cover the whole of the remainder of the amino acid sequence, including the 

conserved Copper-Zinc superoxide domain. This demonstrates that SodCBd0295 is 

a homolog of other bacterial SodC proteins and shares a conserved CuZn binding 

site that is indicative of this protein. 

Consensus amino acid structure appears dissimilar between SodCBd1401 and the 

SodC proteins tested (P69049: 32.5%, P0CW86: 33.1%, O68901: 34.8%, 

EON866: 37.3%, D9YMC5: 29.8%, A0A0M0QRP9: 34.8% and A0A242UPN8: 

34.3% percentage identity) (Figure 4.3.9). Aligned regions begin at Tyr2 and 

cover the whole of the remainder of the amino acid sequence, including the 

conserved Copper-Zinc superoxide domain. This is in contrast with SodCBd0295, 

where homology only begins after 28 amino acids. Although the consensus amino 

acid percentage identities are of similar values, this highlights that the first 28 

amino acids at the Bd0295 N-terminus are atypical of SodC proteins found in 

other bacteria, whereas the structure of Bd1401 much more closely resembles 

“typical” SodC protein structure.  
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Figure 4.3.9: An alignment of SodCBd0295 and SodCBd1401 to the SodC proteins of other 
bacterial pathogens. Purple box indicates the Copper/Zinc binding site, that is highly conserved 
amongst Cu/Zn Superoxide dismutase/ SodC proteins. SodCBd0295 and SodCBd1401 of B. 
bacteriovorus (Uniprot accessions: Q6MR06 and Q6MN60) were aligned to the SodC proteins of 
Legionella pneumophila (P69049), Salmonella Typhimurium (P0CW86 & O68901), Neisseria 
meningitidis (EON866), Brucella abortus (D9YMC5) and Salmonella enterica (A0A0M0QRP9 & 
A0A242UPN8) using Clustal Omega. Complete amino acid sequences are shown for each protein. 
Amino acids are coloured by their physicochemical properties. (*) indicates a conserved residue. 
(:) indicates amino acids sharing strongly similar properties. (.) indicates an amino acid sharing 
weakly similar properties. 
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4.3.2. Hydrogen peroxide detoxification 

4.3.2.1. Bd0798/CatA 

Bd0798 (CatA) is a predicted catalase protein, 54.4 kDa in size and 477 amino 

acids in length. Catalases are enzymes that detoxify hydrogen peroxide, which is 

produced within cells when superoxide radicals are broken down or by NADPH in 

the membrane of macrophage during phagosomal maturation, into water and 

oxygen (Figure 1.4.7). Hydrogen peroxide reacts with histidine and asparagine 

residues within the catalase protein, reducing H2O2 and breaking the O-H bond to 

form H2O. O+ reacts with the Fe(III) haem group within the catalase protein, 

displacing the water molecule. Fe(IV)=O reacts with a further H2O2 molecule, 

oxidizing the haem group and forming H2O and diatomic oxygen (O2).  

Analysis of predicted domain structure  
Analysis of the predicted domains present within Bd0798, using PFam, 

highlighted the presence of a catalase domain (Amino acids 5-388), containing 

the active site (containing the relevant histidine and asparagine residues) (Amino 

acids 42-58) and an iron metal binding site (Amino acids 332- 341), and a 

catalase-related immune-responsive domain (Amino acids 411- 474).  Analysis 

using PFam and SignalP 6.0 confirms that no signal peptide is present within 

Bd0798, suggesting that it detoxifies hydrogen peroxide within the cytoplasm of 

the cell (Figure 4.3.10).  Hydrogen peroxide can diffuse across the cytoplasmic 

membrane therefore hydrogen peroxide may be generated within the cell or 

externally. 
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Figure 4.3.10: Prediction Test for a signal peptide at the N-terminus of Bd0798. Figure 
generated using SignalP 6.0. 

 

Gene neighbourhood and association analyses 

bd0798 is in a two gene operon with bd0799, which encodes an AnkB protein that 

we (I and an MSci student that I co-supervised, Syawal Hazanan) hypothesised 

could regulate the function of the catalase enzyme. Gene bd0798 is also located 

near a cluster of genes encoding several hypothetical proteins of unknown 

function (genes: bd0800 and bd0801), a polyketide synthase (bd0797/curC) and 

an enolase protein (gene: bd0796) (Figure 4.3.11) (xBase).  

 

Figure 4.3.11: A schematic showing the gene neighbourhood of bd0798. Diagram taken from 
xBase.  
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Using STRING to analyse the predicted protein-protein interactions and functional 

enrichment, Bd0798 is predicted to interact or interact with other oxidative stress 

related genes (Bd0295/SodC, Bd1401/SodC, Bd2407/SodB and Bd3617/SodB), 

its proposed regulatory ankyrin partner Bd0799/AnkB. Bd0798 is also associated 

with another catalase present within the genome of B. bacteriovorus HD100, 

Bd1154/KatA, an alkylhydroperoxide reductase (Bd2517/AhpC) and a 

Tryparedoxin peroxidase (Bd3525), all of which also detoxify hydrogen peroxide 

into water (Figure 4.3.12).  

 

Figure 4.3.12: A schematic showing the predicted protein-protein interactions of Bd0798. 
Figure generated using STRING. Magenta threads represent experimentally determined 
interactions; Green threads represent gene neighbourhood interactions; Dark blue threads 
represent gene co-occurrence; Black threads represent co-expression; Lilac threads represent 
protein homology; Yellow threads represent textmining (i.e., associations in literature) (STRING). 
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Searches for homologues in Bdellovibrio and other bacterial species 
Searches of the B. bacteriovorus HD100 genome, using BlastP to check for 

proteins with a high sequence similarity at the amino acid level, reveals a second 

catalase enzyme, Bd1154/KatA, which shows a 59.8% sequence similarity (Figure 

4.3.13). 

 

 

Figure 4.3.13: An alignment of Bd0798 to the other catalase protein in the B. bacteriovorus 
HD100 genome. Red box indicates the active site, to which hydrogen peroxide molecules bind, 
that is highly conserved amongst catalase proteins. Yellow box indicates the Iron binding site. 
Bd0798/CatA of B. bacteriovorus (Uniprot accession: Q6MPQ0) was aligned to the CatA protein 
Bd1154 (Q6MNT2) using Clustal Omega. Complete amino acid sequences are shown for each 
protein. Amino acids are coloured by their physicochemical properties. (*) indicates a conserved 
residue. (:) indicates amino acids sharing strongly similar properties. (.) indicates an amino acid 
sharing weakly similar properties. 
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Searches for structural homologues in known bacterial pathogens also revealed a 

high similarity (at the consensus amino acid level) with the catalase proteins of 

other bacteria. Catalase proteins CatA/Bd0798 (Uniprot accession: Q6MPQ0) and 

KatA/Bd1154 (Q6MNT2) of B. bacteriovorus were aligned to the CatA/KatA 

proteins of Campylobacter jejuni (Q59296), Staphylococcus aureus (Q2FYU7), 

Pseudomonas aeruginosa (O52762) and Bordetella pertussis (P0A323) using 

Clustal Omega. Consensus amino acid structure appears highly similar between 

CatA/Bd0798 and the catalase proteins tested (Q59296: 57.2%, Q2FYU7: 54.2%, 

O52762: 58.2%, P0A323: 60.4% and Q6MNT2: 59.8% percentage identity) 

(Figure 4.3.14). These alignments cover the entire length of the catalase proteins 

in each instance. Alignment with Acinetobacter baumannii, Legionella 

pneumophila and Burkholderia cenopacea were also considered but were 

excluded due to a high dissimilarity. This is potentially due to their annotation of 

catalase peroxidase, instead of catalase, meaning they belong to a different class 

of catalase.  

Alignment of the catalase domains for each of the above proteins shows a 

marginally higher percentage identity (Q59296: 63.25%, Q2FYU7: 59.8%, 

O52762: 64.4%, P0A323: 66.5% and Q6MNT2: 64.0% percentage identity) 

(Figure 4.3.15). Alignments of the catalase immune responsive domains shows a 

lower percentage identity (Q59296: 32.6%, Q2FYU7: 33.3%, O52762: 35.4%, 

P0A323: 37.0% and Q6MNT2: 41.8% percentage identity) (Figure 4.3.16). 
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Figure 4.3.14: An alignment of Bd0798(CatA) to Bd1154(KatA) and CatA/KatA proteins of 
other bacterial pathogens. Red box indicates the hydrogen peroxide binding site/active site, that 
is highly conserved amongst catalases. The Catalase protein CatA/Bd0798 (Uniprot accession: 
Q6MPQ0) was aligned to KatA/Bd1154 (Q6MNT2) of B. bacteriovorus and the catA/katA proteins 
of Campylobacter jejuni (Q59296), Staphylococcus aureus (Q2FYU7), Pseudomonas aeruginosa 
(O52762) and Bordetella pertussis (P0A323) using Clustal Omega. Complete amino acid 
sequences are shown for each protein. Amino acids are coloured by their physicochemical 
properties. (*) indicates a conserved residue. (:) indicates amino acids sharing strongly similar 
properties. (.) indicates an amino acid sharing weakly similar properties. 
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Figure 4.3.15: An alignment of the catalase domain of Bd0798 to Bd1154 and the catalase 
domains of CatA/KatA proteins of other bacterial pathogens. The catalase domain of the 
catalase protein CatA/Bd0798 (Uniprot accession: Q6MPQ0) was aligned to the catalase domain 
of B. bacteriovorus KatA/Bd1154 (Q6MNT2), Campylobacter jejuni (Q59296), Staphylococcus 
aureus (Q2FYU7), Pseudomonas aeruginosa (O52762) and Bordetella pertussis (P0A323) using 
Clustal Omega. Complete amino acid sequences are shown for each domain. Amino acids are 
coloured by their physicochemical properties. (*) indicates a conserved residue. (:) indicates amino 
acids sharing strongly similar properties. (.) indicates an amino acid sharing weakly similar 
properties. 
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Figure 4.3.16: An alignment of the catalase immune responsive domain of Bd0798 to 
Bd1154 and the catalase immune responsive domain of CatA/KatA proteins of other 
bacterial pathogens. The catalase immune responsive domain of the catalase protein 
CatA/Bd0798 (Uniprot accession: Q6MPQ0) was aligned to the catalase domain of B. 
bacteriovorus KatA/Bd1154 (Q6MNT2), Campylobacter jejuni (Q59296), Staphylococcus aureus 
(Q2FYU7), Pseudomonas aeruginosa (O52762) and Bordetella pertussis (P0A323) using Clustal 
Omega. Complete amino acid sequences are shown for each domain. Amino acids are coloured 
by their physicochemical properties. (*) indicates a conserved residue. (:) indicates amino acids 
sharing strongly similar properties. (.) indicates an amino acid sharing weakly similar properties. 

 

Predicted structure analyses 
To compare the (predicted) structures of these two catalase homologues, I 

downloaded the PDB (Protein Data Bank) structural prediction files for both 

proteins from AlphaFold (470) and aligned them using TMalign (471) to compare 

their structures. Comparing the structures of Bd0798 and Bd1154, both have a 

highly similar predicted structure (Figure 4.3.17).  
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Figure 4.3.17: Predicted structures of the two catalase proteins, Bd0798 and Bd1154. 
Structural predictions and Protein Data Bank (.pdb) files were obtained from AlphaFold for Bd0798 
(UniProt accession: Q6MPQ0; Top, Left) and Bd1154 (Q6MNT2; Top, Right). PDB files were 
aligned using TMPred to generate the structural overlay depicted (lower, centre). Bd0798 and 
Bd1154 have a highly similar structure.  
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4.3.2.2. Bd0799 

Bd0799/AnkB is predicted to be an ankyrin domain protein, 18kDa in size and 161 

amino acids in length (UniProt).  

Analysis of predicted domain structures 
Analysis of the predicted domains present within Bd0799, using PFam, 

highlighted the presence of two ankyrin repeat domains (Amino acids 45-77 and 

78-110). Analysis using PFam and SignalP 6.0 confirms that no signal peptide is 

present within Bd0799, suggesting that it localises within the cytoplasm of the cell 

(Figure 4.3.18).  

 

 

Figure 4.3.18: Prediction test for a signal peptide at the N-terminus of Bd0799. Figure 
generated using SignalP 6.0. 

 

Gene neighbourhood and association analyses 
Using STRING to analyse the predicted protein-protein interactions and functional 

enrichment, Bd0799 is predicted to interact with a different network of proteins to 

Bd0798/CatA. 
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Bd0799 is predicted to interact with its proposed catalase partner Bd0798/CatA, 

Bd0800, a putative septum formation protein, Bd0633/Pal, a peptidoglycan 

associated lipoprotein involved in cell division, and Bd3734/MglA, a gliding motility 

protein. Bd0799 is also predicted to interact with Bd1360, another membrane 

associated lipoprotein, Bd2718, a regulator of glycerol uptake and metabolism, 

Bd3148, a Serine/Threonine protein kinase and Bd0397, a Ppm family protein 

phosphatase (Figure 4.3.19).  

 

Figure 4.3.19: A schematic showing the predicted protein-protein interactions of Bd0799. 
Figure generated using STRING. Magenta threads represent experimentally determined 
interactions; Green threads represent gene neighbourhood interactions; Dark blue threads 
represent gene co-occurrence; Black threads represent co-expression; Lilac threads represent 
protein homology; Yellow threads represent textmining (i.e., associations in literature) (STRING). 

 

Searches for homologues in Bdellovibrio and other bacterial species 
Searches of the B. bacteriovorus HD100 genome, using BlastP to check for 

proteins with a high sequence similarity at the amino acid level to Bd0799 

(Q6MPP9), reveals a second ankyrin AnkB protein, Bd1155 (Q6MNT1), which 

shows a 43.9% sequence similarity (Figure 4.3.20). 
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Excluding Bdellovibrio from our search, the closest structural homologue to 

Bd0799 was an ankyrin repeat protein from Leptospira alstonii. Alignment of 

Bd0799 to an ankyrin repeat protein of Leptospira alstonii (NCBI reference: 

WP_061249064.1) shows a 52% sequence similarity (Figure 4.3.21). Alignment of 

Bd0799 to ankyrin repeat protein of Pseudomonas aeruginosa (NCBI reference: 

WP_079384021.1) shows a 38% sequence similarity (Figure 4.3.21).  

 

 

Figure 4.3.20: An alignment of Bd0799 to the other AnkB protein, Bd1155, in the B. 
bacteriovorus HD100 genome. Bd0799/AnkB of B. bacteriovorus (Uniprot accession: Q6MPP9) 
was aligned to Bd1155 (Q6MNT1) using Clustal Omega. Complete amino acid sequences are 
shown for each protein. Amino acids are coloured by their physicochemical properties. (*) 
indicates a conserved residue. (:) indicates amino acids sharing strongly similar properties. (.) 
indicates an amino acid sharing weakly similar properties. 

 

 

Figure 4.3.21: An alignment of Bd0799 to the ankyrin proteins of Leptospira alstonii and 
Pseudomonas aeruginosa. Bd0799/AnkB of B. bacteriovorus (Uniprot accession: Q6MPP9) was 
aligned to the ankyrin proteins of Leptospira alstonii (NCBI reference: WP_061249064.1) and 
Pseudomonas aeruginosa (NCBI reference: WP_079384021.1) using Clustal Omega. Complete 
amino acid sequences are shown for each protein. Amino acids are coloured by their 
physicochemical properties. (*) indicates a conserved residue. (:) indicates amino acids sharing 
strongly similar properties. (.) indicates an amino acid sharing weakly similar properties. 
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Predicted structure analyses 
To compare the (predicted) structures of these two ankyrin homologues, I 

downloaded the PDB (Protein Data Bank) structural prediction files for both 

proteins from AlphaFold (470) and aligned them using TMalign (471) to compare 

their structures. Comparing the structures of Bd0799 and Bd1155, both have a 

highly similar predicted structure in their core region (Figure 4.3.22), structurally, 

the N- and C- termini differ.  

 

 

Figure 4.3.22: Predicted structures of the two ankyrin proteins, Bd0799 and Bd1155. 
Structural predictions and Protein Data Bank (.pdb) files were obtained from AlphaFold for Bd0799 
(UniProt accession: Q6MPQ0; Top, Left) and Bd1155 (Q6MNT2; Top, Right). PDB files were 
aligned using TMPred to generate the structural overlay depicted (lower, centre). Bd0799 and 
Bd1155 have a highly similar structure at their core, but their N and C termini appear to differ 
(labelled).  
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4.3.2.3. Bd1154/KatA  

Bd1154 (KatA) is predicted to be a catalase protein 58.5 kDa in size and 509 

amino acids in length. Like Bd0798, Bd1154 is predicted to detoxify hydrogen 

peroxide into water and oxygen, assisting in oxidative stress tolerance. The gene 

bd1154 is in a large, seven gene operon with bd1155, an AnkB protein that we 

hypothesised regulates the function of the catalase enzyme, and a cluster of 

hypothetical proteins (Figure 4.3.23) (xBase).  

Figure 4.3.23: A schematic showing the gene neighbourhood of bd1154. Diagram taken from 

xBase.  

Analysis of predicted domain structure 
Analysis of the predicted domains present within Bd1154, using PFam, 

highlighted the presence of a catalase domain (Amino acids 23-406), containing 

the histidine and aparagine residue active sites (amino acids 70 and 142) and an 

Iron metal binding site (Amino acid 352), and a catalase-related immune-

responsive domain (Amino acids 429-492).  Analysis using PFam and SignalP 6.0 

confirms that no signal peptide is present within Bd1154, suggesting that it 

detoxifies hydrogen peroxide within the cytoplasm of the cell (Figure 4.3.24). 
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Figure 4.3.24: Prediction test for a signal peptide at the N-terminus of Bd1154. Figure 
generated using SignalP 6.0. 

 

Gene neighbourhood and association analyses 
Using STRING to analyse the predicted protein-protein interactions and functional 

enrichment, like Bd0798, Bd1154 is predicted to interact or interact with other 

oxidative stress related genes (Bd0295/SodC, Bd1401/SodC, Bd2407/SodB and 

Bd3617/SodB), its proposed regulatory ankyrin partner Bd1155/AnkB. Like 

Bd0798, Bd1154 is also associated with Bd2517/AhpC and a Tryparedoxin 

peroxidase (Bd3525), all of which also detoxify/metabolise hydrogen peroxide into 

water (Figure 4.3.25).  
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Figure 4.3.25: A schematic showing the predicted protein-protein interactions of Bd1154. 
Figure generated using STRING. Magenta threads represent experimentally determined 
interactions; Green threads represent gene neighbourhood interactions; Dark blue threads 
represent gene co-occurrence; Black threads represent co-expression; Lilac threads represent 
protein homology; Yellow threads represent textmining (i.e. associations in literature) (STRING). 

4.3.2.4. Bd1155/ankB 

Bd1155/AnkB is predicted to be an ankyrin domain protein, 17.7 kDa in size and 

160 amino acids in length (UniProt).  

Analysis of predicted domain structure 
Like Bd0799, Analysis of the predicted domains present within Bd1155, using 

PFam, highlighted the presence of three ankyrin repeat domains (Amino acids 21-

76). Analysis using PFam and SignalP 6.0 confirms that no signal peptide is 

present within Bd1155, suggesting that it localises within the cytoplasm of the cell 

(Figure 4.3.26).  
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Figure 4.3.26: Prediction test for a signal peptide for Bd1155. Figure generated using SignalP 
6.0. 

 

Gene neighborhood and association analyses 
Using STRING to analyse the predicted protein-protein interactions and functional 

enrichment, Bd1155 is predicted to interact with a different network of proteins to 

Bd1154/KatA, and a similar network of proteins to Bd0799. 

Bd1155 is predicted to interact with its proposed catalase partner Bd1154/KatA. 

Like Bd0799, Bd1155 is predicted to interact with Bd3734/MglA, Bd1360, Bd2718, 

Bd3148 and Bd0397. Unlike Bd0799, Bd1155 is also predicted to be associated 

with Bd1152/PqiB and Bd1153/PqiA, both paraquat inducible proteins, although 

this is likely a gene neighbourhood association (Figure 4.3.27).  
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Figure 4.3.27: A schematic showing the predicted protein-protein interactions of Bd1155. 
Figure generated using STRING. Magenta threads represent experimentally determined 
interactions; Green threads represent gene neighbourhood interactions; Dark blue threads 
represent gene co-occurrence; Black threads represent co-expression; Lilac threads represent 
protein homology; Yellow threads represent textmining (i.e. associations in literature) (STRING). 

 

Searches for homologues in Bdellovibrio and other bacterial species 

Excluding Bdellovibrio from our search, the closest structural homologue to 

Bd1155 was an ankyrin repeat protein from Leptospira interrogans. Alignment of 

Bd1155 to an ankyrin repeat protein of Leptospira interrogans (NCBI reference: 

WP_017851344.1) shows a 52% sequence similarity (Figure 4.3.28). Alignment of 

Bd1155 to ankyrin repeat protein of Pseudomonas aeruginosa (NCBI reference: 

WP_079385475.1) shows a 38% sequence similarity (Figure 4.3.28). 
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Figure 4.3.28: An alignment of Bd1155 to the ankyrin proteins of Leptospira interrogans and 
Pseudomonas aeruginosa. Bd1155/AnkB of B. bacteriovorus (Uniprot accession: Q6MNT1) was 
aligned to the ankyrin proteins of Leptospira interrogans (NCBI reference: WP_017851344.1) and 
Pseudomonas aeruginosa (NCBI reference: WP_079385475.1) using Clustal Omega. Complete 
amino acid sequences are shown for each protein. Amino acids are coloured by their 
physicochemical properties. (*) indicates a conserved residue. (:) indicates amino acids sharing 
strongly similar properties. (.) indicates an amino acid sharing weakly similar properties. 
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4.3.2.1. Bd2517/AhpC 

Bd2517/AhpC is predicted to be an alkyl hydroperoxide reductase C enzyme 21 

kDa in size and 188 amino acids in length. AhpC detoxifies hydrogen peroxide 

into alcohol and water, using NADH as a co-factor (Figure 4.3.29). 

 

  

Figure 4.3.29: A schematic showing the chemical reaction of the detoxification of hydrogen 
peroxide into alcohol and water, which is catalysed by AhpC. Figure adapted from Uniprot.  

Analysis of predicted domain structure 
Analysis of the domain structures of Bd2517 shows that a Thioredoxin domain is 

present at the N-terminus of Bd2517 (Amino acids 3-158), with the active site at 

amino acid 48, followed by a C-terminal domain (of 1-Cys peroxiredoxin) (amino 

acids 157-179) (PFam). Analysis of the amino acid sequence using SignalP 6.0 

also confirms the absence of a signal peptide (Figure 4.3.30), suggesting that 

Bd2517 acts within the cytoplasm of the cell.  

 

Figure 4.3.30: Prediction test for a signal peptide for the protein Bd2517/AhpC. Figure 
generated using SignalP 6.0. 
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Gene neighborhood and association analyses 
The gene bd2517 is part of a three gene operon with ahpF/bd2518, another alkyl 

hydroperoxide reductase that acts as a co-factor to increase the efficiency of 

AhpC-mediated hydrogen peroxide detoxification. The gene bd2517 is also in an 

operon with bd2519, a dipeptidyl aminopeptidase. AhpC expression is typically 

under the control of an OxyR regulon, a redox sensitive transcriptional activator, 

such as Bd2516, although bd2516 is in the opposing orientation to bd2517. 

bd2517 is also in the same neighbourhood as two hypothetical genes (bd2512 

and bd2514), a citrate synthase (bd2511), a phosphodiesterase/alkaline 

phosphatase D gene (bd2513/phoD), a Sec-independent translocase gene 

(bd2515), a putative lactoylglutathione lyase (bd2520) and another 

aminopeptidase (bd2521/pepN) (Figure 4.3.31). 

 

 

Figure 4.3.31: A schematic showing the gene neighbourhood of bd2517. Diagram taken from 
xBase.  

 

Using STRING to analyse the predicted protein-protein interactions of Bd2517, it 

is predicted to associate/interact with a similar network of proteins to 

CatA/Bd0798, KatA/Bd1154 and Bd0295/SodC, to which Bd2517 associates with 

the first two. Bd2517 associates with ResA/Bd2208, ResA/Bd1980 and Bd1341, a 

putative disulphide isomerase associated with thioredoxin function, like Bd0295. 

Bd2517 also associates with its neighbouring AhpF protein (Bd2518), a 

thioredoxin reductase (Bd0373), a FAD binding protein (Bd2839) and a Spb1 

foreserine protease (Figure 4.3.32). This further supports the role of Bd2517 in 

hydrogen peroxide detoxification.  
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Figure 4.3.32: A schematic showing the predicted protein-protein interactions of Bd2517. 
Figure generated using STRING. Magenta threads represent experimentally determined 
interactions; Green threads represent gene neighbourhood interactions; Dark blue threads 
represent gene co-occurrence; Black threads represent co-expression; Lilac threads represent 
protein homology; Yellow threads represent textmining (i.e. associations in literature) (STRING). 

 

Searches of the B. bacteriovorus HD100 genome, using BlastP, for homologues 

to Bd2517 highlights two peroxiredoxins/thioredoxin peroxidases of low sequence 

similarity, Bd3525 and Bd1805 with sequence similarities of 40.5% and 30.2% 

respectively (Alignments: Figure 4.3.33). 
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Figure 4.3.33: An alignment of Bd2517 to the other peroxidase proteins in the B. 
bacteriovorus HD100 genome. Bd2517/AhpC of B. bacteriovorus (Uniprot accession: Q6MK92) 
was aligned to the thioredoxin proteins Bd1805 (Q6MM40) and Bd3525 (Q6MHL7) using Clustal 
Omega. Complete amino acid sequences are shown for each protein. Amino acids are coloured 
by their physicochemical properties. (*) indicates a conserved residue. (:) indicates amino acids 
sharing strongly similar properties. (.) indicates an amino acid sharing weakly similar properties. 

 

Searches for Homologues in Bdellovibrio and other bacterial species 
Searches for structural homologues in known bacterial pathogens also revealed a 

high similarity (at the consensus amino acid level) of Bd2517/AhpC with the AhpC 

proteins of other bacteria. Bd2517/AhpC (Uniprot accession: Q6MK92) of B. 

bacteriovorus was aligned to the AhpC proteins of Salmonella Typhimurium 

(P0A251), Shigella flexneri (P0AE11), E. coli (POAE08), Pseudomonas 

aeruginosa (Q02UU0), Staphylococcus aureus (P0A0B7), Francisella tularensis 

(A0A6I4RTP5), Mycobacterium tuberculosis (P9WQB7) and Helicobacter pylori 

(P56876) using Clustal Omega. Consensus amino acid structure appears similar 

between Bd2517/AhpC and the AhpC proteins of S. typhimurium (65.6% 

sequence identity), S. flexneri (64.5%), E. coli (64.5%), P. aeruginosa (60.75%) 

and S. aureus (56.9%). The consensus amino acid sequence was less similar for 

F. tularensis (38.0%), M. tuberculosis (37.7%) and H. pylori (35.7%) (Figure 

4.3.34).  
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Figure 4.3.34: An alignment of Bd2517 to the AhpC proteins in bacterial pathogens. 
Bd2517/AhpC of B. bacteriovorus (Uniprot accession: Q6MK92) was aligned to the AhpC proteins 
of Salmonella Typhimurium (P0A251), Shigella flexneri (P0AE11), E. coli (POAE08), 
Pseudomonas aeruginosa (Q02UU0) and Staphylococcus aureus (P0A0B7) using Clustal Omega. 
Complete amino acid sequences are shown for each protein. Amino acids are coloured by their 
physicochemical properties. (*) indicates a conserved residue. (:) indicates amino acids sharing 
strongly similar properties. (.) indicates an amino acid sharing weakly similar properties. 

4.3.2.2. Bd2518/AhpF 

Like Bd2517/AhpC, Bd2518/AhpF is an alkyl hydroperoxide reductase protein (F 

subunit) that detoxifies hydrogen peroxide into alcohol and water within the cell. 

Bd2518/AhpF is 56.4 kDa in size and 521 amino acids in length. 

Analysis of predicted domain structure 
Analysis of the domain structures present within Bd2518 (PFam) shows a 

thioredoxin-like fold (amino acids 125-194) and a pyridine nucleotide-disulphide 

oxidoreductase domain (amino acids 218-506). There are also two FAD binding 

sites (amino acids 219-234 and 480-490) and a NAD+ binding site (amino acids 

359-373). Analysis of the amino acid sequence using SignalP 6.0 also confirms 

the absence of a signal peptide (Figure 4.3.35), suggesting that Bd2518 acts 

within the cytoplasm of the cell.  
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Figure 4.3.35: Prediction Test for a Signal Peptide for the protein Bd2518/AhpF. Figure 
generated using SignalP 6.0. 

 

Gene neighbourhood and association analyses 
Like Bd2517/AhpC, Bd2518/AhpF is predicted (STRING) to interact with 

Bd2516/OxyR, Bd2517/AhpC (it’s subunit partner) and Bd2839, a FAD binding 

protein. In addition to this, Bd2518 is predicted to interact with Bd2519, likely 

because it is adjacent to Bd2518, and Bd3525, a Tryparedoxin peroxidase which I 

highlighted earlier as having a small amino acid sequence homology to Bd2517 

(Figure 4.3.36).  
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Figure 4.3.36: A schematic showing the predicted protein-protein interactions of Bd2518. 
Figure generated using STRING. Magenta threads represent experimentally determined 
interactions; Green threads represent gene neighbourhood interactions; Dark blue threads 
represent gene co-occurrence; Black threads represent co-expression; Lilac threads represent 
protein homology; Yellow threads represent textmining (i.e. associations in literature) (STRING). 

 

Searches for homologues in Bdellovibrio and other bacterial species 
Searches of the B. bacteriovorus HD100 genome, using BlastP, for homologues 

to Bd2518 suggest no homologues of AhpF are present. Searches for structural 

homologues in known bacterial pathogens reveal a single homologue in P. 

aeruginosa (Uniprot ID: Q9I6Z2), to which Bd2518 has a sequence similarity of 

47.1% (Figure 4.3.37), across the entire length of both proteins.  
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Figure 4.3.37: An alignment of Bd2518 to the AhpF protein of P. aeruginosa. Bd2518/AhpF of 
B. bacteriovorus (Uniprot accession: Q6MK91) was aligned to the AhpF protein of P. aeruginosa 
(Q9I6Z2) using Clustal Omega. Complete amino acid sequences are shown for each protein. 
Amino acids are coloured by their physicochemical properties. (*) indicates a conserved residue. 
(:) indicates amino acids sharing strongly similar properties. (.) indicates an amino acid sharing 
weakly similar properties. 

 

4.3.3.  Proteins with predicted roles in 
macrophage in other bacteria, outside of oxidative 
stress tolerance 

4.3.3.1. Bd0017/SurA 

Bd0017/SurA is predicted to be a survival protein 34.8 kDa in size and 307 amino 

acids in length (UniProt). SurA is a periplasmic chaperone protein that facilitates 

the correct folding of outer membrane proteins and porins in Gram-negative 

bacteria (472), and therefore has an important effect on outer membrane 

permeability and LPS composition. 
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Analysis of predicted domain structure 
Analysis of the predicted domains present within Bd0017, using PFam, 

highlighted a SurA N-terminal domain, a helical domain of unknown function 

(amino acids 12-128), and a rotamase PPIase domain (Amino acids 171-260). E. 

coli SurA contains two PpiC-like domains/PPIase (peptidyl-prolyl cis-trans 

isomerase) domains which accelerate protein folding. Bd0017 only has one 

PPIase domain. Initial investigations using PFam and SignalP 6.0 suggested that 

Bd0017 did not have a signal peptide and therefore was not secreted and would 

localize in the cytoplasm of the bacterial cell (Figure 4.3.38). This was unusual, 

compared to other bacterial SurA proteins which contain a signal peptide.  

However, SurA proteins in other bacteria are well documented as periplasmic 

proteins, therefore it was unusual that Bd0017 was lacking a signal peptide for 

secretion across the cytoplasmic membrane.  Comparison of Bd0017, to SurA in 

other Bdellovibrio species (Predatorily invasive B. bacteriovorus str. Tiberius and 

epibiotic strain Pseudobdellovibrio exovorus which does not invade prey and 

attaches to the outside), revealed that P. exovorus SurA contained a signal 

peptide (Figure 4.3.39). 

I retrieved the nucleotide sequence for bd0017 and the SurA proteins from B. 

bacteriovorus str. Tiberius (bdt_0016) and P. exovorus (A11Q_13), plus 100bp of 

N-terminal flanking and aligned these DNA sequences using BLAST (Figure 

4.3.40).  
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Figure 4.3.38: Prediction test for a signal peptide for Bd0017. Figure generated using SignalP 
6.0. 

 

 

Figure 4.3.39: An alignment of Bd0017 to the other SurA proteins in B. bacteriovorus str. 
Tiberius and Pseudobdellovibrio exovorus. Bd0017/SurA of B. bacteriovorus (Uniprot 
accession: Q6MRQ7) was aligned to B. bacteriovorus str. Tiberius Bdt_0016 (K7YT10) and P. 
exovorus A11Q_13 (M4V4X8) using Clustal Omega. Green text indicates a signal peptide. Red 
text indicates the SurA N-terminal domain. Purple text indicates the rotamase domain. Complete 
amino acid sequences are shown for each protein. (*) indicates a conserved residue. (:) indicates 
amino acids sharing strongly similar properties. (.) indicates an amino acid sharing weakly similar 
properties. 
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Figure 4.3.40: An alignment of bd0017 to the other SurA nucleotide sequences in B. 
bacteriovorus str. Tiberius and Pseudobdellovibrio exovorus. The nucleotide sequence 
encoding Bd0017/SurA of B. bacteriovorus (Uniprot accession: Q6MRQ7) was aligned to 
nucleotide sequences encoding B. bacteriovorus str. Tiberius Bdt_0016 (K7YT10) and P. 
exovorus A11Q_13 (M4V4X8) using Clustal Omega. Green highlight indicates the N-terminal 
upstream nucleotide sequence from B. bacteriovorus str. Tiberus that aligned to surA of P. 
exovorus.  Blue highlight indicates the N-terminal upstream nucleotide sequence from B. 
bacteriovorus HD100 that aligned to surA of P. exovorus.  Grey highlight indicates the original start 
site of bd0017. (*) indicates a conserved nucleotide. 

 

The nucleotide sequence upstream of bd0017, that was homologous and aligned 

to the nucleotide sequence encoding the signal peptide of A11Q_13 (ATG-AAT-

TCC-ATC-AAG-GTG-GAT-ACA-CGA-GGA-ACC-AAT-GAT-TAA-TCT-TCT-TTT-

TGCT) was converted to an amino acid sequence, using ExPASY, 

(MNPSRWIHEEPMINLLFA) and then pasted upstream of the amino acid 

sequence of Bd0017. After checking that the additional N-terminal sequence was 

in-frame with the start of Bd0017, I checked for a signal peptide using SignalP 

6.0. Further investigation revealed that the initial annotation of the B. 

bacteriovorus HD100 genome had misannotated the start site of bd0017, and by 

traversing upstream of bd0017, a signal peptide was encoded upstream of the 

predicted start site of bd0017. Analysis using SignalP 6.0 confirms that a signal 

peptide is present within Bd0017, suggesting that it localises within the periplasm 

of the cell (Figure 4.3.41).  
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Figure 4.3.41: Prediction test for a signal peptide for modified Bd0017. Figure generated 
using SignalP 6.0. 

Other predatory bacteria do not have a SurA protein. Instead, they encode a 

trigger factor protein, homologous to Bd3764/tig of B. bacteriovorus HD100. The 

C-terminus of tig is highly similar to the peptide binding domain of SurA and 

perform similar functions in protein export, acting as chaperones to maintain 

proteins in the correct conformation.  

Gene neighborhood and association analyses 
The gene bd0017 is part of a large, eight gene operon, consisting of genes 

encoding electron transport flavoprotein alpha and beta proteins (EtfB/Bd0022 

and EtfA/Bd0021 respectively), Bd0020, a putative lipoprotein, Bd0019, a 

PpiD/Peptidyl prolyl isomerase, Bd0018/PpiC, a parvulin-like peptidyl prolyl 

isomerase, Bd0015/PdxA, a pyridoxal phosphate biosynthetic protein, and 

Bd0014/Pmm, a phosphomannomutase (Figure 4.3.42)(xBase).  

 

 

Figure 4.3.42: A schematic showing the gene neighbourhood of bd0017. Diagram taken from 
xBase.  
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Using STRING to analyse the predicted protein-protein interactions and functional 

enrichment, Bd0017 is predicted to interact with many other PPIase-like proteins, 

including Bd0336/SlyD, Bd2569/FkpA, Bd1903/FkpA, Bd0018 and Bd0019. 

Bd0017 is also predicted to interact with Bd3764/Tig, a chaperone protein trigger 

factor involved in protein export, Bd0125/ComL and Bd2031, two outer membrane 

protein assembly complex proteins, and Bd2113/OstA, an organic tolerance 

solvent protein involved in LPS assembly (Figure 4.3.43).  

 

 

Figure 4.3.43: A schematic showing the predicted protein-protein interactions of Bd0017. 
Figure generated using STRING. Magenta threads represent experimentally determined 
interactions; Green threads represent gene neighbourhood interactions; Dark blue threads 
represent gene co-occurrence; Black threads represent co-expression; Lilac threads represent 
protein homology; Yellow threads represent textmining (i.e. associations in literature) (STRING). 
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Searches for homologues in other bacterial pathogens  
I then compared Bd0017 to structural homologues in known bacterial pathogens. 

Initial observations showed that Bd0017 was significantly smaller than 

homologues in other bacteria, so I chose to align each domain individually, rather 

than aligning the entire protein sequence.  

The SurA N-terminal domain of Bd0017 from B. bacteriovorus HD100 (Q6MRQ7) 

was aligned to the SurA proteins of P. aeruginosa (Q9I5U3), E. coli K12 

(P0ABZ6), L. pneumophila (Q5ZYR3), S. dysenteriae (Q32K41), S. typhimurium 

(Q7CR87), Y. pestis (Q7CG87), B. pseudomallei (Q63X78) and V. cholerae 

(Q9KUS0) using Clustal Omega. Consensus amino acid structure appears 

dissimilar between Bd0017 SurA N-terminal domain and the SurA N-terminal 

domains tested (Q9I5U3: No significant similarity found, P0ABZ6: 17%, Q5ZYR3: 

25.0%, Q32K41: 19.8%, Q7CR87: 20.2%, Q7CG87: 23.5%, Q63X78: No 

significant similarity found and Q9KUS0: 26.9% percentage identity), even though 

they align well across the entirety of their respective lengths (Figure 4.3.44). 

The rotamase domain of Bd0017 from B. bacteriovorus HD100 (Q6MRQ7) was 

aligned to the SurA rotamase domains of P. aeruginosa (Q9I5U3), E. coli K12 

(P0ABZ6), L. pneumophila (Q5ZYR3), S. dysenteriae (Q32K41), S. typhimurium 

(Q7CR87), Y. pestis (Q7CG87), B. pseudomallei (Q63X78) and V. cholerae 

(Q9KUS0) using Clustal Omega. Consensus amino acid structure appears 

dissimilar between Bd0017 SurA N-terminal domain and the SurA N-terminal 

domains tested (Q9I5U3: 30.1%, P0ABZ6: 27.2%, Q5ZYR3: 29.0%, Q32K41: 

27.2%, Q7CR87: 28.2%, Q7CG87: 30.4%, Q63X78: 29.4% and Q9KUS0: 29.3% 
percentage identity). The alignment (Figure 4.3.45) suggests that Bd0017 only 

has one rotamase domain, compared to the two rotamase domains that other 

bacteria have, perhaps accounting for the difference in size between these 

proteins. I aligned the Bd0017 rotamase domain to the matching rotamase 

domain in the bacterial pathogens (Figure 4.3.46), with identical similarity scores 

being found. 
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Figure 4.3.44: An alignment of Bd0017 SurA N-terminal domain to the SurA N-terminal 
domain of other bacterial pathogens. The SurA N-terminal domain of Bd0017 from B. 
bacteriovorus HD100 (Q6MRQ7) was aligned to the SurA N-terminal domains of P. aeruginosa 
(Q9I5U3), E. coli K12 (P0ABZ6), L. pneumophila (Q5ZYR3), S. dysenteriae (Q32K41), S. 
typhimurium (Q7CR87), Y. pestis (Q7CG87), B. pseudomallei (Q63X78) and V. cholerae 
(Q9KUS0) using Clustal Omega. Complete amino acid sequences are shown for each domain. 
Amino acids are coloured by their physicochemical properties. (*) indicates a conserved residue. 
(:) indicates amino acids sharing strongly similar properties. (.) indicates an amino acid sharing 
weakly similar properties. 
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Figure 4.3.45: An alignment of Bd0017 rotamase domain to the rotamase domains of other 
bacterial pathogens. The SurA rotamase domain of Bd0017 from B. bacteriovorus HD100 
(Q6MRQ7) was aligned to the SurA rotamase domains of P. aeruginosa (Q9I5U3), E. coli K12 
(P0ABZ6), L. pneumophila (Q5ZYR3), S. dysenteriae (Q32K41), S. typhimurium (Q7CR87), Y. 
pestis (Q7CG87), B. pseudomallei (Q63X78) and V. cholerae (Q9KUS0) using Clustal Omega. 
Complete amino acid sequences are shown for each protein. Amino acids are coloured by their 
physicochemical properties. (*) indicates a conserved residue. (:) indicates amino acids sharing 
strongly similar properties. (.) indicates an amino acid sharing weakly similar properties. 
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Figure 4.3.46: An alignment of Bd0017 rotamase domain to a single rotamase domain of 
other bacterial pathogens. The SurA rotamase domain of Bd0017 from B. bacteriovorus HD100 
(Q6MRQ7) was aligned to the most homologous of the two SurA rotamase domains of P. 
aeruginosa (Q9I5U3), E. coli K12 (P0ABZ6), L. pneumophila (Q5ZYR3), S. dysenteriae (Q32K41), 
S. typhimurium (Q7CR87), Y. pestis (Q7CG87), B. pseudomallei (Q63X78) and V. cholerae 
(Q9KUS0) using Clustal Omega. Complete amino acid sequences are shown for each protein. 
Amino acids are coloured by their physicochemical properties. (*) indicates a conserved residue. 
(:) indicates amino acids sharing strongly similar properties. (.) indicates an amino acid sharing 
weakly similar properties. 
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4.3.3.2. Bd1815 

Bd1815 is a hypothetical protein of unknown function, 19 kDa in size and 179 

amino acids in length (UniProt). The gene bd1815 is in a two gene operon with 

bd1814, another hypothetical protein of unknown function (xBase), and in the 

same gene neighbourhood as multiple other hypothetical proteins (genes: 

bd1813, bd1817, and bd1818), a chloride channel protein (gene: bd1816/eriC) 

and an iron sulfur cluster binding protein (gene: bd1819/yjeS) (Figure 4.3.47) 

(xBase).  

Figure 4.3.47: A schematic showing the gene neighbourhood of bd1815. Diagram taken from 

xBase.  

Analysis of predicted domain structure 
Analysis of the predicted domains present within Bd1815, using PFam, reveals a 

signal peptide at the N-terminus of Bd1815 (amino acids 1-23), followed by a 

chain (amino acids 24-179). The presence of a signal peptide at the beginning of 

Bd1815 is also confirmed by SignalP 6.0 analysis. (Figure 4.3.48).  

 

Figure 4.3.48: Prediction test for a signal peptide for Bd1815. Figure generated using SignalP 
6.0. 
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Gene neighbourhood and association analyses 
Using STRING to analyse the predicted protein-protein interactions of Bd1815, 

places Bd1815 in a network with the proteins in its immediate vicinity within the 

genome, including Bd1813 and Bd1814, whose functions are uncharacterised, 

Bd1810/KynA, a haem-dependent dioxygenase, Bd1811/Ita, a threonine aldolase, 

and Bd1812/HutG, a formimidoylglutamase (Figure 4.3.49). Protein network 

interactions do not help us infer a function for Bd1815.  

 

 

Figure 4.3.49 A schematic showing the predicted protein-protein interactions of Bd1815. 
Figure generated using STRING. Magenta threads represent experimentally determined 
interactions; Green threads represent gene neighbourhood interactions; Dark blue threads 
represent gene co-occurrence; Black threads represent co-expression; Lilac threads represent 
protein homology; Yellow threads represent textmining (i.e. associations in literature) (STRING). 

 

Predicted structure analyses 
Aligning Bd1815 to its closest structural homologues, by aligning the 3D model of 

the predicted protein structure to a database of other proteins, does aid in 

inferring a function. I used ITASSER, an online protein modelling database, to 

search for similar structural homologues to Bd1815.  
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This showed a close match to the E. coli outer membrane protein OmpA 

(PDB:1bxwA) (template modelling score 0.681, where 1 indicates an identical 

match), which has annotated roles in outer membrane functionality and 

peptidoglycan positioning. Alignment of Bd1815 and OmpA using TMalign shows 

that their structures do differ slightly at the N and C termini, however. This 

difference may be attributable to the size difference between these two proteins. 

These alignments are depicted in Figure 4.3.50. The amino acid sequences of 

Bd1815 and E. coli OmpA are highly dissimilar (Figure 4.3.51). Bd1815 also gave 

close structural matches to Neisseria NspA (PDB: 1P4T), E. coli OmpW and P. 

aeruginosa OprH, OprF, OprG, further supporting its role as an outer membrane 

protein (ITASSER; Data not shown). Even though the amino acid sequences of 

Bd1815 and OmpA are dissimilar, structure dictates function and therefore as 

these proteins have a similar structure, I suggest that they have a similar function.  

Figure 4.3.50: Predicted structures of Bd1815 and OmpA. Structural predictions and Protein 
Data Bank (.pdb) files were obtained from AlphaFold for Bd1815 (UniProt accession: Q6MM32; 
Top, Left) and OmpA (P0A910; Top, Right). The amino acid sequence was 3D modelled and 
screened against other bacterial proteins for homology using ITASSER (Bottom, Left). PDB files 
were aligned using TMalign to generate the structural overlay depicted (Bottom, Right). Bd1815 
and OmpA have a highly similar Beta barrel structure at their core, but their N termini appear to 
differ (labelled). 

N

C N

N
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Figure 4.3.51: An alignment of Bd1815 to the E. coli OmpA protein. Bd1815 of B. 
bacteriovorus (Uniprot accession: Q6MM32) was aligned to E. coli OmpA (P0A910) using Clustal 
Omega. Complete amino acid sequences are shown for each protein. Amino acids are coloured 
by their physicochemical properties. (*) indicates a conserved residue. (:) indicates amino acids 
sharing strongly similar properties. (.) indicates an amino acid sharing weakly similar properties. 

 

Searching the Bdellovibrio genome for other, known porins, I decided to compare 

the structure and amino acid sequence of Bd1815 with the Bdellovibrio porin 

CAE47737.1. I aligned the amino acid sequences (Clustal Omega) and predicted 

3D structures (AlphaFold (470); TMalign (471)) of both proteins. Bd1815 gives a 

poor alignment to a known Bdellovibrio porin CAE47737.1, with no significant 

similarities in amino acid sequence or structure found (Figure 4.3.52 & 4.3.53). 

Searching the B. bacteriovorus HD100 genome for homologues with a similar 

amino acid sequence revealed no homologues in the genome (BlastP). 

E. coli OmpA
B. bacteriovorus Bd1815

E. coli OmpA
B. bacteriovorus Bd1815

E. coli OmpA
B. bacteriovorus Bd1815

E. coli OmpA
B. bacteriovorus Bd1815

E. coli OmpA
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E. coli OmpA
B. bacteriovorus Bd1815



 
221 

 

Figure 4.3.52: Predicted structures of Bd1815 and Bdellovibrio OMP CAE47737.1. Structural 
predictions and Protein Data Bank (.pdb) files were obtained from AlphaFold for Bd1815 (UniProt 
accession: Q6MM32; Top, Left) and CAE47737.1 (Q70EK1; Top, Right). PDB files were aligned 
using TMPred to generate the structural overlay depicted (Bottom, Centre). Bd1815 and 
CAE47737.1 have a highly dissimilar structure. 

 

Figure 4.3.53: An alignment of Bd1815 to the Bdellovibrio OMP CAE47737.1. Bd1815 of B. 
bacteriovorus (Uniprot accession: Q6MM32) was aligned to Bdellovibrio CAE47737.1 (Q70EK1) 
using Clustal Omega. Complete amino acid sequences are shown for each protein. Amino acids 
are coloured by their physicochemical properties. (*) indicates a conserved residue. (:) indicates 
amino acids sharing strongly similar properties. (.) indicates an amino acid sharing weakly similar 
properties. 
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4.3.3.3. Bd2620 

Bd2620/Dps is annotated as a Putative DNA protection from starvation or 

oxidative stress transcriptional regulator protein (UniProt). Bd2620 is 19.1 kDa in 

size and 168 amino acids in length.  

Analysis of predicted domain structure 
Analysis of the amino acid sequence of Bd2620 shows a large ferritin-like domain 

between amino acids 29 and 166 (PFam). Analysis of Bd2620 using SignalP 6.0 

confirms that no signal peptide is present, supporting the role of Bd2620 of a DNA 

associated protein that exists within the cytoplasm of the cell (Figure 4.3.54).  

 

Figure 4.3.54: Prediction test for a signal peptide for the protein Bd2620/Dps. Figure 
generated using SignalP 6.0. 
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Gene neighbourhood and association analyses 
The gene bd2620 is part of a five gene operon with bd2619/oxyR regulon 

transcriptional regulator, supporting its role in tolerance against oxidative stress, 

bd2621/gufA, bd2622/trg, a methyl accepting chemotaxis protein, and 

bd2623/gltS, a sodium glutamate carrier protein (Figure 4.3.55). Using STRING to 

analyse the predicted protein-protein interactions, it is suggested that Bd2620 

may interact with Bd1298/DnaK, a molecular chaperone protein, Bd0026/SdhB, a 

succinate dehydrogenase/fumarate reductase/ferredoxin protein, Bd1436, a 

lipoyl-dependent peroxiredoxin and osmotic stress induced protein, Bd2621/GufA, 

a Zinc transporter, Bd2628, a NAD/FAD dependent dehydrogenase, 

Bd1289/ClpS, an ATP-dependent clp protease and Bd2619/OxyR, a LysR family 

transcriptional regulator and hydrogen peroxide inducible gene activator (Figure 

4.3.61).  Bd2620 may also associate/interact with two hypothetical proteins 

(Bd1168 and Bd0659) (Figure 4.3.56). 

Figure 4.3.55: A schematic showing the gene neighbourhood of bd2620. Diagram taken from 

xBase.  
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Figure 4.3.56: A schematic showing the predicted protein-protein interactions of Bd2620. 
Figure generated using STRING. Magenta threads represent experimentally determined 
interactions; Green threads represent gene neighbourhood interactions; Dark blue threads 
represent gene co-occurrence; Black threads represent co-expression; Lilac threads represent 
protein homology; Yellow threads represent textmining (i.e. associations in literature) (STRING). 
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Searches for homologues in Bdellovibrio and other bacterial species 
Searches of the B. bacteriovorus HD100 genome, using BlastP, for homologues 

to Bd2620 shows no homologues with significant sequence similarity. Searches 

for homologues of Bd2620 in well-known bacterial pathogens reveals Dps protein 

homologues of similar size and consensus amino acid sequence. Bd2620/Dps 

(Q6MJZ6) was aligned to the Dps proteins of Acinetobacter junii (A0A2R4UN04), 

Klebsiella pneumoniae (Q84FI0), Escherichia coli (P0ABT2), Salmonella enterica 

(A0A628UWD2) and Legionella pneumophila (A0A129F132) using Clustal 

Omega. These analyses show that Bd2620/Dps is of similar size and consensus 

amino acid structure to the Dps proteins of other bacteria, despite having low 

amino acid sequence similarity (A0A2R4UN04: 24.3% similarity, 49% coverage, 

Q84FI0: 28% similarity, 57% coverage, P0ABT2: 29.2% similarity, 50% coverage 

and A0A628UWD2: 27.8% similarity, 42% coverage). Bd2620/Dps was most 

similar to the Dps protein of Legionella pneumophila, of the bacterial proteins 

tested, with a 44.3% similarity, and 83% coverage (BlastP) (Figure 4.3.57).  

 

Figure 4.3.57: An alignment of Bd2620/Dps to the Dps proteins of A. junii, K. pneumoniae, 
E. coli, S. enterica and L. pneumophila. Bd2620/Dps of B. bacteriovorus (Uniprot accession: 
Q6MJZ6) was aligned to the Dps proteins of Acinetobacter junii (A0A2R4UN04), Klebsiella 
pneumoniae (Q84FI0), Escherichia coli (P0ABT2), Salmonella enterica (A0A628UWD2) and 
Legionella pneumophila (A0A129F132) using Clustal Omega. Complete amino acid sequences 
are shown for each protein. Amino acids are coloured by their physicochemical properties. (*) 
indicates a conserved residue. (:) indicates amino acids sharing strongly similar properties. (.) 
indicates an amino acid sharing weakly similar properties. 
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4.3.3.4. Bd3203 

Bd3203 is a hypothetical protein of unknown and uncharacterised function. 

Bd3203 is 17.5 kDa in size and 156 amino acids in length. The gene bd3203 is 

monocistronic (Figure 4.3.58) (xBase) 

Figure 4.3.58: A schematic showing the gene neighbourhood of bd3203. Diagram taken from 

xBase.  

Analysis of predicted domain structure 
Analysis of the domain structure revealed that Bd3203 contains a CBS 

(Cystathionine Beta Synthase) domain (PFam), which are known to be involved in 

the regulation of protein dimerisation and sensitivity to adenosyl carrying ligands, 

suggesting that they may function as intracellular sensors of metabolites (473, 

474). Analysis of Bd3203 using SignalP 6.0 confirms that no signal peptide is 

present, suggesting that Bd3203 acts within the cytoplasm of the cell (Figure 

4.3.59). 

 

Figure 4.3.59: Prediction Test for a Signal Peptide for the protein Bd3203. Figure generated 
using SignalP 6.0. 
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Gene neighbourhood and association analyses 
The gene bd3203 is neighbouring bd3200/murD and bd3201/mraY, a UDP-N-

acetylmuramoylalanine-d-glutamate ligase involved in cell wall formation and a 

peptidoglycan biosynthesis protein respectively, suggesting that Bd3203 may 

regulate proteins involved in cell wall synthesis or modification. Using STRING to 

analyse the predicted protein-protein interactions, it is suggested that Bd3203 is 

associated with Bd3200 and Bd3201, along with various other metabolic enzymes 

including Bd2647/Tyrdc (tyrosine decarboxylase), Bd2921 (glutamine 

amidotransferase), Bd2080/GuaA (Gmp synthase) and Bd1049/Gapdh 

(Glyceraldehyde-3- phosphate). Bd3203 may also be associated with Bd2084, a 

monovalent cation proton antiporter, Bd3734/MglA, a gliding motility protein and 

Bd3199, a hypothetical protein (Figure 4.3.60).  

 

Figure 4.3.60: A schematic showing the predicted protein-protein interactions of Bd3203. 
Figure generated using STRING. Magenta threads represent experimentally determined 
interactions; Green threads represent gene neighbourhood interactions; Dark blue threads 
represent gene co-occurrence; Black threads represent co-expression; Lilac threads represent 
protein homology; Yellow threads represent textmining (i.e. associations in literature) (STRING). 
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Searches for homologues in Bdellovibrio and other bacterial species 
Searches for homologues in Bdellovibrio revealed no known homologues of 

significant similarity (BlastP). Searches for homologues in other bacterial species 

revealed a low homology with short part of an E. coli CBS-domain containing 

protein, but no further matches beyond this (BlastP).  

4.3.4. Summary 

The purpose of these analyses were to firstly confirm that the functional 

annotations ascribed to these proteins were correct, owing to the genome and 

proteome of B. bacteriovorus being less well-characterised, compared to other 

Gram-negative bacteria. Secondly, these analyses helped me to identify where 

these proteins would localise within the bacterial cell, aiding my understanding of 

their biological function and importance. Thirdly, these analyses identified other 

homologues within the B. bacteriovorus genome that may also be of interest to my 

studies. The genes (and proteins) that I will investigate further, and the initial 

sources that highlighted them are summarised in Table 4.3.1, below. 

Table 4.3.1: A summary of the genes taken forward for further study and how they were 
highlighted. Zebrafish transcriptional study refers to the transcriptomic dataset mentioned in 

Section 4.2.  

 

Gene Source/Highlighted by… 
surA (bd0017) Bdellovibrio Macrophage transcriptional study 
sodC (bd0295) Zebrafish transcriptional study 
sodC (bd1401) Homology with bd0295 
catA (bd0798) Zebrafish transcriptional study 
ankB (bd0799) Literature searches 
katA (bd1154) Homology with bd0798 
ankB (bd1155) Literature searches 
ahpC (bd2517) Zebrafish transcriptional study 
ahpF (bd2518) Zebrafish transcriptional study 
dps (bd2620) Zebrafish transcriptional study 
bd3203 Zebrafish transcriptional study 
bd1815 Zebrafish transcriptional study 
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4.4. Transcriptional expression of our 
candidate genes throughout predation of E. 
coli by Bdellovibrio and throughout 
macrophage occupation 

4.4.1. Transcriptional expression of our candidate 
genes within macrophage 

To test whether these genes also play a role in survival within human 

macrophage, I interrogated my bacterial transcriptome (generated from a dual 

RNA sequencing study of the host and bacterial transcriptional response to 

Bdellovibrio occupation of macrophage) for the expression of each candidate 

genes (Figure 4.4.1).  

• bd0017/surA expression was upregulated at 24 hours post-uptake during 

Bdellovibrio occupation of macrophage, but was not detected at 2-, 4- and 8- 

hours post-uptake.  

• bd0295/sodC was highly expressed at 2 hours post-uptake but downregulated 

throughout Bdellovibrio occupation of macrophage.  

• The expression of bd0798/catA and its (proposed) regulatory ankyrin partner 

bd0799/ankB were not significantly changed throughout Bdellovibrio occupation 

of macrophage.  

• Expression of bd1154/katA and its (proposed) regulatory ankyrin partner 

bd1155/ankB were not captured, due to the potential mapping of sequencing 

reads to bd0798 and bd0799 respectively, due to their highly similar DNA 

sequence. 

• bd1401/sodC was upregulated at 24 hours post-uptake during Bdellovibrio 

occupation of macrophage, but was not detected at 2-, 4- and 8- hours post-

uptake. 
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• bd1815 was expressed at earlier timepoints of Bdellovibrio occupation of 

macrophage (2- and 4-hours post-uptake) but was downregulated at later 

timepoints (8- and 24-hours post-uptake). 

• Expression of bd2517/ahpC was high at 2 hours post-uptake, prior to being 

downregulated at 4- and 8-hours post-uptake, and significantly upregulated at 24 

hours post-uptake, during Bdellovibrio occupation of macrophage. 

• The expression of bd2518/ahpF was not significantly changed throughout 

Bdellovibrio occupation of macrophage. 

• Expression of bd2620/dps was high throughout Bdellovibrio occupation of 

macrophage but was not significantly altered throughout. 

• Expression of bd3203 was high throughout Bdellovibrio occupation of 

macrophage but was largely unchanged throughout. 

 

Figure 4.4.1: Heatmaps showing the expression of our candidate genes throughout 
Bdellovibrio occupation of macrophage. The bacterial transcriptome, obtained from my Dual 
RNA Sequencing study of the host and bacterial transcriptional response, was interrogated for the 
candidate genes in my study. Raw number of reads are shown (Left), compared with the Log2 fold 
change for each of my candidate genes (Right). For calculation of fold change values, where no 
reads/expression was detected, expression values were set to 1. Heatmaps were generated using 
Morpheus.  
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4.4.2. Transcriptional Expression of our Candidate 
Genes throughout Predation  

To interrogate whether my candidate genes may also play an important role in 

predation, I interrogated the bacterial transcriptome of B. bacteriovorus throughout 

its predation of E. coli (data generated by Dr Simona Huwiler), for my candidate 

genes (Figure 4.4.2).  

• The expression of bd0017/surA was significantly downregulated during the first 

hour of predation (T15min- T1H), compared to attack phase Bdellovibrio expression.  

• The expression of bd0295/sodC was significantly downregulated throughout 

predation, compared to attack phase (T0) Bdellovibrio, including in the newly 

released Bdellovibrio progeny at 4 and 5 hours.  

• The expression of bd0798/catA and its (proposed) regulatory ankyrin partner 

bd0799/ankB were significantly downregulated throughout predation.  

• Expression of bd1154/katA and its (proposed) regulatory ankyrin partner 

bd1155/ankB were not captured.  I believe that the mapping of reads is biased 

towards bd0798 and bd0799, due to their highly similar DNA sequences, falsely 

mapping a proportion of the reads to these two genes and underrepresenting the 

expression of bd1154 and bd1155.  

• The expression of bd1401/sodC was upregulated from T45min onwards until T3H, 

corresponding with the intraperiplasmic growth phase of Bdellovibrio within prey. 

• The expression of bd1815 was significantly downregulated throughout predation, 

compared to attack phase Bdellovibrio.  

• The genes encoding the alkyl hydroperoxide reductase proteins Bd2517/ahpC 

and Bd2518/ahpF were significantly downregulated within the first hour of 

predation, with bd2518 expression remaining significantly downregulated for the 

remainder of predation also, compared to attack phase Bdellovibrio.  

• The expression of bd2620/dps was highly significantly downregulated throughout 

predation, compared to attack phase Bdellovibrio.  

• The expression of bd3203 was significantly downregulated throughout predation, 

compared to attack phase Bdellovibrio.  
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Figure 4.4.2: A heatmap showing the expression of our candidate genes throughout 
predation of E. coli by B. bacteriovorus. The bacterial transcriptome (generated by Dr Simona 
Huwiler; Huwiler & Sockett, unpublished) of B. bacteriovorus throughout predation of E. coli was 
interrogated for the candidate genes in my study. Shown are the Log2 fold change values for each 
of my candidate genes. Heatmaps were generated using Morpheus.  
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4.4.3. Summary 

The majority of these genes are downregulated throughout predation and are 

highly expressed at 24 hours, within macrophage. A summary of the expression of 

these genes can be found in Table 4.4.1 below. 

Table 4.4.1: A summary of the transcriptional expression of candidate genes by B. bacteriovorus 
throughout predation and within macrophage. 

Gene Expression throughout 
predation 

Expression within macrophage 

bd0017 Downregulated throughout 
predation, most significantly at 30 
and 45 minutes. 

Most highly upregulated (and only 
detected) at 24 hours. 

bd0295 Highly downregulated throughout 
predation. 

Most highly expressed at 2 hours. 

bd0798 Highly downregulated throughout 
predation. 

Highly expressed throughout. 
Highest at 24 hours. 

bd0799 Highly downregulated throughout 
predation. 

Highly expressed throughout. 
Highest at 24 hours. 

bd1154 Not detected. Only detected at 24 hours, at a low 
level 

bd1155 Not detected. Not detected 
bd1401 Upregulated during intraperiplasmic 

growth (45 minutes to 180 minutes) 
Only detected at 24 hours 

bd1815 Highly downregulated throughout 
predation. 

Expressed throughout. Highest at 2 
and 4 hours. 

bd2517 Downregulated at the beginning of 
predation, especially between 15 
and 45 minutes. 

Expressed throughout. Highest at 2 
and 24 hours. 

bd2518 Downregulated at the beginning of 
predation, especially between 15 
and 45 minutes and at 4 hours. 

Highly expressed throughout. 
Highest at 8 and 24 hours. 

bd2620 Highly downregulated throughout 
predation. 

Highly expressed throughout. 

bd3203 Highly downregulated throughout 
predation. 

Highly expressed throughout. 
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bd0017 expression is downregulated throughout predation, suggesting it is not 

involved in predation, or is more prominently involved in attack phase Bdellovibrio. 

It is expressed at 24 hours post-uptake, within macrophage, suggesting it may be 

involved in responding to phagosomal conditions.  

Transcriptional expression of the sodC genes, bd0295 and bd1401, suggests 

contrasting roles within predation and macrophage survival. bd0295 expression is 

downregulated throughout predation, suggesting it is not involved in predation, or 

is more prominently involved in attack phase Bdellovibrio. Conversely, bd1401 

expression is upregulated throughout intraperiplasmic growth, suggesting that 

Bd1401 is involved in predation, potentially in tolerating oxygen radical stress 

generated through the degradation of prey macromolecules during the 

intraperiplasmic growth of Bdellovibrio. bd0295 expression is highest at 2 hours, 

within macrophage, suggesting that it may aid in the tolerance of superoxide 

radicals when Bdellovibrio is first phagocytosed by macrophage. bd1401 

expression is only detected at 24 hours, when the majority of oxidative stress and 

bacterial killing is occurring, suggesting it may be involved in tolerating superoxide 

stress at this timepoint, to resist bactericidal killing. 

Catalases (Bd0798/CatA) and alkylhydroperoxide reductases (Bd2517/AhpC and 

Bd2518/AhpF) detoxify hydrogen peroxide within the cell. The downregulation of 

bd0798, bd0799, bd2517 and bd2518 throughout predation suggest that peroxide 

stress is not evident throughout predation and intraperiplasmic growth, or that 

peroxide stress is significantly higher in attack phase Bdellovibrio, which is 

unlikely. Conversely, bd0798 and bd0799 expression is high at 24 hours within 

macrophage. bd2517 and bd2518 are also highly expressed at 24 hours, in line 

with significant oxidative stress and bacterial killing, indicating that high levels of 

peroxide-mediated stress are present within macrophage at this timepoint, in line 

with current literature (475), and that Bd0798, Bd0799, Bd2517 and Bd2518 are 

involved in the peroxide tolerance response. 
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bd1815 is highly downregulated throughout predation, suggesting that it is not 

involved in predation, or is more prominently involved in attack phase Bdellovibrio. 

If it adopts a nutrient transport role, similar to the role of OmpF to which it is 

structurally similar, downregulation throughout predation may indicate the 

absence of nutrient starvation whilst within a prey cell environment. This may also 

suggest that during macrophage occupation, where nutrients are restricted, 

upregulation of bd1815 at 2 and 4 hours may indicate nutrient starvation. 

bd2620 is highly downregulated throughout predation. Bd2620/Dps has a role in 

DNA packaging and protection against oxidative stress and nutrient starvation. 

The prey cell is a nutrient rich environment. Throughout intraperiplasmic growth, 

DNA needs to remain accessible to transcriptional machinery due to the high 

levels of transcription that are occurring as part of the intraperiplasmic growth 

phase of Bdellovibrio. This may explain why bd2620 is downregulated throughout 

predation. Conversely, in macrophage, Bdellovibrio are facing nutrient starvation 

and high levels of oxidative stress and are not actively growing, therefore the 

packaging of DNA to protect against oxidative and nutrient stress would be 

beneficial. This may explain why bd2620 is highly expressed throughout 

macrophage residency. 

bd3203 is also highly downregulated throughout predation. The lack of an 

annotated function makes it difficult to speculate on the role of Bd3203. If we 

ascribe a cell wall homeostasis function, based on its association with the 

surrounding cell wall modification enzymes in its gene neighbourhood, we can 

speculate that Bd3203 may preserve the cell wall during attack phase, but when 

the cell wall is undergoing extensive modification during intraperiplasmic growth, 

this function is not required. Equally, ascribing the same speculative function, 

Bd3203 may act to protect and preserve the cell wall when Bdellovibrio are 

residing within macrophage and are not actively growing, hence why bd3203 

transcription is upregulated throughout macrophage residency. 
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4.5. Visualisation of fluorescently tagged 
protein expression throughout predation of E. 
coli by B. bacteriovorus. 

Transcriptional analyses depicting the expression for my subset of genes 

suggested that the majority of these proteins would not be expressed, or their 

expression would be downregulated, throughout predation. Within this 

experiment, I aimed to characterise whether any of the subset of proteins that I 

had highlighted previously were expressed at the protein level, throughout 

predation, via the characterisation of fluorescent protein expression.  

To determine whether our proteins of interest are expressed and therefore play a 

role in predation, B. bacteriovorus containing our fluorescently tagged proteins of 

interest and a fluorescently tagged Bd0064 protein, a constitutively expressed 

cytoplasmic protein that, when fluorescently tagged with an mCerulean3 or 

mCherry protein, illuminates the cytoplasm and cell body of Bdellovibrio, were 

visualised throughout predation of E. coli by B. bacteriovorus.  Bd0064mCerulean 

or Bd0064mCherry expression acts as a background cytoplasmic marker in this 

assay, to be used in combination with our fluorescently tagged proteins of interest 

to associate fluorescent protein expression with individual Bdellovibrio cells within 

E. coli prey. Cells were imaged during attack phase (T0), attachment (T15), 

invasion (T30), establishment (T45), intraperiplasmic growth (T60, T120, T180) and 

Bdellovibrio progeny release (T240). 
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4.5.1. Bd0017/SurAmCherry is expressed throughout 
predation of E. coli by B. bacteriovorus. 

To determine whether Bd0017, a SurA survival associated protein highlighted by 

my dual transcriptional study of Bdellovibrio transcription within macrophage, and 

by literature searches of bacterial pathogens, was expressed by Bdellovibrio 

during predation of E. coli, I fluorescently tagged SurA with an mCherry 

fluorescent tag at the C-terminus. Bd0017mCherry-tagged B. bacteriovorus were 

visualised throughout predation. Bd0017mCherry was expressed diffusely in 

attack phase Bdellovibrio (T0 and T240) and throughout predation, with some 

Bd0017mCherry expression forming foci at T120 in 18.5% of Bdellovibrio (Figure 

4.5.1). 
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Figure 4.5.1: Bd0017mCherry is expressed by B. bacteriovorus throughout predation. B. 
bacteriovorus containing a C-terminally tagged mCherry-tagged Bd0017 protein and a 
constitutively expressed mCerulean-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of E. coli. 
Bd0017mCherry was diffusely expressed throughout predation. Foci of Bd0017mCherry 
expression are seen in some instances at 2 hours of predation. At least 5 fields of view were 
imaged from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: Exposure 10 s, 
Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 nm 
Emission: 610-665 nm. White scale bars represent 2 µM. 
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4.5.2. Fluorescently tagged SodC proteins, SodCBd0295 
and SodCBd1401, are not discernibly expressed 
throughout predation of E. coli by B. bacteriovorus. 

4.5.2.1. Bd0295 

To determine whether Bd0295, a SodC Copper-Zinc Superoxide Dismutase 

protein, highlighted by the initial bacterial transcriptome study in zebrafish, was 

expressed by Bdellovibrio during predation, I fluorescently tagged Bd0295 with an 

mCherry and an mCerulean fluorescent tag at the C-terminus. Bd0295mCherry-

tagged or Bd0295mCerulean-tagged B. bacteriovorus were visualised throughout 

predation. Bd0295mCherry and Bd0295mCerulean were not discernibly 

expressed throughout predation of E. coli by B. bacteriovorus (Figures 4.5.2 and 

4.5.3).  

4.5.2.2. Bd1401/SodC 

To determine whether Bd1401, the other SodC Copper-Zinc Superoxide 

Dismutase protein in the Bdellovibrio genome, highlighted by literature searches 

and searches for sodC homologues within the Bdellovibrio genome, was 

expressed by Bdellovibrio during predation, I fluorescently tagged Bd1401 with an 

mCherry fluorescent tag at the C-terminus. Bd1401mCherry-tagged B. 

bacteriovorus were visualised throughout predation. 

Bd1401mCherry was not discernibly expressed throughout predation of E. coli by 

B. bacteriovorus (Figure 4.5.4), except in a few rare instances (Figure 4.5.4, lower 

panel). However, tagging of Bd1401 with an mCherry tag appears to slow and 

impact predation, demonstrated through the presence of bdelloplasts at 4 hours, 

which would usually have lysed at this point. To conclusively prove that mCherry 

tagging of Bd1401 was impacting predation, I would need to repeat this 

timecourse in parallel with a Bd0064mCherry control, with matched Bdellovibrio 

PFU inputs, to rule out other experimental factors that may have slowed 

predation.  
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Figure 4.5.2: Bd0295mCerulean is not discernibly expressed by B. bacteriovorus 
throughout predation. B. bacteriovorus containing a C-terminally tagged mCerulean-tagged 
Bd0295 protein and a constitutively expressed mCherry-tagged Bd0064 protein (illuminating the 
cell body of the Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of 
E. coli. Bd0295mCerulean was not discernibly expressed throughout predation. At least 5 fields of 
view were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: 
Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, 
Excitation: 550-600 nm Emission: 610-665 nm. White scale bars represent 2 µM. 
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Figure 4.5.3: Bd0295mCherry is not discernibly expressed by B. bacteriovorus throughout 
predation. B. bacteriovorus containing a C-terminally tagged mCherry-tagged Bd0295 protein and 
a constitutively expressed mCerulean-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of E. coli. 
Bd0295mCherry was not discernibly expressed throughout predation. At least 5 fields of view were 
imaged from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: Exposure 10 s, 
Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 nm 
Emission: 610-665 nm. White scale bars represent 2 µM. 
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Figure 4.5.4: Bd1401mCherry is not discernibly expressed by B. bacteriovorus throughout 
predation. B. bacteriovorus containing a C-terminally tagged mCherry-tagged Bd1401 protein and 
a constitutively expressed mCerulean-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of E. coli. 
Bd1401mCherry was not discernibly expressed throughout predation. Some instances of 
Bd1401mCherry expression were seen throughout predation (lower panel) but these instances 
were very rare. At least 5 fields of view were imaged from each of 2 biological replicates. Phase: 
Exposure 50 ms; mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; 
mCherry: Exposure 10s, Excitation: 550-600 nm Emission: 610-665 nm. White scale bars 
represent 2 µM. 
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4.5.3. Fluorescently tagged catalase proteins, 
Bd0798/CatA and Bd1154/KatA, and their 
neighbouring regulatory ankyrin proteins, 
Bd0799/AnkB and Bd1155/AnkB, are not 
discernibly expressed throughout predation of E. 
coli by B. bacteriovorus. 

4.5.3.1. Bd0798/CatA 

To determine whether Bd0798, a catalase protein highlighted by the initial 

bacterial transcriptome study in zebrafish, was expressed by Bdellovibrio during 

predation, I fluorescently tagged Bd0798 with an mCherry and an mCerulean 

fluorescent tag at the C-terminus. Bd0798mCherry-tagged or Bd0798mCerulean-

tagged B. bacteriovorus were visualised throughout predation. Bd0798mCherry 

and Bd0798mCerulean were not discernibly expressed throughout predation 

(Figure 4.5.5 and 4.5.6).  

4.5.3.2. Bd0799/ankB 

To determine whether Bd0799, a regulatory ankyrin protein, was expressed by 

Bdellovibrio during predation, I fluorescently tagged Bd0799 with an mCherry 

fluorescent tag at the C-terminus.  

Bd0799mCherry-tagged B. bacteriovorus were visualised throughout predation. 

Fluorescent tagging of Bd0799 with an mCherry protein required the incorporation 

of a flexible peptide linker, as repeated attempts to tag Bd0799 directly with the 

mCherry tag caused mutations in the fluorescent tag and gene (Rob Till, Personal 

Communication), suggesting that the mCherry tag was interfering with the 

expression of Bd0799 in some way. Bd0799mCherry was not discernibly 

expressed throughout predation (Figure 4.5.7).  
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4.5.3.3. Bd1154/KatA 

To determine whether Bd1154, a catalase protein homologous to Bd0798 and 

highlighted by searches of the Bdellovibrio genome for potential homologues, was 

expressed by Bdellovibrio during predation, I fluorescently tagged Bd1154 with an 

mCherry fluorescent tag at the C-terminus. Bd1154mCherry-tagged B. 

bacteriovorus were visualised throughout predation. Bd1154mCherry was not 

discernibly expressed throughout predation of E. coli by B. bacteriovorus (Figure 

4.5.8).  

4.5.3.4. Bd1155/AnkB 

To determine whether Bd1155 was expressed by Bdellovibrio during predation, I 

fluorescently tagged Bd1155 with an mCerulean fluorescent tag at the C-terminus. 

Bd1155mCerulean-tagged B. bacteriovorus were visualised throughout predation. 

Bd1155mCerulean was not discernibly expressed by the majority of Bdellovibrio 

throughout predation of E. coli by B. bacteriovorus (Figure 4.5.9). The expression 

of Bd1155mCerulean in attack phase Bdellovibrio, and the conditions under which 

this occurs, would require further investigation. 
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Figure 4.5.5: Bd0798mCerulean is not discernibly expressed by B. bacteriovorus 
throughout predation. B. bacteriovorus containing a C-terminally tagged mCerulean-tagged 
Bd0798 protein and a constitutively expressed mCherry-tagged Bd0064 protein (illuminating the 
cell body of the Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of 
E. coli. Bd0798mCerulean was not discernibly expressed throughout predation. At least 5 fields of 
view were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: 
Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, 
Excitation: 550-600 nm Emission: 610-665 nm. White scale bars represent 2 µM. 

 

T0

T15

T30

T45

T60

T120

T240

T180

PHASE mCerulean mCherry Colour Merge Merge

100% Dark

100% Dark

100% Dark

100% Dark

100% Dark

100% Dark

100% Dark

100% Dark



 
246 

 

Figure 4.5.6: Bd0798mCherry is not discernibly expressed by B. bacteriovorus throughout 
predation. B. bacteriovorus containing a C-terminally tagged mCherry-tagged Bd0798 protein and 
a constitutively expressed mCerulean-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of E. coli. 
Bd0798mCherry was not discernibly expressed throughout predation. At least 5 fields of view were 
imaged from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: Exposure 10 s, 
Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 nm 
Emission: 610-665 nm. White scale bars represent 2 µM. 
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Figure 4.5.7: Bd0799mCherry is not discernibly expressed by B. bacteriovorus throughout 
predation. B. bacteriovorus containing a C-terminally tagged mCherry-tagged Bd0799 protein and 
a constitutively expressed mCerulean-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of E. coli. 
Bd0799mCherry was not discernibly expressed throughout predation. At least 5 fields of view were 
imaged from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: Exposure 10 s, 
Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 nm 
Emission: 610-665 nm. White scale bars represent 2 µM. 
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Figure 4.5.8: Bd1154mCherry is not discernibly expressed by B. bacteriovorus throughout 
predation. B. bacteriovorus containing a C-terminally tagged mCherry-tagged Bd1154 protein and 
a constitutively expressed mCerulean-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of E. coli. 
Bd1154mCherry was not discernibly expressed throughout predation. At least 5 fields of view were 
imaged from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: Exposure 10 s, 
Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 nm 
Emission: 610-665 nm. White scale bars represent 2 µM. 
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Figure 4.5.9: Bd1155mCerulean is not discernibly expressed by the majority of B. 
bacteriovorus cells throughout predation. B. bacteriovorus containing a C-terminally tagged 
mCerulean-tagged Bd1155 protein and a constitutively expressed mCherry-tagged Bd0064 protein 
(illuminating the cell body of the Bdellovibrio) were visualised via fluorescence microscopy, 
throughout predation of E. coli. Bd1155mCerulean was not discernibly expressed by the majority 
of Bdellovibrio throughout predation. In some instances, Bd1155mCerulean is diffusely expressed 
in attack phase cells at 0 and 15 minutes of predation At least 5 fields of view were imaged from 
each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: Exposure 10 s, Excitation: 
420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 nm Emission: 
610-665 nm. White scale bars represent 2 µM. 
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4.5.4. Fluorescently tagged Bd1815 is expressed 
throughout predation of E. coli by B. bacteriovorus. 

To determine whether Bd1815, a hypothetical protein that I hypothesise to 

resemble an Outer Membrane Protein or porin and highlighted by the initial 

bacterial transcriptome study in zebrafish, was expressed by Bdellovibrio during 

predation, I fluorescently tagged Bd1815 with an mCherry and an mCerulean 

fluorescent tag at the C-terminus. Bd1815mCherry-tagged or Bd1815mCerulean-

tagged B. bacteriovorus were visualised throughout predation. Both fluorescent 

tags were assessed as I did not know which would be more visible within the 

macrophage, with macrophage showing autofluorescence in both the mCherry 

and mCerulean channels, and whether the location of the protein would influence 

fluorescent tag expression, as Bd1815 has a signal peptide and will localise to the 

periplasm. Bd1815mCherry and Bd1815mCerulean were expressed throughout 

predation of E. coli by B. bacteriovorus, forming single foci in approximately 14% 

of attack phase cells at T0 and T240 (Figures 4.5.10 and 4.5.11). The expression of 

Bd1815mCherry suggests that Bd1815 is expressed in single foci in a small 

proportion of Bdellovibrio throughout predation, rather than just in attack phase. 

This may be due to the mCherry signal being clearer throughout predation than 

the mCerulean signal, which is sometimes indiscernible from the blue 

autofluorescence of E. coli prey. 
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Figure 4.5.10: Bd1815mCerulean is expressed by B. bacteriovorus throughout predation. B. 
bacteriovorus containing a C-terminally tagged mCerulean-tagged Bd1815 protein and a 
constitutively expressed mCherry-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of E. coli. 
Bd1815mCerulean was expressed throughout predation, forming foci in some instances in attack 
phase cells, and expressed diffusely throughout the remainder of predation. At least 5 fields of 
view were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: 
Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, 
Excitation: 550-600 nm Emission: 610-665 nm. White scale bars represent 2 µM. 
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Figure 4.5.11: Bd1815mCherry is expressed by B. bacteriovorus throughout predation. B. 
bacteriovorus containing a C-terminally tagged mCherry-tagged Bd1815 protein and a 
constitutively expressed mCerulean-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of E. coli. 
Bd1815mCherry was expressed throughout predation, forming a central distribution in attack 
phase cells, and expressed diffusely throughout the remainder of predation. At least 5 fields of 
view were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: 
Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, 
Excitation: 550-600 nm Emission: 610-665 nm. White scale bars represent 2 µM. 
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4.5.5. Fluorescently tagged alkyl hydroperoxide 
reductase proteins, Bd2517/AhpC and 
Bd2518/AhpF, are expressed throughout predation 
of E. coli by B. bacteriovorus.  

To determine whether Bd2517 and Bd2518, two alkyl hydroperoxide reductase 

proteins involved in hydrogen peroxide detoxification and highlighted by initial 

transcriptional studies in zebrafish, were expressed by Bdellovibrio during 

predation, I fluorescently tagged Bd2517 and Bd2518 with an mCerulean 

fluorescent tag at the C-terminus. Bd2517mCerulean-tagged or 

Bd2518mCerulean-tagged B. bacteriovorus were visualised throughout predation. 

Bd2517mCerulean was expressed as two foci in the majority of attack phase cells 

at T0, after which Bd2517mCerulean expression shifts, towards a diffuse 

expression throughout intraperiplasmic growth (T45 onwards), resuming its 

bipolar foci expression in newly released attack phase progeny at 4 hours (Figure 

4.5.12). Bd2518mCerulean was expressed diffusely throughout predation of E. 

coli by B. bacteriovorus (Figure 4.5.13).  
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Figure 4.5.12: Bd2517mCerulean is expressed by B. bacteriovorus throughout predation. B. 
bacteriovorus containing a C-terminally tagged mCerulean-tagged Bd2517 protein and a 
constitutively expressed mCherry-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of E. coli. 
Bd2517mCerulean was expressed in a bipolar foci distribution in the majority of Bdellovibrio during 
attack phase. Throughout predation, Bd2517mCerulean shifts from a bipolar foci distribution, 
towards a diffuse expression throughout intraperiplasmic growth (T45 onwards), resuming its 
bipolar foci expression in newly released attack phase progeny at 4 hours. At least 5 fields of view 
were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: Exposure 
10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 
nm Emission: 610-665 nm. White scale bars represent 2 µM. 
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Figure 4.5.13: Bd2518mCerulean is expressed by B. bacteriovorus throughout predation. B. 
bacteriovorus containing a C-terminally tagged mCerulean-tagged Bd2518 protein and a 
constitutively expressed mCherry-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of E. coli. 
Bd2518mCerulean was expressed diffusely in the majority of Bdellovibrio during attack phase and 
throughout predation. At least 5 fields of view were imaged from each of 2 biological replicates. 
Phase: Exposure 50 ms; mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 
nm; mCherry: Exposure 10s, Excitation: 550-600 nm Emission: 610-665 nm. White scale bars 
represent 2 µM. 
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4.5.6. Bd2620/Dps is expressed throughout predation 
of E. coli by B. bacteriovorus. 

To determine whether Bd2620, a Dps DNA protection from starvation protein 

highlighted by initial transcriptional studies in zebrafish, was expressed by 

Bdellovibrio during predation, I fluorescently tagged Bd2620 with an mCerulean 

fluorescent tag at the C-terminus. Bd2620mCerulean-tagged B. bacteriovorus 

were visualised throughout predation. Bd2620mCerulean was expressed 

throughout predation of E. coli by B. bacteriovorus (Figure 4.5.14). 
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Figure 4.5.14: Bd2620mCerulean is expressed by B. bacteriovorus throughout predation. B. 
bacteriovorus containing a C-terminally tagged mCerulean-tagged Bd2620 protein and a 
constitutively expressed mCherry-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of E. coli. 
Bd2620mCerulean was expressed throughout predation, although expression appears fainter 
throughout intraperiplasmic growth (T60-T180) and is not discernible above prey 
autofluorescence. At least 5 fields of view were imaged from each of 2 biological replicates. 
Phase: Exposure 50 ms; mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 
nm; mCherry: Exposure 10s, Excitation: 550-600 nm Emission: 610-665 nm. White scale bars 
represent 2 µM. 
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4.5.7. Bd3203 is expressed throughout predation of 
E. coli by B. bacteriovorus. 

To determine whether Bd3203, a hypothetical protein highlighted by initial 

transcriptional studies in zebrafish, was expressed by Bdellovibrio during 

predation, I fluorescently tagged Bd3203 with an mCerulean fluorescent tag at the 

C-terminus. Bd3203mCerulean-tagged B. bacteriovorus were visualised 

throughout predation. Bd3203mCerulean was expressed throughout predation of 

E. coli by B. bacteriovorus (Figure 4.5.15).  
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Figure 4.5.15: Bd3203mCerulean is expressed by B. bacteriovorus throughout predation. B. 
bacteriovorus containing a C-terminally tagged mCerulean-tagged Bd3203 protein and a 
constitutively expressed mCherry-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, throughout predation of E. coli. 
Bd3203mCerulean was expressed throughout predation. At least 5 fields of view were imaged 
from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: Exposure 10 s, 
Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 nm 
Emission: 610-665 nm. White scale bars represent 2 µM. 
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4.6. Visualisation of fluorescently tagged 
protein expression throughout Bdellovibrio 
occupation of macrophage. 

To determine whether the expression of our proteins of interest could be 

visualised and therefore their expression characterised, whilst Bdellovibrio resides 

within the phagosome of macrophage (see Raghunathan et al., 2018; (2)), B. 

bacteriovorus containing a fluorescently tagged Bd0064 protein, a constitutively 

expressed cytoplasmic protein that, when fluorescently tagged with an 

mCerulean3 or mCherry protein, illuminates the cytoplasm and cell body of 

Bdellovibrio, was visualised following uptake by macrophage at 2-, 4- and 24-

hours post-uptake.  Bd0064mCerulean was expressed throughout Bdellovibrio 

occupation of macrophage (Figure 4.6.1), demonstrating its suitability as a 

background cytoplasmic marker in this assay, to be used in combination with our 

fluorescently tagged proteins of interest to associate fluorescent protein 

expression with individual Bdellovibrio cells within the phagosomal compartment, 

within macrophage. 

I initially intended to characterise (fluorescently tagged) protein expression to 

further ascertain the expression and relative importance of these proteins within 

macrophage. However, due to the autofluorescence of macrophage, the results of 

this microscopy are largely inconclusive. In future, I would tag these proteins with 

a small avidin tag, which I would clone into their protein sequence through a 

process analogous to the one I used to fluorescently tag these proteins initially. I 

would then use a biotinylated antibody to bind the avidin tag, which would then be 

quantified using an anti-biotin secondary antibody conjugated to a luminescent 

marker (e.g. horseradish peroxidase) to quantify protein expression by Western 

blot. I would quantify protein expression by Bdellovibrio, within macrophage, at 

these timepoints, and in response to exogenous oxidative stresses such as 

hydrogen peroxide or superoxide radicals. This would give a much more accurate 

picture of protein expression throughout macrophage occupation. Nevertheless, I 

present the fluorescent protein expression data below, for some proteins of which 

visible and discernible expression is present. 
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Figure 4.6.1: Bd0064mCerulean is visibly expressed by B. bacteriovorus throughout 
occupation of macrophage. B. bacteriovorus containing a C-terminally tagged constitutively 
expressed mCerulean-tagged Bd0064 protein (illuminating the cell body of the Bdellovibrio) were 
visualised via fluorescence microscopy, following uptake by macrophage, at 2-, 4- and 24-hours 
post-uptake. Bd0064mCerulean was expressed and fluorescent protein expression was visible 
throughout Bdellovibrio occupation of macrophage, demonstrating its suitability as a background 
marker of the Bdellovibrio cell body in combination with our fluorescently tagged proteins of 
interest. At least 5 fields of view were imaged from each of 2 biological replicates. Phase: 
Exposure 50 ms; mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm. 
White scale bars represent 5 µM, Yellow scale bars represent 2 µM (Zoom) and Green scale bars 
represent 2 µM (RPMI Controls; Lower Panel). 
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4.6.1. Bd0017/SurAmCherry is expressed, in some 
instances, by B. bacteriovorus at 24 hours post-
uptake, whilst occupying macrophage. 

To determine whether Bd0017, a SurA survival associated protein highlighted by 

my dual transcriptional study of Bdellovibrio transcription within macrophage, and 

by literature searches of bacterial pathogens, was expressed by Bdellovibrio 

during occupation of macrophage, Bd0017mCherry-tagged B. bacteriovorus were 

visualised following uptake by macrophage at 2-, 4- and 24-hours post-uptake.  

Bd0017mCherry was expressed at 24-hours post-uptake in 55.8% of cases but 

was not discernibly expressed at earlier timepoints (2- and 4-hours post-uptake) 

(Figure 4.6.2).  
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Figure 4.6.2: Bd0017mCherry is expressed, in some instances, by B. bacteriovorus at 24 
hours post-uptake, whilst occupying macrophage. B. bacteriovorus containing a C-terminally 
tagged mCherry-tagged Bd0017 protein and a constitutively expressed mCerulean-tagged Bd0064 
protein (illuminating the cell body of the Bdellovibrio) were visualised via fluorescence microscopy, 
following uptake by macrophage, at 2-, 4- and 24-hours post-uptake. In some instances, 
Bd0017mCherry was expressed at 24 hours post-uptake, but not at 2- and 4- hours post-uptake. 
At least 5 fields of view were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; 
mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 
10s, Excitation: 550-600 nm Emission: 610-665 nm. White scale bars represent 5 µM, Yellow 
scale bars represent 2 µM (Zoom) and Green scale bars represent 2 µM (RPMI Controls; Lower 
Panel). 
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4.6.2. Fluorescently tagged Bd1401/SodC is 
expressed by some Bdellovibrio throughout 
macrophage occupation, whereas Bd0295/SodC is 
not discernibly expressed throughout Bdellovibrio 
occupation of macrophage. 

4.6.2.1. Bd0295/SodC is not discernibly expressed by B. 

bacteriovorus throughout macrophage occupation. 

To determine whether Bd0295, a SodC Copper-Zinc Superoxide Dismutase 

protein, highlighted by the initial bacterial transcriptome study in zebrafish was 

expressed by Bdellovibrio during occupation of macrophage, Bd0295mCherry-

tagged or Bd0295mCerulean-tagged B. bacteriovorus were visualised following 

uptake by macrophage at 2-, 4- and 24-hours post-uptake. Bd0295mCherry and 

Bd0295mCerulean were not discernibly expressed throughout Bdellovibrio 

occupation of macrophage (Figures 4.6.3 and 4.6.4).  

4.6.2.2. Bd1401/SodC is expressed by a small proportion of 

B. bacteriovorus throughout macrophage occupation, most 

frequently at 24 hours post-uptake. 

To determine whether Bd1401, the other SodC Copper-Zinc Superoxide 

Dismutase protein in the Bdellovibrio genome, highlighted by literature searches 

and searches for SodC homologues within the Bdellovibrio genome, was 

expressed by Bdellovibrio during occupation of macrophage, Bd1401mCherry-

tagged B. bacteriovorus were visualised following uptake by macrophage at 2-, 4- 

and 24-hours post-uptake. Bd1401mCherry was not discernibly expressed by the 

majority of Bdellovibrio throughout Bdellovibrio occupation of macrophage but was 

expressed by some Bdellovibrio throughout occupation, most commonly at 24-

hours post-uptake (Figure 4.6.5). This would require further investigation.  
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Figure 4.6.3: Bd0295mCerulean is not discernibly expressed by B. bacteriovorus 
throughout macrophage occupation. B. bacteriovorus containing a C-terminally tagged 
mCerulean-tagged Bd0295 protein and a constitutively expressed mCherry-tagged Bd0064 protein 
(illuminating the cell body of the Bdellovibrio) were visualised via fluorescence microscopy, 
following uptake by macrophage, at 2-, 4- and 24-hours post-uptake. Bd0295mCerulean was not 
discernibly expressed throughout Bdellovibrio occupation of macrophage. At least 5 fields of view 
were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: Exposure 
10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 
nm Emission: 610-665 nm. White scale bars represent 5 µM, Yellow scale bars represent 2 µM 
(Zoom) and Green scale bars represent 2 µM (RPMI Controls; Lower Panel). 

2.3% Expressed
97.7% Not Expressed

3.3% Expressed
96.7% Not Expressed

4.0% Expressed
96.0% Not Expressed

GRB-MERGE

PHASE CERULEAN CHERRY RB-MERGE GRB-MERGE

2 HOURS

4 HOURS

24 HOURS

ZOOM

RB-MERGE

GRB-MERGE

2 HOURS 4 HOURS 24 HOURS



 
266 

 

Figure 4.6.4: Bd0295mCherry is not discernibly expressed by B. bacteriovorus throughout 
macrophage occupation. B. bacteriovorus containing a C-terminally tagged mCherry-tagged 
Bd0295 protein and a constitutively expressed mCerulean-tagged Bd0064 protein (illuminating the 
cell body of the Bdellovibrio) were visualised via fluorescence microscopy, following uptake by 
macrophage, at 2-, 4- and 24-hours post-uptake. Bd0295mCherry was not discernibly expressed 
throughout Bdellovibrio occupation of macrophage. At least 5 fields of view were imaged from 
each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: Exposure 10 s, Excitation: 
420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 nm Emission: 
610-665 nm. White scale bars represent 5 µM, Yellow scale bars represent 2 µM (Zoom) and 
Green scale bars represent 2 µM (RPMI Controls; Lower Panel). 
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Figure 4.6.5: Bd1401mCherry is expressed by B. bacteriovorus, in some instances, 
throughout macrophage occupation, most frequently at 24 hours post-uptake. B. 
bacteriovorus containing a C-terminally tagged mCherry-tagged Bd1401 protein and a 
constitutively expressed mCerulean-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, following uptake by macrophage, at 2-, 
4- and 24-hours post-uptake. Bd1401mCherry was expressed throughout Bdellovibrio occupation 
of macrophage, in some instances, with expression being most common at 24 hours post-uptake. 
At least 5 fields of view were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; 
mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 
10s, Excitation: 550-600 nm Emission: 610-665 nm. White scale bars represent 5 µM, Yellow 
scale bars represent 2 µM (Zoom) and Green scale bars represent 2 µM (RPMI Controls; Lower 
Panel). 
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4.6.3. Fluorescently tagged Catalase proteins, 
Bd0798/CatA and Bd1154/KatA, and their Ankyrin 
proteins, Bd0799/AnkB and Bd1155/AnkB, are not 
discernibly expressed throughout occupation of 
macrophage by Bdellovibrio. 

4.6.3.1. Bd0798/CatA is not discernibly expressed by B. 

bacteriovorus throughout macrophage occupation, except in 

some instances at 2- and 24-hours post-uptake. 

To determine whether Bd0798, a catalase protein highlighted by the initial 

bacterial transcriptome study in zebrafish, was expressed by Bdellovibrio during 

occupation of macrophage, Bd0798mCherry-tagged or Bd0798mCerulean-tagged 

B. bacteriovorus were visualised following uptake by macrophage at 2-, 4- and 24-

hours post-uptake. Bd0798mCherry and Bd0798mCerulean were not discernibly 

expressed by the majority of Bdellovibrio throughout Bdellovibrio occupation of 

macrophage, but some instances of Bd0798mCherry and Bd0798mCerulean 

expression were seen at 2- and 24-hours post-uptake (Figures 4.6.6 and 4.6.7). 
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4.6.3.2. Bd0799/AnkB is not discernibly expressed by B. 

bacteriovorus throughout macrophage occupation. 

To determine whether Bd0799, a regulatory ankyrin protein, was expressed by 

Bdellovibrio during occupation of macrophage, Bd0799mCherry-tagged B. 

bacteriovorus were visualised following uptake by macrophage at 2-, 4- and 24-

hours post-uptake. Fluorescent tagging of Bd0799 with an mCherry protein 

required the incorporation of a flexible peptide linker, as repeated attempts to tag 

Bd0799 directly with the mCherry tag caused mutations in the fluorescent tag and 

gene (Rob Till, Personal Communication), suggesting that the mCherry tag was 

interfering with the expression of Bd0799 in some way. Bd0799mCherry was not 

discernibly expressed throughout Bdellovibrio occupation of macrophage (Figure 

4.6.8).  

4.6.3.3. Bd1154/KatA is not discernibly expressed by the 

majority of B. bacteriovorus throughout macrophage 

occupation. 

To determine whether Bd1154, a catalase protein homologous to Bd0798 and 

highlighted by searches of the Bdellovibrio genome for potential homologues, was 

expressed by Bdellovibrio during occupation of macrophage, Bd1154mCerulean-

tagged B. bacteriovorus were visualised following uptake by macrophage at 2-, 4- 

and 24-hours post-uptake. Bd1154mCerulean was not discernibly expressed 

throughout Bdellovibrio occupation of macrophage (Figure 4.6.9).  

4.6.3.4. Bd1155/AnkB is not discernibly expressed by B. 

bacteriovorus throughout macrophage occupation. 

To determine whether Bd1155, highlighted by searches of the Bdellovibrio 

genome for potential homologues, was expressed by Bdellovibrio during 

occupation of macrophage, Bd1155mCerulean-tagged B. bacteriovorus were 

visualised following uptake by macrophage at 2-, 4- and 24-hours post-uptake. 

Bd1155mCerulean was not discernibly expressed throughout Bdellovibrio 

occupation of macrophage (Figure 4.6.10).   
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Figure 4.6.6: Bd0798mCerulean is not discernibly expressed by B. bacteriovorus 
throughout macrophage occupation, except in some instances at 24 hours post-uptake. B. 
bacteriovorus containing a C-terminally tagged mCerulean-tagged Bd0798 protein and a 
constitutively expressed mCherry-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, following uptake by macrophage, at 2-, 
4- and 24-hours post-uptake. Bd0798mCerulean was not discernibly expressed throughout 
Bdellovibrio occupation of macrophage, except in some instances at 24 hours post-uptake. At 
least 5 fields of view were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; 
mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 
10s, Excitation: 550-600 nm Emission: 610-665 nm. White scale bars represent 5 µM, Yellow 
scale bars represent 2 µM (Zoom) and Green scale bars represent 2 µM (RPMI Controls; Lower 
Panel). 
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Figure 4.6.7: Bd0798mCherry is not discernibly expressed by B. bacteriovorus throughout 
macrophage occupation, except in some instances at 2- and 24-hours post-uptake. B. 
bacteriovorus containing a C-terminally tagged mCherry-tagged Bd0798 protein and a 
constitutively expressed mCerulean-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, following uptake by macrophage, at 2-, 
4- and 24-hours post-uptake. Bd0798mCherry was not discernibly expressed throughout 
Bdellovibrio occupation of macrophage, except in some instances at 2- and 24-hours post-uptake. 
At least 5 fields of view were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; 
mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 
10s, Excitation: 550-600 nm Emission: 610-665 nm. White scale bars represent 5 µM, Yellow 
scale bars represent 2 µM (Zoom) and Green scale bars represent 2 µM (RPMI Controls; Lower 
Panel). 
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Figure 4.6.8: Bd0799mCherry is not discernibly expressed by B. bacteriovorus throughout 
macrophage occupation. B. bacteriovorus containing a C-terminally tagged mCherry-tagged 
Bd0799 protein and a constitutively expressed mCerulean-tagged Bd0064 protein (illuminating the 
cell body of the Bdellovibrio) were visualised via fluorescence microscopy, following uptake by 
macrophage, at 2-, 4- and 24-hours post-uptake. Bd0799mCherry was not discernibly expressed 
throughout Bdellovibrio occupation of macrophage. At least 5 fields of view were imaged from 
each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: Exposure 10 s, Excitation: 
420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 nm Emission: 
610-665 nm. White scale bars represent 5 µM, Yellow scale bars represent 2 µM (Zoom) and 
Green scale bars represent 2 µM (RPMI Controls; Lower Panel). 
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Figure 4.6.9: Bd1154mCerulean is expressed, in some instances, by B. bacteriovorus 
throughout macrophage occupation. B. bacteriovorus containing a C-terminally tagged 
mCerulean-tagged Bd1154 protein and a constitutively expressed mCherry-tagged Bd0064 protein 
(illuminating the cell body of the Bdellovibrio) were visualised via fluorescence microscopy, 
following uptake by macrophage, at 2-, 4- and 24-hours post-uptake. Bd1154mCerulean was 
expressed throughout Bdellovibrio occupation of macrophage, in some instances. At least 5 fields 
of view were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: 
Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, 
Excitation: 550-600 nm Emission: 610-665 nm. White scale bars represent 5 µM, Yellow scale 
bars represent 2 µM (Zoom) and Green scale bars represent 2 µM (RPMI Controls; Lower Panel). 
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Figure 4.6.10: Bd1155mCerulean is not discernibly expressed by B. bacteriovorus 
throughout macrophage occupation. B. bacteriovorus containing a C-terminally tagged 
mCerulean-tagged Bd1155 protein and a constitutively expressed mCherry-tagged Bd0064 protein 
(illuminating the cell body of the Bdellovibrio) were visualised via fluorescence microscopy, 
following uptake by macrophage, at 2-, 4- and 24-hours post-uptake. Bd1155mCerulean was not 
discernibly expressed throughout Bdellovibrio occupation of macrophage. At least 5 fields of view 
were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; mCerulean: Exposure 
10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 
nm Emission: 610-665 nm. White scale bars represent 5 µM, Yellow scale bars represent 2 µM 
(Zoom) and Green scale bars represent 2 µM (RPMI Controls; Lower Panel). 
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4.6.4. Fluorescently tagged Bd1815 is expressed by a 
small minority of Bdellovibrio throughout 
macrophage occupation, most frequently at 24 
hours post-uptake.  

To determine whether Bd1815, a hypothetical protein that I hypothesise to 

resemble an Outer Membrane Protein or porin and highlighted by the initial 

bacterial transcriptome study in zebrafish, was expressed by Bdellovibrio during 

occupation of macrophage, Bd1815mCherry-tagged or Bd1815mCerulean-tagged 

B. bacteriovorus were visualised following uptake by macrophage at 2-, 4- and 24-

hours post-uptake. Bd1815mCherry and Bd1815mCerulean were not discernibly 

expressed by the majority of Bdellovibrio throughout Bdellovibrio occupation of 

macrophage, but some instances of expression were seen at 4- and 24-hours 

post uptake, although expression is also seen in a subset of attack phase 

Bdellovibrio that have not been engulfed by macrophage (Figures 4.6.11 and 

4.6.12).  
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Figure 4.6.11: Bd1815mCerulean is expressed by B. bacteriovorus, in some instances, at 4- 
and 24-hours of macrophage occupation. B. bacteriovorus containing a C-terminally tagged 
mCerulean-tagged Bd1815 protein and a constitutively expressed mCherry-tagged Bd0064 protein 
(illuminating the cell body of the Bdellovibrio) were visualised via fluorescence microscopy, 
following uptake by macrophage, at 2-, 4- and 24-hours post-uptake. Bd1815mCerulean was 
expressed, in some instances, at 4- and 24- hours of Bdellovibrio occupation of macrophage. At 
least 5 fields of view were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; 
mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 
10s, Excitation: 550-600 nm Emission: 610-665 nm. White scale bars represent 5 µM, Yellow 
scale bars represent 2 µM (Zoom) and Green scale bars represent 2 µM (RPMI Controls; Lower 
Panel). 
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Figure 4.6.12: Bd1815mCherry is expressed by B. bacteriovorus, in some instances, at 4- 
and 24-hours of macrophage occupation. B. bacteriovorus containing a C-terminally tagged 
mCherry-tagged Bd1815 protein and a constitutively expressed mCerulean-tagged Bd0064 protein 
(illuminating the cell body of the Bdellovibrio) were visualised via fluorescence microscopy, 
following uptake by macrophage, at 2-, 4- and 24-hours post-uptake. Bd1815mCherry was 
expressed, in some instances, at 4- and 24- hours of Bdellovibrio occupation of macrophage. At 
least 5 fields of view were imaged from each of 2 biological replicates. Phase: Exposure 50 ms; 
mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; mCherry: Exposure 
10s, Excitation: 550-600 nm Emission: 610-665 nm. White scale bars represent 5 µM, Yellow 
scale bars represent 2 µM (Zoom) and Green scale bars represent 2 µM (RPMI Controls; Lower 
Panel). 
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4.6.5. Fluorescently tagged Alkyl Hydroperoxide 
Reductase proteins, Bd2517/AhpC and 
Bd2518/AhpF, are expressed throughout 
Bdellovibrio occupation of macrophage.  

To determine whether Bd2517 and Bd2518, two alkyl hydroperoxide reductase 

proteins involved in hydrogen peroxide detoxification and highlighted by initial 

transcriptional studies in zebrafish, were expressed by Bdellovibrio during 

occupation of macrophage, Bd2517mCerulean-tagged or Bd2518mCerulean-

tagged B. bacteriovorus were visualised following uptake by macrophage at 2-, 4- 

and 24-hours post-uptake. Bd2517mCerulean and Bd2518mCerulean were 

expressed throughout Bdellovibrio occupation of macrophage, although they are 

also highly expressed in attack phase cells that have not been engulfed by 

macrophage (Figures 4.6.13 and 4.6.14).  
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Figure 4.6.13: Bd2517mCerulean is expressed by B. bacteriovorus throughout macrophage 
occupation. B. bacteriovorus containing a C-terminally tagged mCerulean-tagged Bd2517 protein 
and a constitutively expressed mCherry-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, following uptake by macrophage, at 2-, 
4- and 24-hours post-uptake. Bd2517mCerulean was expressed thoroughout Bdellovibrio 
occupation of macrophage. At least 5 fields of view were imaged from each of 2 biological 
replicates. Phase: Exposure 50 ms; mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 
460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 nm Emission: 610-665 nm. White scale 
bars represent 5 µM, Yellow scale bars represent 2 µM (Zoom) and Green scale bars represent 2 
µM (RPMI Controls; Lower Panel). 
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Figure 4.6.14: Bd2518mCerulean is expressed by B. bacteriovorus throughout macrophage 
occupation. B. bacteriovorus containing a C-terminally tagged mCerulean-tagged Bd2518 protein 
and a constitutively expressed mCherry-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, following uptake by macrophage, at 2-, 
4- and 24-hours post-uptake. Bd2518mCerulean was expressed thoroughout Bdellovibrio 
occupation of macrophage. At least 5 fields of view were imaged from each of 2 biological 
replicates. Phase: Exposure 50 ms; mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 
460-500 nm; mCherry: Exposure 10s, Excitation: 550-600 nm Emission: 610-665 nm. White scale 
bars represent 5 µM, Yellow scale bars represent 2 µM (Zoom) and Green scale bars represent 2 
µM (RPMI Controls; Lower Panel). 
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4.6.6. Bd2620/Dps is expressed by B. bacteriovorus 
throughout macrophage occupation. 

To determine whether Bd2620, a Dps DNA protection from starvation protein 

highlighted by initial transcriptional studies in zebrafish, was expressed by 

Bdellovibrio during occupation of macrophage, Bd2620mCerulean-tagged B. 

bacteriovorus were visualised following uptake by macrophage at 2-, 4- and 24-

hours post-uptake. Bd2620mCerulean was expressed throughout Bdellovibrio 

occupation of macrophage, although it is also highly expressed in attack phase 

cells that have not been engulfed by macrophage (Figure 4.6.15).
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Figure 4.6.15: Bd2620mCerulean is expressed by B. bacteriovorus throughout macrophage 
occupation. B. bacteriovorus containing a C-terminally tagged mCerulean-tagged Bd2620 protein 
and a constitutively expressed mCherry-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, following uptake by macrophage, at 2-, 
4- and 24-hours post-uptake. Bd2620 was expressed throughout Bdellovibrio occupation of 
macrophage. At least 5 fields of view were imaged from each of 2 biological replicates. Phase: 
Exposure 50 ms; mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; 
mCherry: Exposure 10s, Excitation: 550-600 nm Emission: 610-665 nm. White scale bars 
represent 5 µM, Yellow scale bars represent 2 µM (Zoom) and Green scale bars represent 2 µM 
(RPMI Controls; Lower Panel). 
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4.6.7. Bd3203 is expressed by B. bacteriovorus 
throughout macrophage occupation. 

To determine whether Bd3203, a hypothetical protein highlighted by initial 

transcriptional studies in zebrafish, was expressed by Bdellovibrio during 

occupation of macrophage, Bd3203mCerulean-tagged B. bacteriovorus were 

visualised following uptake by macrophage at 2-, 4- and 24-hours post-uptake. 

Bd3203mCerulean was expressed throughout Bdellovibrio occupation of 

macrophage, although it is also highly expressed in attack phase cells that have 

not been engulfed by macrophage (Figure 4.6.16). 
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Figure 4.6.16: Bd3203mCerulean is expressed by B. bacteriovorus throughout macrophage 
occupation. B. bacteriovorus containing a C-terminally tagged mCerulean-tagged Bd3203 protein 
and a constitutively expressed mCherry-tagged Bd0064 protein (illuminating the cell body of the 
Bdellovibrio) were visualised via fluorescence microscopy, following uptake by macrophage, at 2-, 
4- and 24-hours post-uptake. Bd3203 was expressed throughout Bdellovibrio occupation of 
macrophage. At least 5 fields of view were imaged from each of 2 biological replicates. Phase: 
Exposure 50 ms; mCerulean: Exposure 10 s, Excitation: 420-450 nm, Emission: 460-500 nm; 
mCherry: Exposure 10s, Excitation: 550-600 nm Emission: 610-665 nm. White scale bars 
represent 5 µM, Yellow scale bars represent 2 µM (Zoom) and Green scale bars represent 2 µM 
(RPMI Controls; Lower Panel). 
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4.7. Determining the importance of our 
candidate proteins in the predation of E. coli 
by B. bacteriovorus.  

To determine whether the removal of our candidate gene products would affect 

the efficiency of predation by B. bacteriovorus, our gene deletion strains were 

incubated with E. coli S17-1 prey, and the OD600 of the predation culture 

measured over time. As B. bacteriovorus are too small to be measured accurately 

by optical density, the growth of E. coli S17-1/optical density of the predatory 

culture containing E. coli S17-1 was used as a proxy for successful predation 

(indicated by prey cell death and a drop in optical density).  

4.7.1. Experimental considerations 

At 0 hours, there was an excess of prey compared to Bdellovibrio, so every 

Bdellovibrio will likely have invaded a prey cell. Although entry and prey cell death 

occur within 20 minutes of the initiation of predation, prey cell lysis and a drop in 

OD600 does not occur until approximately 4 hours. At 4 hours, prey cells were still 

abundant but there were more Bdellovibrio predators than previously. In 

subsequent cycles, the number of uninvaded prey cells decreased and the 

number of Bdellovibrio increased, causing predation and the drop in OD600 to 

slow, and the rate of predation to become less efficient (Figures 4.7.1). At 18 

hours, there was an excess of predator Bdellovibrio, but very few available prey 

cells (approximately 1x107 c.f. 1x109 at 0 hours; Figure 4.7.3) and an excess of 

cellular debris (Figures 4.7.2), making any further predation unlikely/minimal, and 

potentially explaining why the OD600 of the predatory culture in this assay does 

not equal zero (Figures 4.7.1).  The remaining live E. coli cells are not preyed 

upon due to a decreased probability of collision with Bdellovibrio (due to cellular 

debris) or due to the remaining E. coli cells being phenotypically resistant to 

predation by B. bacteriovorus (351). 
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Figure 4.7.1: Predation of E. coli S17-1 by B. bacteriovorus HD100. Wildtype B. bacteriovorus 
HD100 was incubated with E. coli S17-1 prey over an 18-hour period, with the OD

600 
measured as 

a proxy for predation and prey cell bursting. At 0 hours, there is an excess of prey compared to 
Bdellovibrio, so every Bdellovibrio will likely invade a prey cell. Although entry and prey cell death 
occurs within 20 minutes, prey cell lysis and a drop in OD600 does not occur until approximately 4 
hours. At 4 hours, prey cells are still abundant but there are more Bdellovibrio predators. In 
subsequent cycles, the number of uninvaded prey cells decreases and the number of predator 
Bdellovibrio increases, causing predation and the drop in OD600 to slow and become less efficient. 
At 18 hours, there are an excess of predator Bdellovibrio, but very few available prey cells and an 
excess of cellular debris, making any further predation unlikely/minimal.  Error bars represent 
standard deviation.  N=6, where N represents the number of biological replicates.  
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Figure 4.7.2: Microscopy images taken at 0 hours and 18 hours during the predation of E. 
coli by B. bacteriovorus HD100.   Phase images were taken at 0 and 18 hours, during the 
predation of E. coli by B. bacteriovorus HD100, using an identical predation assay set-up as the 
assay used to test the importance of our candidate proteins in predation.  At 0 hours, there is an 
excess of E. coli prey cells and very few Bdellovibrio. At 18 hours, there is an excess of 
Bdellovibrio, and very few available E. coli prey cells. There are also several bdelloplasts, 
representing stalled predation, and an excess of cellular debris (circled in red). The presence of 
these remaining bdelloplasts and cellular debris may explain why the OD600 reading never reaches 
zero in my assay. Scale bars represent 5 µm.  Images were taken using a Nikon TiE Inverted 
Fluorescence Microscope. Phase: 250 ms.  

 

Figure 4.7.3: Comparison of the E. coli CFU/ml Input (T0) and Output (T18) values shows that 
some live E. coli remain after 18 hours of predation by B. bacteriovorus HD100. 
Quantification of live E. coli S17-1 was performed at T0, prior to predation, and T18, at the end of 
our predation assay (B. bacteriovorus HD100 incubated with E. coli S17-1) by CFU plating. This 
showed that approximately 1% of the input E. coli are viable and alive after 18 hours of predation. 
This, in combination with remaining cellular debris and bdelloplasts, may explain why the OD600 
reading never reaches zero in my assay.  Error bars represent standard deviation.  N=3, where N 
represents the number of biological replicates.

0 Hours 18 Hours
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4.7.2. Deletion of a Copper-Zinc superoxide 
dismutase negatively impacts predation of E. coli 
by B. bacteriovorus. 

To investigate the role of superoxide dismutases in predation, B. bacteriovorus 

gene knockout mutants, with bd0295 or bd1401 sodC genes removed, were 

incubated with E. coli prey and the OD600 value measured as a proxy for E. coli 

prey lysis and predation, over a course of 18 hours. Removal of bd0295/sodC did 

not alter predation (Figure 4.7.4 A), whereas removal of bd1401/sodC negatively 

impacted predation, delaying predation and decreasing prey lysis between 6 and 

12 hours (P<0.05) (Figure 4.7.4 B).  
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Figure 4.7.4: Removal of the sodC superoxide dismutase gene bd1401 but not bd0295 
alters the ability of B. bacteriovorus to prey on E. coli. Single gene deletion mutants of B. 
bacteriovorus, with the bd0295 or bd1401 sodC genes removed, were incubated with E. coli 
S17-1 prey over an 18-hour period, with the OD

600 
measured as a proxy for predation and prey 

cell bursting. Removal of bd0295 did not alter the ability of B. bacteriovorus to prey upon E. coli 
(A). Removal of bd1401 negatively impacted the ability of B. bacteriovorus to prey upon E. coli, 
represented by a decrease in prey cell lysis between 6 and 12 hours (B). Black represents 
Wildtype B. bacteriovorus HD100 (A, B). Blue represents B. bacteriovorus Dbd0295 (A) or 
Dbd1401 (B). Green represents an E. coli only control. Error bars represent standard error of 
the mean. N.S. represents non-significance at P<0.05. * Indicates significance at P<0.05. ** 
Indicates significance at P<0.01. Significance was assessed using a two-way ANOVA with a 
Sidak’s multiple comparison test. N=3 (A) or N=6 (B), where N represents the number of 
biological replicates. Probability values for each timepoint (Test vs HD100 control) are 
represented by red horizontal line markers, plotted on the right x axis. 
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4.7.3. Deletion of catalase and ankyrin proteins does 
not impact predation of E. coli by B. bacteriovorus. 

To investigate the role of catalases, and their regulatory ankyrins, in predation, B. 

bacteriovorus gene knockout mutants, with bd0798/catA, bd0799/ankB, 

bd1154/katA or bd1155/ankB genes removed, were incubated with E. coli prey 

and the OD600 value measured as a proxy for E. coli prey lysis and predation, over 

a course of 18 hours. Removal of bd0798/catA (Figure 4.7.5 A) bd0799/ankB (B), 

bd1154/katA (C) or bd1155/ankB (D) did not alter predation efficiency or prey lysis 

(P<0.05), although there was a small visible difference in cell lysis in Figure 4.7.5 

C and D. This was not (statistically) significantly different to the WT, due to the 

spread and natural variation of the data. 

As individual gene knockout mutants in catalases and ankyrins did not alter 

predation, I next tested whether double knockout mutants in both catalase 

proteins or their two, neighbouring ankyrin proteins affected predation. B. 

bacteriovorus gene knockout mutants, with bd0798/catA and Bd1154/katA or 

bd0799/ankB and bd1155/ankB genes removed, denoted as DBd0798DBd1154 

and DBd0799DBd1155 respectively, were incubated with E. coli prey and the 

OD600 value measured as a proxy for E. coli prey lysis and predation, over a 

course of 18 hours. Removal of bd0798/catA and bd1154/katA did not alter 

predation (Figure 4.7.5 E) (P<0.05). Removal of bd0799/ankB and bd1155/ankB 

did not alter predation efficiency (P<0.05) (Figure 4.7.5 F), despite an apparently 

significant difference in prey lysis at 17 hours. 
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Figure 4.7.5: Removal of the catalase genes bd0798/catA and/or bd1154/katA, or the ankyrin 
genes bd0799/ankB and/or bd1155/ankB, does not alter the ability of B. bacteriovorus to 
prey on E. coli. Single gene deletion mutants of B. bacteriovorus, with bd0798/catA (A), 
bd0799/ankB (B), bd1154/katA (C), or bd1155/ankB genes removed, or double gene deletion 
mutants with both Dbd0798 and Dbd1154 (E) or both Dbd0799 and Dbd1155 (F) removed, were 
incubated with E. coli S17-1 prey over an 18-hour period, with the OD

600 
measured as a proxy for 

predation and prey cell bursting. Removal of bd0798 (A), bd0799 (B), bd1154 (C) or bd1155 (D) 
did not alter the ability of B. bacteriovorus to prey upon E. coli. Removal of both Dbd0798 and 
Dbd1154 (E) or both Dbd0799 and Dbd1155 (F) did not alter the ability of B. bacteriovorus to prey 
upon E. coli. Black represents Wildtype B. bacteriovorus HD100. Blue represents B. bacteriovorus 
Dbd0798/catA (A), Dbd0799/ankB (B), Dbd1154/katA (C), Dbd1155/ankB Dbd0798Dbd1154 (E) or 
Dbd0799Dbd1155 (F). Green represents an E. coli only control. Error bars represent standard 
error of the mean. N.S. represents non-significance at P<0.05. * Indicates significance at P<0.05. 
Significance was assessed using a two-way ANOVA with a Sidak’s multiple comparison test. N=3 
(A-E) or N=6 (F), where N represents the number of biological replicates. Probability values for 
each timepoint (Test vs HD100 control) are represented by red horizontal line markers, plotted on 
the right x axis. 
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4.7.4. Deletion of Bd2620/Dps negatively impacts 
predation of E. coli by B. bacteriovorus. 

To investigate the role of Bd2620 (Dps) in predation, a B. bacteriovorus gene 

knockout mutant, with the bd2620 gene removed, was incubated with E. coli prey 

and the OD600 value measured as a proxy for E. coli prey lysis and predation, over 

a course of 18 hours. Removal of bd2620/dps negatively impacted predation, 

represented by a small decrease in prey cell lysis between 7 and 9 hours 

(P<0.05) (Figure 4.7.6).  
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Figure 4.7.6: Removal of bd2620/dps alters the ability of B. bacteriovorus to prey on E. coli. A 
single gene deletion mutant of B. bacteriovorus, with the bd2620 gene removed, was incubated with 
E. coli S17-1 prey over an 18-hour period, with the OD

600 
measured as a proxy for predation and 

prey cell bursting. Removal of bd2620 negatively impacted the ability of B. bacteriovorus to prey 
upon E. coli. Black represents Wildtype B. bacteriovorus HD100. Blue represents B. bacteriovorus 
Dbd2620. Green represents an E. coli only control. Error bars represent standard error of the mean. 
N.S. represents non-significance at P<0.05. * indicates significance at P<0.05. Significance was 
assessed using a two-way ANOVA with a Sidak’s multiple comparison test. N=6, where N represents 
the number of biological replicates. Probability values for each timepoint (Test vs HD100 control) are 
represented by red horizontal line markers, plotted on the right x axis. 
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4.7.5. Deletion of Bd3203 (hypothetical) negatively 
impacts predation of E. coli by B. bacteriovorus. 

To investigate the role of Bd3203 in predation, a B. bacteriovorus gene knockout 

mutant, with the bd3203 gene removed, was incubated with E. coli prey and the 

OD600 value measured as a proxy for E. coli prey lysis and predation, over a 

course of 18 hours. Removal of bd3203 negatively impacted predation, 

decreasing prey lysis between 7 and 11 hours 40 minutes (P<0.05) (Figure 4.7.7).  
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Figure 4.7.7: Removal of bd3203 alters the ability of B. bacteriovorus to prey on E. coli. A 
single gene deletion mutant of B. bacteriovorus, with the bd3203 gene removed, was incubated with 
E. coli S17-1 prey over an 18-hour period, with the OD

600 
measured as a proxy for predation and 

prey cell bursting. Removal of bd3203 negatively impacted the ability of B. bacteriovorus to prey 
upon E. coli. Black represents Wildtype B. bacteriovorus HD100. Blue represents B. bacteriovorus 
Dbd3203. Green represents an E. coli only control. Error bars represent standard error of the mean. 
N.S. represents non-significance at P<0.05. * indicates significance at P<0.05. Significance was 
assessed using a two-way ANOVA with a Sidak’s multiple comparison test. N=6, where N represents 
the number of biological replicates. Probability values for each timepoint (Test vs HD100 control) are 
represented by red horizontal line markers, plotted on the right x axis. 
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4.7.6. Deletion of the hypothetical, OMP-like protein 
Bd1815 does not impact predation of E. coli by B. 
bacteriovorus. 

To investigate the role of Bd1815, a hypothetical protein that I predict to have an 

OMP-like function, in predation, B. bacteriovorus gene knockout mutants, with 

bd1815 removed, were incubated with E. coli prey and the OD600 value measured 

as a proxy for E. coli prey lysis and predation, over a course of 18 hours. Removal 

of bd1815 did not alter predation efficiency or prey lysis (P<0.05) (Figure 4.7.8).  
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Figure 4.7.8: Removal of bd1815 does not alter the ability of B. bacteriovorus to prey on 
E. coli. A single gene deletion mutant of B. bacteriovorus, with the bd1815 gene removed, was 
incubated with E. coli S17-1 prey over an 18-hour period, with the OD

600 
measured as a proxy 

for predation and prey cell bursting. Removal of bd1815 did not alter the ability of B. 
bacteriovorus to prey upon E. coli. Black represents Wildtype B. bacteriovorus HD100. Blue 
represents B. bacteriovorus Dbd1815. Green represents an E. coli only control. Error bars 
represent standard error of the mean. N.S. represents non-significance at P<0.05, assessed 
using a two-way ANOVA with a Sidak’s multiple comparison test. N=3, where N represents the 
number of biological replicates. Probability values for each timepoint (Test vs HD100 control) 
are represented by red horizontal line markers, plotted on the right x axis. 
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4.7.7. Computational analysis of E. coli OD600 curves 
shows that deletion of bd1401 and bd3203 delays 
predation. 

Using a methodology derived from Remy et al., 2022, I, with assistance from Dr 

Carey Lambert, used an R-based programme, CurveR, to analyse the regression 

and characteristics of the E. coli OD600 curve (413) for each of the Bdellovibrio 

knockout strains. This programme fitted a regressional (predicted) curve to the 

OD600 data, with the fitness of the curve given by VEcv value. From this analysis, 

we compared RMAX (Maximum rate of prey lysis) and S values (the time at which 

RMAX is reached) for each of the strains. All curves, for each strain and each 

biological replicate, had a VEcv value of 95 or above, where 100 indicates a 

perfect fit between the predicted/modelled curve and the experimental data. This 

suggests, according to the method of Remy et al., 2022, that the curve analysis is 

accurate within the cut-offs used and that the values represent an accurate 

depiction of the data.  

To determine whether the maximum rate of prey lysis (RMAX) or the time at which 

RMAX occurs (S Value) was different due to removal of certain candidate proteins, 

the OD600 of E. coli prey, over time, preyed upon by B. bacteriovorus strains with 

various (indicated) gene deletions was analysed using CurveR (413). The 

maximum rate of prey cell lysis during predation was not significantly altered by 

removal of any of the genes (P<0.05) (Figure 4.7.9A). The time at which RMAX 

occurs was significantly delayed in B. bacteriovorus Dbd1401 (P<0.01) and 

Dbd3203 (P<0.05), indicating, by the analysis criteria suggested by Remy et al., 

2022, that both gene deletion strains were delayed in lysing E. coli prey and in 

predation (Figure 4.7.9 B). This delay in lysis indicates that deletion of bd1401 or 

bd3203 impacts predator fitness, suggesting that these genes are involved in, and 

are important for, predation. 
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Figure 4.7.9: The maximum rate of, and timing of, E. coli prey lysis during two sets of three 
biological repeats of the predation of E. coli by B. bacteriovorus is altered by bd1401 and 
bd3203 gene deletion. CurveR software was used to analyse the OD600 curve of E. coli S17-1 
prey being preyed upon by WT or gene deletion mutants of B. bacteriovorus. RMAX represents the 
maximum rate of prey lysis across the whole 18-hour predation timecourse. Mean values for RMAX 
and S are represented by black horizontal line markers. Individual biological replicates are plotted 
as circle markers. Despite the experimental variation between biological replicates, the trend in the 
data remains the same, whereby Dbd1401 (P<0.01) and Dbd3203 (P<0.05) have a higher S value 
(time at which RMAX is reached) (Two-Way ANOVA with Dunnett’s Multiple Comparisons test). The 
maximum rate of prey lysis was not significantly different between each of the gene deletion 
strains and WT B. bacteriovorus. * Indicates significance at P<0.05, and ** indicates significance 
at P<0.01, using a Two-Way ANOVA with Dunnett’s Multiple Comparisons test. N=6 (A) where N 
represents the number of biological replicates.  

4.7.8. Summary 

To conclude, my data indicates that single gene deletion of bd0295/sodC, 

bd0798/catA, bd1154/katA, bd0799/ankB, bd1155/ankB or bd1815 or double 

gene deletions of bd0798/catA and bd1154/katA or bd0799/ankB and 

bd1155/ankB do not impact the predation of E. coli S17-1 by B. bacteriovorus 

(P<0.05).  

Deletion of bd1401/sodC negatively impacts predation, delaying predation and 

decreasing prey lysis between 6 and 12 hours. Deletion of bd2620/dps negatively 

impacts predation and decreases prey lysis between 7 and 9 hours (P<0.05). 

Deletion of bd3203 negatively impacts predation, delaying predation and 

decreasing prey lysis between 7 and 11 hours 40 minutes (P<0.05). This shows 

that many oxidative stress response proteins are not involved in predation, but 

some are. This is discussed for each gene in Section 4.9. 
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4.8. Determining the viability of B. 
bacteriovorus gene deletion mutants in 
macrophage 

To determine whether the removal of our candidate gene products would affect 

the viability of B. bacteriovorus in macrophage, our gene deletion strains were 

incubated with and phagocytosed by PMA-differentiated U937 cells, and their 

viability measured (by macrophage lysis and plaque plating) at 2-, 4-, 8- and 24-

hours post-uptake.  

4.8.1. Deletion of a Copper-Zinc superoxide 
dismutase negatively impacts the survival of B. 
bacteriovorus in macrophage. 

To investigate the role of sodC Copper-Zinc superoxide dismutases in 

macrophage survival, B. bacteriovorus gene knockout mutants, with bd0295 or 

bd1401 sodC genes removed, were incubated with macrophage and their viability 

measured at 2-, 4-, 8- and 24-hours post-uptake, by plating. Removal of 

bd0295/sodC did not alter viability in macrophage (Figure 4.8.1 A) whereas 

removal of bd1401/sodC did decrease the viability of B. bacteriovorus in 

macrophage at 2 hours (P<0.05) (Figure 4.8.1 B). 
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Figure 4.8.1: Removal of the sodC superoxide dismutase gene bd1401 but not bd0295 alters 
the survival of B. bacteriovorus in macrophage. Single gene deletion mutants of B. 
bacteriovorus, with the bd0295 or bd1401 sodC genes removed, were phagocytosed by PMA-
differentiated U937 cells and their viability measured at 2-, 4-, 8- and 24-hours post-uptake via 
plating. Removal of bd0295 did not alter the viability of B. bacteriovorus in macrophage (A). 
Removal of bd1401 negatively impacted the viability of B. bacteriovorus in macrophage at 2 hours 
post-uptake (P>0.05) (B). Black represents Wildtype B. bacteriovorus HD100 (A, B). Blue 
represents B. bacteriovorus Dbd0295 (A) or Dbd1401 (B). Error bars represent standard error of 
the mean (A, B). Significance was assessed using a two-way ANOVA with a Sidak’s multiple 
comparison test. N=3, where N represents the number of biological replicates.  * Indicates 
significance at P<0.05. All other comparisons between WT and mutant were non-significant at 
P<0.05.  
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4.8.2. Deletion of catalase and ankyrin proteins does 
not impact the survival of B. bacteriovorus in 
macrophage. 

To investigate the role of catalases, and their regulatory ankyrins, in macrophage 

survival, B. bacteriovorus gene knockout mutants, with bd0798/catA, 

bd0799/ankB, bd1154/katA or bd1155/ankB genes removed, were incubated with 

macrophage and their viability measured at 2-, 4-, 8- and 24-hours post-uptake, 

by plating. Removal of bd0798/catA (Figure 4.8.2 A) bd0799/ankB (B), 

bd1154/katA (C) or bd1155/ankB (D) did not alter the viability of B. bacteriovorus 

in macrophage.  

As individual gene knockout mutants in catalases and ankyrins did not alter the 

viability of B. bacteriovorus in macrophage, I next tested whether double knockout 

mutants in both catalase proteins or their two, neighbouring ankyrin proteins 

affected survival. B. bacteriovorus gene knockout mutants, with bd0798/catA and 

bd1154/katA or bd0799/ankB and bd1155/ankB genes removed, denoted as 

Dbd0798Dbd1154 and Dbd0799Dbd1155 respectively, were incubated with 

macrophage and their viability measured at 2-, 4-, 8- and 24-hours post-uptake, 

by plating. Removal of bd0798/catA and bd1154/katA did not alter the viability of 

B. bacteriovorus in macrophage (P<0.05) (Figure 4.8.4 E). Removal of 

bd0799/ankB and bd1155/ankB did not alter the survival of B. bacteriovorus in 

macrophage (P<0.05) (Figure 4.8.4 F).  
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Figure 4.8.2: Removal of the catalase genes bd0798/catA and/or bd1154/katA, or the ankyrin 
genes bd0799/ankB and/or bd1155/ankB, does not alter the survival of B. bacteriovorus in 
macrophage. Single gene deletion mutants of B. bacteriovorus, with bd0798/catA (A), 
bd0799/ankB (B), bd1154/katA (C), or bd1155/ankB genes removed, or double gene deletion 
mutants with both Dbd0798 and Dbd1154 (E) or both Dbd0799 and Dbd1155 (F) removed, were 
phagocytosed by PMA-differentiated U937 cells and their viability measured at 2-, 4-, 8- and 24-
hours post-uptake via plating. Removal of bd0798 (A), bd0799 (B), bd1154 (C) or bd1155 (D) did 
not alter the viability of B. bacteriovorus in macrophage. Removal of both Dbd0798 and Dbd1154 
(E) or both Dbd0799 and Dbd1155 (F) did not alter the viability of B. bacteriovorus in macrophage. 
Black represents Wildtype B. bacteriovorus HD100 (A-F). Blue represents B. bacteriovorus 
bd0798/catA (A), bd0799/ankB (B), bd1154/katA (C), or bd1155/ankB. Error bars represent 
standard error of the mean. Significance was assessed using a two-way ANOVA with a Sidak’s 
multiple comparison test. N=3, where N represents the number of biological replicates.  All 
comparisons between WT and mutant were non-significant at P<0.05.  
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4.8.3. Deletion of Bd2620/Dps does not impact the 
survival of B. bacteriovorus in macrophage. 

To investigate the role of Bd2620/Dps, a DNA protection from starvation and 

oxidative stress protein, in macrophage survival, a B. bacteriovorus gene 

knockout mutant, with bd2620/dps removed, was incubated with macrophage and 

their viability measured at 2-, 4-, 8- and 24-hours post-uptake, by plating. 

Removal of bd2620/dps did not alter the viability of B. bacteriovorus in 

macrophage (Figure 4.8.3).  

4.8.4. Deletion of Bd3203 (hypothetical) does not 
impact the survival of B. bacteriovorus in 
macrophage. 

To investigate the role of Bd3203, a hypothetical protein of unknown function, 

whose expression was upregulated during zebrafish infection, in macrophage 

survival, a B. bacteriovorus gene knockout mutant, with bd3203 removed, was 

incubated with macrophage and their viability measured at 2-, 4-, 8- and 24-hours 

post-uptake, by plating. Removal of bd3203 did not alter the viability of B. 

bacteriovorus in macrophage (Figure 4.8.4).  
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Figure 4.8.3: Removal of bd2620/dps does not alter the survival of B. bacteriovorus in 
macrophage. A single gene deletion mutant of B. bacteriovorus, with the bd2620/dps gene 
removed, was phagocytosed by PMA-differentiated U937 cells and their viability measured at 2-, 
4-, 8- and 24-hours post-uptake via plating. Removal of bd2620 did not alter the viability of B. 
bacteriovorus in macrophage. Black represents Wildtype B. bacteriovorus HD100. Blue represents 
B. bacteriovorus Dbd2620. Error bars represent standard error of the mean. Significance was 
assessed using a two-way ANOVA with a Sidak’s multiple comparison test. N=3, where N 
represents the number of biological replicates.  All comparisons between WT and mutant were 
non-significant at P<0.05.  

 

Figure 4.8.4: Removal of the gene bd3203 does not alter the survival of B. bacteriovorus in 
macrophage. A single gene deletion mutant of B. bacteriovorus, with the bd3203 gene removed, 
was phagocytosed by PMA-differentiated U937 cells and their viability measured at 2-, 4-, 8- and 
24-hours post-uptake via plating. Removal of bd3203 did not alter the viability of B. bacteriovorus 
in macrophage. Black represents Wildtype B. bacteriovorus HD100. Blue represents B. 
bacteriovorus Dbd3203. Error bars represent standard error of the mean. Significance was 
assessed using a two-way ANOVA with a Sidak’s multiple comparison test. N=3, where N 
represents the number of biological replicates.  All comparisons between WT and mutant were 
non-significant at P<0.05.  
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4.8.5. Deletion of the hypothetical, OMP-like protein 
Bd1815 does not impact the survival of B. 
bacteriovorus in macrophage. 

To investigate the role of Bd1815 in macrophage survival, a B. bacteriovorus 

gene knockout mutant, with bd1815 removed, was incubated with macrophage 

and their viability measured at 2-, 4-, 8- and 24-hours post-uptake, by plating. 

Removal of bd1815 did not alter the viability of B. bacteriovorus in macrophage 

(Figure 4.8.5). 

 

Figure 4.8.5 Removal of bd1815 does not alter the survival of B. bacteriovorus in 
macrophage. A single gene deletion mutant of B. bacteriovorus, with the bd1815 gene removed, 
was phagocytosed by PMA-differentiated U937 cells and its viability measured at 2-, 4-, 8- and 24-
hours post-uptake via plating. Removal of bd1815 did not alter the viability of B. bacteriovorus in 
macrophage. Black represents Wildtype B. bacteriovorus HD100. Blue represents B. 
bacteriovorus Dbd1815. Error bars represent standard error of the mean. Significance was 
assessed using a two-way ANOVA with a Sidak’s multiple comparison test. N=3, where N 
represents the number of biological replicates.  All comparisons between WT and mutant were 
non-significant at P<0.05.  
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Table 4.8.1: Summary of the data presented in Chapter 4. N/A1 indicates that gene deletion was not possible, owing to this gene being essential for bacterial 
viability.

Gene Highlighted by… Transcriptional 
expression 
during predation 
c.f. attack phase 

Fluorescence 
throughout predation 

Effect of 
gene 
deletion on 
predation  

Transcriptional 
expression within 
macrophage  

Intramacrophage 
fluorescence 

Effect of gene 
deletion on 
survival within 
macrophage 

surA 
(bd0017) 

Bdellovibrio 
Macrophage 
transcriptional 
study 

Downregulated 
between 15’ and 1 
hr 

Expressed throughout 
predation (attack phase, 
attachment, invasion, 
establishment, 
intraperiplasmic growth 
and progeny release)  

N/A1 Only detected at 
24 hours post 
uptake. 

Expressed at 24 
hours post-uptake 

N/A1 

sodC 
(bd0295) 

Zebrafish 
transcriptional 
study 

Downregulated 
throughout 

Not discernibly 
expressed 

No effect Highest at 2 hours Not discernibly 
expressed. 

No effect. 

sodC 
(bd1401) 

Homology with 
bd0295 

Upregulated 
during 
intraperiplasmic 
growth (45’ – 3hrs) 

Not expressed 
throughout, except in 
rare instances 

Delays 
predation 
and 
decreases 
prey lysis (6-
12 hrs). 

Only detected at 
24 hours post 
uptake. 

Visualised 
throughout, mostly 
at 24 hours. 

Slight decrease on 
survival/viability at 
2 hours post-
uptake. 

catA 
(bd0798) 

Zebrafish 
transcriptional 
study 

Downregulated 
throughout 

Not discernibly 
expressed 

No effect Highly expressed 
throughout. 
Highest at 24 
hours. 

Not expressed 
throughout, except 
in rare instances 

No effect. 

ankB 
(bd0799) 

Literature searches Downregulated 
throughout 

Not discernibly 
expressed 

No effect Highly expressed 
throughout. 
Highest at 24 
hours. 

Not discernibly 
expressed. 

No effect. 

katA 
(bd1154) 

Homology with 
bd0798 

Not detected Not discernibly 
expressed 

No effect Only detected at 
24 hours post 
uptake. 

Not expressed 
throughout, except 
in rare instances 

No effect. 

ankB 
(bd1155) 

Literature searches Not detected Not expressed 
throughout, except in 
rare instances 

No effect Not detected Not discernibly 
expressed. 

No effect. 
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Table 4.8.1 continued… 

Gene Highlighted by… Transcriptional 
expression 
during predation 
c.f. attack phase 

Fluorescence 
throughout 
predation 

Effect of gene 
deletion on 
predation  

Transcriptional 
expression within 
macrophage  

Intramacrophage 
fluorescence 

Effect of gene 
deletion on 
survival within 
macrophage 

ahpC 
(bd2517) 

Zebrafish 
transcriptional 
study 

Downregulated 
between 15’ and 
45’ 

Expressed 
throughout 
predation  

N/A1 Expressed 
throughout. 
Highest at 2 and 
24 hours. 

Highly expressed 
throughout 
intramacrophage 
survival. Also 
expressed in attack 
phase cells. 

N/A1 

ahpF 
(bd2518) 

Zebrafish 
transcriptional 
study 

Downregulated 
throughout 

Expressed 
throughout 
predation 

N/A1 Highly expressed 
throughout. 
Highest at 8 and 
24 hours. 

Highly expressed 
throughout 
intramacrophage 
survival. Also 
expressed in attack 
phase cells. 

N/A1 

dps 
(bd2620) 

Zebrafish 
transcriptional 
study 

Downregulated 
throughout 

Expressed 
throughout 
predation  

Decreases prey 
lysis between 7 
and 9 hours 

Highly expressed 
throughout 

Highly expressed 
throughout 
intramacrophage 
survival. Also 
expressed in attack 
phase cells. 

No effect. 

bd3203 Zebrafish 
transcriptional 
study 

Downregulated 
throughout 

Expressed 
throughout 
predation  

Delays predation 
and decreases 
prey lysis between 
7 and 12 hours. 

Highly expressed 
throughout 

Highly expressed 
throughout 
intramacrophage 
survival. Also 
expressed in attack 
phase cells. 

No effect. 

bd1815 Zebrafish 
transcriptional 
study 

Downregulated 
when inside prey 
(all timepoints 
except 15’ and 
5hrs) 

Expressed 
throughout 
predation  

No effect. Expressed 
throughout. 
Highest at 2 and 4 
hours. 

Visualised 
throughout, mostly 
at 24 hours. 

No effect. 
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4.9. Discussion: Testing the roles of my 
candidate proteins in predation and 
intramacrophage survival 
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4.9.1. Recap: Potential oxidative stresses in predation 

During predation, B. bacteriovorus enters through the outer membrane of a Gram-

negative bacterial prey cell and crosses the prey cell wall, entering the inner 

periplasm. The periplasm of a live Gram-negative bacterial prey cell is highly 

reducing, making it a region of high oxidative stress, due to the presence of oxide 

radicals and oxidative species (15, 346, 476-478). The prey cell is alive for the first 

20 minutes of invasion by the predator and so oxidative radicals can assault the 

invading B. bacteriovorus (479). Upon prey cell death, a dysfunctional electron 

transport chain will also contribute oxidative radicals that may attack Bdellovibrio 

during invasion. 

Furthermore, during growth of B. bacteriovorus within a prey cell, Bdellovibrio 

degrades nucleic acids, proteins and other macromolecules and utilises them for 

intraperiplasmic growth (337, 480, 481). The enzymatic degradation of prey 

macromolecules will also produce oxide radicals and oxidative species that, if left 

unchecked, would also cause oxidative damage to the Bdellovibrio. Upon exit of 

Bdellovibrio from prey cells, the LPS outer membrane and peptidoglycan cell wall are 

digested to allow for the release of Bdellovibrio progeny into the surrounding 

environment (290, 292, 311). This exit to a more aerobic external environment from 

inside the prey to outside represents another point of potentially high oxidative 

stress.  

Various oxidative stress tolerance mechanisms and proteins are encoded by 

bacterial cells to combat these oxidative stresses; I hypothesised that possibly 

overlapping, or separate, oxidative stress tolerance mechanisms would be important 

for the entry into, and subsequent growth and exit of B. bacteriovorus from the 

periplasm of prey bacteria.  Thus, deletions for such tolerance genes might affect 

predation. 
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I also hypothesised that possibly overlapping, or separate, oxidative stress tolerance 

mechanisms would be important for accidentally prolonged survival of Bdellovibrio in 

macrophage, allowing for the temporary tolerance of phagosomal conditions. The 

survival of Bdellovibrio within a host, and its interactions with the host immune 

response are important when considering the efficacy of Bdellovibrio as a novel 

antimicrobial treatment. 

4.9.1.1. Potential oxidative stresses in macrophage 

As outlined in Section 1.4.5.2.3, macrophages use a combination of nutrient 

restriction, hydrolytic enzymes (lipases, proteases, hydrolases), acidic stress and 

oxidative stress (peroxide and superoxide radicals) to kill bacteria within the 

phagosome. Upon macrophage activation, multiple oxidative species are produced 

that subsequently contribute to oxidative stress. Nitric oxide is produced by by Nitric 

Oxide Synthase complex, from NADPH, molecular oxygen, and L-arginine, usually in 

response to proinflammatory cytokine stimulus. Nitric Oxide subsequently reacts with 

other molecular species to form highly reactive oxidative species, such as NO 

reacting with O2- to form peroxynitrite (482). Superoxide radicals are produced by 

the NADPH Oxidase complex that assembles in the phagosomal membrane of 

macrophage, upon activation (482). The oxidative species produced in these 

processes are concentrated within the phagosome at µM concentrations, reacting 

with proteins, lipids, and DNA to induce oxidative damage and degradation of the 

phagosomal cargo (482).  

As Bdellovibrio is hypothesised to tolerate large amounts of oxidative stress 

throughout its predatory lifecycle, I hypothesise that some of these oxidative stress 

tolerance mechanisms/proteins may also confer an accidental and temporary 

tolerance to the highly oxidative and bactericidal conditions inside the macrophage 

phagosome.  

This may be an unintentional bonus of the predatory lifecycle, or a relic of their soil-

dwelling natural habitat, where they would encounter amoeba, which are analogous 

to macrophage in some contexts i.e., phagocytosis. 
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4.9.2. Discussing the roles of my candidate proteins 

4.9.2.1. The Roles of Copper-Zinc Superoxide Dismutases in 

proposed tolerance to oxidative insult throughout predation 

and intramacrophage survival. 

Bd0295 and Bd1401 are both predicted Copper-Zinc superoxide dismutase proteins 

that detoxify oxygen radicals of exogenous origin, to prevent DNA and protein 

mutation and oxidative damage to the cell, as detailed in Section 1.4.7.3.1.  

Bdellovibrio are likely exposed to these exogenous ROS when they invade the 

periplasm of other Gram-negative cells, disrupting the prey cell electron transport 

chain and killing the prey cell. During intraperiplasmic growth, the enzymatic 

degradation of prey macromolecules is also likely a prominent source of oxidative 

species. Superoxides and reactive oxygen species are manufactured by 

macrophage and flooded into the phagosome in high abundance as a bactericidal 

mechanism to kill ingested bacteria, therefore superoxide dismutases may also 

confer a level of protection to Bdellovibrio, against macrophage-generated ROS.  

4.9.2.1.1. Bd1401/SodC, but not Bd0295/SodC, contributes to 

predation of E. coli by B. bacteriovorus.  

SodC (Bd0295 and Bd1401) expression was not seen throughout predation. This 

was unexpected, as Bdellovibrio is likely exposed to reactive oxygen species 

throughout predatory invasion into the prey cell periplasm, and when degrading prey 

cell macromolecules to repurpose them for its own intraperiplasmic growth. 

Transcriptional studies of bd0295 suggested that, as it was downregulated 

throughout predation, SodCBd0295 was likely not to be involved in predation.  

However, bd1401 expression is upregulated throughout intraperiplasmic growth, 

suggesting that SodCBd1401 is likely involved in predation. As to why there was an 

absence of discernible fluorescent protein expression is unknown.  
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Deletion of bd1401 led to a delay in predation and a reduction in prey cell lysis. This 

is indicative of Bdellovibrio progeny being less fit, or more damaged by an absence 

of Bd1401, suggesting that it is involved in combatting reactive oxygen species 

within the intraperiplasmic growth phase of predation, where oxygen radicals are 

generated due to the hydrolysis of prey macromolecules, or upon prey cell exit, due 

to the hydrolysis of prey peptidoglycan and outer membrane components, to 

facilitate the exit of Bdellovibrio progeny from the prey cell, responding to and 

protecting the cell from a change in oxygen tension from emerging from a cell, into a 

wider, highly aerobic, and aerated environment. Despite this fitness cost, predation 

was still able to proceed, suggesting that other superoxide tolerance mechanisms 

exist within the Bdellovibrio proteosome. Deletion of bd0295 did not impact 

predation, in line with the other data presented that suggests Bd0295 is not involved 

in predation.  

SodCBd1401 may also contribute to survival of B. bacteriovorus inside, or upon exit 

from prey. This could be tested by enumerating Bdellovibrio numbers at these 

timepoints, or after each subsequent round of predation, to determine whether 

SodCBd1401 function impacts predator viability, predator fitness or predation 

efficiency.  

Future work: accounting for differences between Bd0295 and Bd1401. It is 

interesting that Bd0295 deletion did not alter predation and yet Bd1401 deletion did, 

despite both genes encoding proteins of the same basic function. This may be due to 

differences in how transcription of bd0295 and/or bd1401 is initiated (at the promoter 

level), or any post-transcriptional or post-translational differences in their mRNA 

transcripts and protein production i.e. Bd0295 function may be redundant, with 

Bd1401, or others, being produced it its place in response to superoxide stress, 

whereas Bd1401 deletion may not be compensated for, owing to Bd0295 being 

under tighter transcriptional regulation.  
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The difference in impact of SodC deletion may be because one SodC enzyme is 

more functional or efficient than the other. This is supported by the difference in 

structure of these two proteins (Figure 4.3.8), where, although both proteins have the 

same predicted functional annotation, they have different structures and so may 

perform slightly different functions or with varying efficiencies or may perform these 

functions at slightly different locations within the cell. Bd0295 has a lipobox within its 

structure, suggesting it is secreted into the periplasm of the Bdellovibrio but remains 

associated with the outer leaflet of the cytoplasmic membrane whereas Bd1401 does 

not have a lipobox and therefore is secreted but may act in a different location within 

the periplasm, compared to Bd0295.  

Future work: Further quantification and characterisation of superoxide 
stresses in predation.  

Further characterisation of the oxidative stresses, and more specifically the 

quantification of the levels of superoxide radicals within the periplasm of the prey cell 

at different stages of predation would support these data and the definition of a role 

for Bd1401 in predation further. Commercially available kits predominantly focus on 

fluorescent reporter based quantification of reactive oxygen species within eukaryotic 

cells. However, trialling these kits in the unique scenario of bacterial predation may 

give us an indication of the varying oxidative stresses throughout predation. 

Future work: Is Bd0295 function truly redundant? Bd1401 and Bd0295 may 

functionally compensate for one another. Deletion of both bd0295 and bd1401 

simultaneously would test this hypothesised functional redundancy, where the 

double SodC deletion mutant could be tested for predation efficiency and 

macrophage survival as previously documented. If a level of functional redundancy 

did exist between the two SodC proteins, I would expect a poorer viability in 

macrophages and decreased/slower prey lysis in predation due to the fitness cost on 

progeny Bdellovibrio. If the two sodC proteins did not compensate for one another, I 

would expect that the Dbd0295Dbd1401 mutant would be as viable in macrophage 

and as efficient at predation as the single Dbd1401 mutant. However, a 

Dbd0295Dbd1401 mutant may not be viable in predation, making it impossible to 

construct. 
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Additionally, I would complement the bd1401 gene, back into the Dbd1401 B. 

bacteriovorus mutant, to confirm that the phenotype seen in the Dbd1401 B. 

bacteriovorus mutant, is due to bd1401 deletion. A plasmid had been designed (Mr 

Paul Radford) and is in the process of being conjugated into Dbd1401 B. 

bacteriovorus and validated (Mr Rob Till), but completion of this was not possible 

due to time constraints. 

4.9.2.1.2. SodCBd1401, but not SodCBd0295, contributes to survival 

and viability in macrophage. 

The importance of SodC in bacterial pathogens and infection. The importance of 

SodC for the survival and virulence of bacterial pathogens in macrophage is well 

documented. Burkholderia cenocepacia SodC mutants are more susceptible to 

bacterial killing by exogenous superoxide, have a severe growth defect and are killed 

more rapidly by murine macrophages (483). In Salmonella enterica serovar 

Cholaraesuis, deletion of the two SodC proteins both impaired viability in 

macrophage, with each protein being of varying importance depending on the 

activation state and bacterial uptake pathway of the macrophage (484-486). Other 

studies in Salmonella enterica Typhimurium report no effect on susceptibility to 

extracellular ROS, but a defect in colonisation of murine spleen cells (487), murine 

macrophage and in live murine infection models (488). In Salmonella enterica 

Typhimurium, SodC deletion mutants were more susceptible to killing by the 

respiratory burst and nitric oxide synthase in murine infection (488).  In Brucella 

abortus, deletion of SodC reduced survival and virulence in murine macrophages 

and murine infection (489).  A defect in virulence and host survival is also reported in 

Haemophilus ducreyi (490, 491), Neisseria meningitidis (492), Mycobacterium 

tuberculosis (493), E. coli (494) and Burkholderia pseudomallei (495). 

Conversely, in Legionella pneumophila, SodC is not essential for growth and survival 

in macrophage (496), and Actinobacillus pleuropneumoniae was not impaired in 

virulence within an intratracheal model of infection (497). Some studies report no 

effect of SodC deletion in cell-line derived macrophage, but reduced virulence in 

murine models of infection (498). 
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Clearly, multiple factors surrounding the host, bacterial pathogen, activation state of 

the macrophage/immune response all contribute to the phagolysosomal maturation 

pathway and thus the outcome of infection and importance of SodC within this.   

SodCBd0295 was not discernibly expressed by Bdellovibrio within macrophage, 

despite transcriptional studies suggesting that bd0295 is expressed throughout 

intramacrophage survival, especially at 2 hours post-uptake. As transcriptional 

studies suggest a more important role for Bd0295, and with the limitations of the 

current microscopy studies, it would be pertinent to characterise Bd0295 protein 

content via another means e.g., quantification by Western blot analysis. However, as 

bd0295 gene deletion did not affect Bdellovibrio intramacrophage survival, I suggest 

that Bd0295 does not meaningfully contribute to the superoxide tolerance response 

of Bdellovibrio whilst it temporarily resides within the phagosome of macrophage, 

where superoxide stress is evident and well characterised in other bacterial 

pathogens. Conversely, SodCBd1401 expression is seen at 24 hours post-uptake, in-

line with transcriptional studies. Deletion of bd1401 reduces Bdellovibrio survival at 2 

hours post-uptake, within macrophage, suggesting that Bd1401 is important, or 

involved in, the initial superoxide tolerance response of Bdellovibrio after initial 

uptake, inside the macrophage phagosome. Removal of Bd1401 function makes 

Bdellovibrio more susceptible to superoxide stress and bacterial killing. The 

difference in importance between SodCBd0295 and SodCBd1401 may be due to a 

difference in subcellular localisation, as detailed in Section 4.3. 

4.9.2.1.3. Summary: The roles of superoxide dismutases in 

predation and Bdellovibrio occupation of macrophage 

To conclude, SodC enzymes are of varying importance in bacterial pathogens and 

host infection. Bd1401 is important for predation by B. bacteriovorus, likely in aiding 

the tolerance to superoxide stress during intraperiplasmic growth and exit from 

Gram-negative prey. Bd0295 was not important in predation. 
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Bd0295 also does not contribute to survival against and tolerance to reactive oxygen 

species stress within the macrophage phagosome, whereas Bd1401 may confer a 

survival benefit, in combination with other, currently unknown, factors. The 

differences in structure and localisation of Bd0295 and Bd1401 may also explain why 

deletion of Bd1401 impacted viability of Bdellovibrio in macrophage, but deletion of 

Bd0295 did not. Other superoxide/ROS detoxification mechanisms may exist within 

Bdellovibrio that may also contribute to survival and tolerance of Bdellovibrio to 

phagosome conditions within macrophage. 

4.9.2.2. Tolerance of peroxide stress throughout predation and 

intramacrophage survival. 

The periplasm of E. coli is a highly reducing environment (499, 500), therefore 

oxidative stresses, including peroxide-based species generation (15, 346, 476-478), 

are experienced by Bdellovibrio throughout invasion into the periplasm, 

intraperiplasmic growth (produced during the digestion of prey macromolecules) and 

during the digestion of prey cell wall peptidoglycan and LPS outer membrane upon 

progeny release and prey exit.  

4.9.2.2.1. Peroxide stress tolerance throughout predation of E. 

coli by B. bacteriovorus.  

Catalases are not important for predation of E. coli by B. bacteriovorus. Catalase 

(Bd0798/CatA and Bd1154/KatA) expression was not seen throughout predation. A 

lack of a peroxide stress response would be surprising as Bdellovibrio is likely 

exposed to peroxide stresses upon entry into the prey cell periplasm. However, 

transcriptional studies show that bd0798 and bd0799 expression was downregulated 

throughout predation, potentially explaining the absence of fluorescent protein 

expression. Deletion of bd0798, bd0799, bd1154 and bd1155 does not impact 

predation, further suggesting that these proteins are not important in predation and 

that another peroxide detoxifying mechanism exists. Instead, I suggest that the 

peroxide stress response involves Bd2517/AhpC and Bd2518/AhpF, which are both 

expressed throughout predation.   
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Bd2517/AhpC and Bd2518/AhpF are two subunits of a protein that catalyses the 

detoxification of hydrogen peroxide, therefore making these proteins important in the 

tolerance of oxidative stress and potentially, adaptation to the changes in oxygen 

tension and oxidative stress throughout entry into the prey cell periplasm, 

intraperiplasmic growth and prey cell exit.  

AhpC is the peroxide reducing subunit of the protein, whereas AhpF is a flavoprotein 

that uses NADPH as an electron donor to reduce AhpC, increasing the peroxide-

reducing capabilities of AhpC (501, 502).  

Transcriptional studies show that both bd2517 and bd2518 are downregulated 

throughout predation. However, I suggest that as these proteins are involved in 

tolerating the initial peroxide assault upon entry into the prey cell periplasm, the 

expression of these genes is likely always highest in attack phase cells. This could 

be tested by quantifying protein levels of Bd2517 and Bd2518 throughout predation, 

where I would expect an abundance of protein in attack phase cells that is quicky 

depleted at 30 and 45 minutes onwards. I would compare the protein abundance to 

the amount of Bd2517 and Bd2518 protein produced in response to exogenous 

hydrogen peroxide (in vitro addition to culture media), to see if this also upregulated 

Bd2517 and Bd2518 protein production. Deletion of bd2517 and bd2518 was lethal, 

suggesting that the peroxide detoxification function of Bd2517 and Bd2518 is vital for 

predation. 

4.9.2.2.2. Tolerance of peroxide stress in macrophage. 

The importance of catalases in bacterial pathogens and infection. In other 

bacterial pathogens, catalase activity is essential for virulence and survival, including 

in Staphylococcus aureus (in combination with SOD) (503, 504), Campylobacter 

jejuni  (505), Helicobacter pylori  (506), Francisella tularensis (507, 508), Neisseria 

meningitidis (509, 510), Legionella pneumophila (511, 512) , Mycobacterium 

tuberculosis (513, 514).  
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In other bacteria, single catalase mutants were still virulent in murine macrophage 

and infections with Salmonella Typhimurium (515), Yersinia pestis (516), Francisella 

tularensis (517), Staphylococcus aureus (518) and Neisseria gonorrhoeae (519). 

This highlights the redundancy in peroxide-detoxification mechanisms, whereby 

deletion of the 3 catalases and 2 Ahp subunits in Salmonella Typhimurium gives an 

increased susceptibility to Hydrogen Peroxide, reduced survival, and reduced 

virulence in murine macrophages. Overexpression of KatG or TsaA/Ahp restored the 

resistance to hydrogen peroxide (520).  

The importance of alkyl hydroperoxide reductases in bacterial pathogens and 
infection. AhpC is the peroxide reducing subunit of the protein, whereas AhpF is a 

flavoprotein that uses NADPH as an electron donor to reduce AhpC, increasing the 

peroxide-reducing capabilities of AhpC (501, 502). Most bacterial pathogens have a 

AhpC protein, even if they are lacking an OxyR regulon or an AhpF counterpart, 

including C. jejuni which lacks AhpF (521) and M. tuberculosis, which lacks OxyR 

(522-525). Transcription of the ahpF gene is induced by the OxyR regulon, in E. coli 

and P. aeruginosa, along with dps, katA,ankB, ahpB and ahpC (526, 527).   

In Salmonella Typhimurium, AhpC is upregulated during macrophage infection but is 

not essential for virulence in a murine model of infection  (528). Deletion of AhpC did 

increase the susceptibility of S. Typhimurium to Reactive Nitrogen Species (523). 

Removal of AhpC, in combination with KatE, KatG, KatN and TsaA, increases the 

susceptibility of S. Typhimurium to hydrogen peroxide, attenuating virulence and 

decreasing survival. Overexpression of KatG or TsaA (Ahp-like) rescues these 

defects (520). S. Typhimurium deficient in AhpC was more susceptible to RNI killing 

(523). 
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In M. tuberculosis, deletion of AhpC increases susceptibility to peroxynitrite and 

decreases macrophage survival (dependent on activation state)(529). Similarly, in 

Francisella tularensis, deletion of AhpC confers susceptibility to ROS and RNS, 

decreasing survival in macrophage. However, the function of AhpC is replaced by 

SodC or KatG, highlighting the functional redundancy in the oxidative stress 

response (530, 531). In L. pneumophila, AhpC is upregulated during growth in 

macrophage, but deletion does not impact growth, likely due to functional 

redundancy (532). In S. aureus, single gene deletions of AhpC and KatA are not 

susceptible to ROS or attenuated in virulence, whereas a double DkatADahpC 

mutant is attenuated in virulence, due to a higher susceptibility to ROS. In E. coli, 

AhpC confers resistance to RNS and protects UPEC within murine macrophage 

(533). In C. jejuni, AhpC, KatA and SodB are the important players in the oxidative 

stress response (534, 535). 

Catalase (Bd0798/CatA and Bd1154/KatA) expression were not seen throughout 

intramacrophage survival of Bdellovibrio, despite transcriptional studies suggesting 

that bd0798 and bd0799 gene expression is high throughout, especially at 24 hours 

post-uptake, when significant oxidative stress and bacterial killing is occurring. 

Deletion of bd0798, bd0799, bd1154 and bd1155, in isolation or in combination (i.e., 

Dbd0798Dbd1154 and Dbd0799Dbd1155) did not affect Bdellovibrio intramacrophage 

survival. Peroxide stress is well documented within the phagosome of macrophage, 

therefore alternative proteins must perform this peroxide-detoxification function 

within the macrophage phagosome. The presence of peroxide stress likely triggers 

bd0798, bd0799, bd1154 and bd155 expression, but the role of these proteins must 

be redundant within the peroxide detoxification response. Instead, I suggest that 

Bd2517 and Bd2518, which are expressed throughout intramacrophage survival (at 

the transcriptional and translational level) and are essential for bacterial viability, 

perform this peroxide detoxification function.  

This is one example of genes that are essential for bacterial viability and the 

predatory lifecycle of Bdellovibrio also potentially conferring a survival benefit to 

Bdellovibrio within the macrophage phagosome, through the tolerance of peroxide 

stress. 
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4.9.2.2.3. Summary: Peroxide detoxification within predation and 

intramacrophage survival.  

There is a high amount of redundancy in peroxide-detoxifying mechanisms within 

Bdellovibrio, owing to the ability to detoxify hydrogen peroxide effectively and rapidly 

being vital in aerobically respiring cells. Catalase expression contributes to hydrogen 

peroxide tolerance and in infection in bacterial pathogens, but high levels of 

functional redundancy exist in the bacterial repertoire of peroxide detoxification. In 

Bdellovibrio deletion of both catalase proteins, and their regulatory ankyrin partners, 

does not impact the survival of Bdellovibrio within macrophage. I hypothesise that 

this absence of a survival defect is due to the peroxide-detoxifying proteins, Bd2517 

and Bd2518, within the Bdellovibrio transcriptome performing this function instead. 

Bd2517 and Bd2518 are vital for predatory life and peroxide detoxification within 

Bdellovibrio.  AhpC and AhpF also have well characterised roles in the detoxification 

of hydrogen peroxide in other bacteria (520, 528, 530-532, 536).  I suggest that 

Bd2517/AhpC and Bd2518/AhpF are important in peroxide detoxification within 

predation and Bdellovibrio intramacrophage survival.
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4.9.2.3. The Role of Bd2620/Dps (DNA Protection from 

Starvation protein) in proposed tolerance to oxidative insult 

throughout predation and intramacrophage survival. 

Bd2620/Dps is a DNA protection from starvation protein, linked to nutrient starvation 

and protection from oxidative stress in E. coli, Salmonella Typhimurium and other 

bacteria (415). Bd2620/Dps was also highlighted in the initial zebrafish 

transcriptional study, suggesting it may be important in tolerance of the host 

environment. 

Dps binds to DNA (via iron or magnesium binding; (537)) in the chromosome and 

excludes oxidative and destructive species from the chromosome, whilst the 

ferroxidase activity neutralises and sequesters oxidative species (538, 539), 

catalysing the oxidation of Fe(II) by hydrogen peroxide (into Fe(III)) (540-542). Dps is 

a minor component in the exponential phase of bacterial growth, but a major 

component in stationary phase, nucleoid associated, compacting DNA into a highly 

ordered and compact structure (543, 544).  

In E. coli, Dps is a minor component in actively growing cells but is the predominant 

nucleoid associated protein in stationary phase cells (545), when nutrients are 

exhausted and growth conditions are not ideal. Dps compacts DNA into a highly 

ordered structure (543, 544), conferring its protective capabilities by binding to DNA 

and excluding oxidative species from the chromosome, or neutralizing and 

sequestering damaging oxidative species via its ferroxidase activity (538, 539).  

Nutrients are actively restricted within the macrophage phagosome, as part of the 

antibacterial response to prevent bacterial growth and replication within the 

phagosome. Oxidative stresses are also well documented within the macrophage 

phagosome, as one of the primary antibacterial/bactericidal responses. This 

suggests that Dps would be a good candidate for aiding or benefiting Bdellovibrio 

within the macrophage phagosome, combatting damage induced by nutrient 

starvation or oxidative stress.  
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4.9.2.3.1. Bd2620/Dps, contributes to predation of E. coli by B. 

bacteriovorus.  

Bd2620/Dps is highly expressed in attack phase Bdellovibrio and throughout 

predation, suggesting it is involved in predation. Transcriptional studies show that 

bd2620 gene expression is downregulated throughout predation.  As mentioned 

earlier, Bd2620 packages DNA to protect it from reactive species generated by 

oxidative stress or nutrient starvation. Active gene expression, which is high in the 

intraperiplasmic growth phase of Bdellovibrio, requires DNA to be less compact and 

more accessible to the transcriptional machinery. Downregulation of Bd2620 within 

the cell, when nutrients are abundant and large levels of gene expression are 

occurring, supports this role.  Deletion of bd2620 reduced prey cell lysis, indicating 

that predators were less able to invade and prey upon the bacterial cells due to the 

absence of Bd2620. If deletion of bd2620 reduces DNA compaction, it is possible 

that, despite Bd2620 not being involved in, and being downregulated during, 

predation, Bd2620 function may be important in attack phase Bdellovibrio, in 

protecting the chromosome from reactive species generated through oxidative stress 

or nutrient starvation. Damage to the chromosomal DNA of Bdellovibrio would make 

it less fit, potentially impacting predation efficiency. Quantification of Bd2620 

expression throughout predation, using Western blot analysis, would be very 

informative and could confirm the hypothesis that Bd2620 function is turned 

off/reduced during the intraperiplasmic growth of Bdellovibrio. 

4.9.2.3.2. Bd2620/Dps does not significantly contribute to survival 

and viability in macrophage. 

The importance of Dps in bacterial pathogens and infection. The ferroxidase 

activity of Dps protects DNA against hydrogen peroxide-mediated damage and iron-

dependent killing by hydrogen peroxide in Salmonella Typhimurium, enhancing 

survival and virulence in murine macrophage, in combination with a Copper-Zinc 

superoxide dismutase to protect bacteria from hydrogen peroxide damage (487). 
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Dps mutants show increased susceptibility and cell death in response to nutrient 

starvation, oxidative stress, metal toxicity (546) and thermal stress (547, 548). Dps 

proteins are typically highly conserved between bacterial species (549). 

In Listeria monocytogenes, Fri (a Dps-like protein) gene deletion strains are more 

susceptible to hydrogen peroxide and iron starvation and are defective in replication 

in macrophage and murine infection (550). Similar trends were seen in Actinobacillus 

pleuropneumoniae and the Dps-like protein FtpA (551), and hydrogen peroxide 

resistance in Staphylococcus aureus (552).  

These studies suggest that Bd2620/Dps may be important in macrophage survival. 

In our studies, Bd2620 is expressed throughout intramacrophage survival, in line 

with transcriptional studies. Dps protects DNA from oxidative damage due to 

oxidative stress or nutrient starvation, both of which will be present within the 

macrophage phagosome. Therefore, expression of Bd2620 throughout 

intramacrophage survival supports this role. This contrasts with bd2620 expression 

throughout predation, where bd2620 was downregulated throughout. Nutrients are 

abundant within the prey cell, whilst Bdellovibrio is undergoing large global changes 

in gene expression associated with intraperiplasmic growth, which requires the DNA 

to be accessible to translational apparatus. As Bdellovibrio is not actively growing 

within the macrophage phagosome, in contrast to bacterial pathogens, DNA does 

not need to be accessible for gene transcription, but is still susceptible to damage 

from oxidative species, making the function of Dps important. Deletion of Bd2620 did 

not impact intramacrophage survival. This may be due to bacterial killing occurring in 

a short timeframe (24 hours), before DNA damage can accumulate in the non-

growing bacterium and have a detrimental effect. I therefore suggest that Bd2620 is 

involved in tolerating stress (oxidative or nutrient starvation associated) within the 

macrophage phagosome, but that this contribution is futile and does not ultimately 

prevent bacterial killing. 

Longitudinal studies of Dbd2620 Bdellovibrio and how its DNA accumulates 

mutations over time would be of great interest in the future, as there is no parallel 

scenario of a bacteria with a predatory lifecycle lacking Dps in the literature.    
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4.9.2.3.3. Concluding remarks: The importance of Bd2620/Dps in 

Predation and Bdellovibrio Occupation of Macrophage. 

Dps transcription is initiated by the OxyR regulon (553), which also regulates the 

expression of various catalase and superoxide dismutase enzymes, therefore 

explaining its presence in the zebrafish transcriptional list originally, even if its 

function and importance in macrophage survival remains unclear. I suggest that 

Bd2620 is important for predator fitness, during predation, protecting the bacterial 

chromosome from oxidative and nutrient starvation associated stress. During 

intraperiplasmic growth in a nutrient rich prey cell environment, Dps is 

downregulated to allow transcriptional machinery to access the bacterial 

chromosome. As Bdellovibrio is not growing within the macrophage phagosome, but 

oxidative and nutrient starvation associated stresses are high, Dps is highly 

expressed and associates with the bacterial chromosome in this scenario. 

4.9.2.4. The Role of Bd3203 in proposed tolerance to oxidative 

insult throughout predation and intramacrophage survival. 

Bd3203 is a hypothetical protein of unknown/uncharacterised function, which I chose 

to study owing to it being highlighted as significantly transcriptionally upregulated by 

Bdellovibrio within zebrafish, where they are known to be engulfed by host 

leukocytes (1). As detailed in Section 4.3.1.3.6, Bd3203 contains a CBS 

(Cystathionine Beta Synthase) domain, which are known to be involved in the 

regulation of proteins and sensitivity to adenosyl carrying ligands (419, 473, 474). 
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4.9.2.4.1. Bd3203 contributes to predation of E. coli by B. 

bacteriovorus.  

Bd3203 is associated with and in the same operon as Bd3200/MurD and 

Bd3201/MraY, a UDP-N-acetylmuramoylalanine-d-glutamate ligase involved in cell 

wall formation and a peptidoglycan biosynthesis protein respectively (STRING), 

suggesting that Bd3203 may regulate proteins involved in cell wall synthesis or 

modification, both of which are crucial throughout entry into, and intraperiplasmic 

growth of Bdellovibrio within prey. This suggests that Bd3203 is likely linked to 

predator growth or cell wall homeostasis rather than oxidative stress. Further work to 

characterise the interaction partners of Bd3203, via bacterial two hybrid studies, may 

help to assign a function and therefore a role for Bd3203 in predation. No 

homologues of Bd3203 were found in other bacteria, potentially suggesting a 

Bdellovibrio or predation-specific role for Bd3203.  

Bd3203 is highly expressed in attack phase Bdellovibrio and throughout predation, 

suggesting it is involved in predation. Transcriptional studies show that bd3203 gene 

expression is downregulated throughout predation.  Bd3203 may play a role in 

regulating cell wall modification. During filament growth and intraperiplasmic growth, 

Bdellovibrio is actively growing and therefore extensive cell wall modification will be 

occurring, perhaps suggesting that Bd3203 is not required during this phase of 

predation. Deletion of bd3203 delayed predation and reduced prey cell lysis. If 

Bd3203 has a regulatory function within predation, by the same logic as above, it is 

possible that deletion of bd3203 leads to dysregulation of this function and cell 

damage, resulting in a fitness cost that may translate to a decrease in predation 

efficiency. As the role of Bd3203 is unknown these conclusions are purely 

speculative at this stage. Studies of the proteins that Bd3203 interacts with 

throughout predation, via bacterial 2 hybrid experiments, would be very informative. 
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4.9.2.4.2. Bd3203 does not significantly contribute to survival and 

viability in macrophage. 

Bd3203 is expressed throughout intramacrophage survival, in line with transcriptional 

studies. As Bd3203 does not have an annotated function, it is difficult to speculate on 

its role within intramacrophage survival. Deletion of bd3203 does not impact the 

survival of Bdellovibrio within macrophage, therefore its role is likely unimportant. 

Due to its association with other cell wall modifying enzymes, it likely plays a 

regulatory role within cell wall modification. As the cell wall of Bdellovibrio will be 

under attack from various molecular species whilst Bdellovibrio resides within the 

phagosome, it is likely that Bd3203 expression is an attempt to mitigate this. 

Ultimately, Bdellovibrio is killed so this represents a futile stress response to the 

bactericidal conditions present within the macrophage phagosome.  

4.9.2.5. The Role of Bd1815 in proposed tolerance to oxidative 

insult throughout predation and intramacrophage survival. 

Bd1815 is a hypothetical protein of unknown/uncharacterised function (UniProt), 

which I chose to study because it was highlighted as significantly transcriptionally 

upregulated by Bdellovibrio within zebrafish, where they are known to be engulfed by 

host leukocytes (1). Structural predictions, as outlined in Section 4.3.1.3.2, suggest 

that Bd1815 may function as an Outer Membrane Protein (OMP) or porin. 

4.9.2.5.1. Bd1815 is not important in predation of E. coli by B. 

bacteriovorus.  

Bd1815, to which I have ascribed an OMP-like function, is expressed throughout 

predation. Downregulation of bd1815 throughout predation, despite visible 

(fluorescent) protein expression, except at 15 minutes and 5 hours, when 

Bdellovibrio is not inside a prey cell, suggests that this protein has a role in prey 

recognition or entry, or in attack phase cells, rather than throughout predation.  



 
326 

The same logic may also apply whereby nutrient uptake is required for 

intraperiplasmic growth, therefore bd1815 gene expression is highest in attack phase 

to “stock” the attack phase cells with Bd1815, prior to intraperiplasmic growth. 

Deletion of bd1815 did not impact predation, suggesting that, despite its expression 

throughout predation, its role is redundant and/or not important. 

4.9.2.5.2. Bd1815 does not contribute to survival and viability in 

macrophage. 

Bd1815 expression was seen throughout intramacrophage survival, in line with 

transcriptional studies. Deletion of Bd1815 did not impact Bdellovibrio survival within 

macrophage. As the role of Bd1815 is likely in nutrient uptake or growth, and 

Bdellovibrio is in a highly nutrient-restricted environment, this is feasible. As a 

bacterium that must efficiently uptake and re-purpose nutrients from the prey cell as 

part of its intraperiplasmic growth, there is likely to be a high amount of redundancy 

in the nutrient uptake response. Upregulation of bd1815 throughout intramacrophage 

survival, and its presence within the upregulated gene dataset during zebrafish 

infection, likely represent a starvation response to nutrient restriction rather than 

playing any meaningful contribution to bacterial survival. 

Bd1815 expression could represent an attempt to modify cell wall composition in 

response to a change in environment (and environmental stress), explaining why it is 

highly expressed (transcriptionally and at the protein level) in macrophage but does 

not contribute to macrophage survival.  
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4.9.2.6. The Roles of the Outer Membrane Protein Chaperone 

Bd0017/SurA in proposed tolerance to oxidative insult 

throughout predation and intramacrophage survival. 

Bd0017/SurA is a survival associated chaperone protein, mostly studied in E. coli but 

also of demonstrable importance in Yersinia pestis (554), Y. pseudotuberculosis 

(555), Pseudomonas aeruginosa (556) Shigella flexneri (557), involved in regulating 

the correct folding of outer membrane proteins (UniProt). I chose to study 

Bd0017/SurA as it might well affect macrophage survival, as it does in Yersinia 

pestis (554), Y. pseudotuberculosis (555), Pseudomonas aeruginosa (556) Shigella 

flexneri (557), and because it was highly upregulated in an initial look at my 

transcriptional studies of Bdellovibrio gene expression inside macrophage. 

4.9.2.6.1. Bd0017/SurA is essential for predation of E. coli by B. 

bacteriovorus. 

Bd0017mCherry was expressed throughout predation, in attack phase cells and 

throughout attachment, invasion, establishment, intraperiplasmic growth and 

progeny release. As Bd0017 is a chaperone protein, related to correct protein folding 

within the cell, and the Bdellovibrio outer surface is undergoing extensive 

remodelling throughout predation, whilst also being attacked by reactive molecular 

species upon entry into the prey cell periplasm, it is highly likely that Bd0017 

contributes to predation. Transcriptional studies indicate that bd0017 expression was 

downregulated between 15 minutes and 1 hour. During this period, Bdellovibrio is 

attaching to and invading the prey cell, therefore various outer membrane fusion and 

modification events will be occurring, therefore transcriptional downregulation of 

bd0017 expression during this period may reflect this dynamic outer surface 

remodelling. Bd0017 was essential for predator viability, suggesting that Bd0017 is 

indispensable for predation.  
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This suggests that SurA is important during the early stages of intraperiplasmic 

growth within the prey cell. This might be when the largest changes in outer 

membrane composition are occurring, or when the most exogenous species (that 

may damage or impact protein folding) are present within the prey cell periplasm. 

Alternatively, SurA may assist with the high levels of new transport protein 

expression and folding in the outer membrane, on the surface of Bdellovibrio, to take 

up the products of the hydrolytic enzymes secreted into prey cells by Bdellovibrio, to 

break down prey macromolecules and fuel intraperiplasmic growth.  

The outer membrane and bacterial surface of Bdellovibrio is important throughout 

predation and for controlling how Bdellovibrio interacts with the wider environment. 

Initially, for interacting with the prey cell and initiating attachment, then for invasion 

into the prey cell periplasm, establishing itself in the prey cell periplasm and initiating 

intraperiplasmic growth, and finally the exit of Bdellovibrio progeny from the prey cell. 

Maintaining the correct bacterial surface, with the appropriate membrane content 

and fluidity, and adhesins throughout predation is crucial for successful and efficient 

predation and for bacterial survival under changing environmental stresses.  

4.9.2.6.2. Bd0017/SurA may contribute to survival and viability in 

macrophage. 

The importance of SurA in bacterial pathogens and infection. In Yersinia 

pseudotuberculosis, SurA is required for bacterial virulence, envelope integrity and 

adhesin/invasion expression and attachment to host cells (555). Similarly, DsurA 

mutants are avirulent in a murine Y. pestis infection model (554) and a 

Pseudomonas aeruginosa Galleria mellonella infection (556).  Salmonella 

Typhimurium mutants are defective in attachment and invasion of eukaryotic cells of 

mice (558, 559). In Shigella flexneri infection, deletion of SurA abrogates cell-cell 

spread (557).  In UPEC (Uropathogenic E. coli), adherence and invasion of bladder 

epithelial cells was decreased (560), with growth and survival within host cells 

decreased (561) due to Type I fimbriae biogenesis being defective (560).  
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Other studies show that SurA is of high importance for surface protein and virulence 

factor expression, contributing to bacterial establishment, survival, and infection. 

SurA may also regulate outer membrane composition and confer a survival 

advantage under changing environmental stresses. I hypothesised that SurA helps 

regulate this process, as it does in Yersinia pestis (554), Y. pseudotuberculosis 

(555), Pseudomonas aeruginosa (556) Shigella flexneri (557) and other bacterial 

pathogens (558-561)in macrophage. This is the role that I suggest and wish to test 

for SurA in Bdellovibrio throughout predation and macrophage survival. 

Bd0017 is important in attempting to control and regulate the outer membrane 

composition and maintain correct protein conformation in response to the oxidative 

species and damaging conditions present within the developing macrophage 

phagosome, as a last-ditch attempt for survival.  

Bd0017 was expressed at 24 hours post-uptake in macrophage, in line with 

transcriptional data. The impact of bd0017 gene deletion on Bdellovibrio survival 

within macrophage was not able to be tested. However, I would hypothesise that, as 

Bd0017 expression was evident at 24 hours post-uptake, when significant amounts 

of bacterial killing are occurring, and in-line with the roles of SurA in other bacterial 

pathogens, Bd0017 function would likely contribute to Bdellovibrio survival within 

macrophage.  
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4.9.3. Limitations 

4.9.3.1. Fluorescent tagging 

Quantification of protein expression in this study relied on fluorescent tagging and 

quantification of expression timings through microscopy. Fluorescent tagging of the 

proteins in this study may interfere with expression, folding or secretion, meaning 

that the fluorescent tag is then mutated or deleted under selection pressure, owing to 

the tag making the protein less functional. If the fluorescent tag interferes with 

protein folding and function, only the non-tagged, functional copy present within the 

Bdellovibrio genome would be functionally expressed, with the tagged version 

becoming promptly degraded.  

The tagged gene construct (5’- flanking immediately upstream of the target gene, the 

gene itself, the fluorescent tag and the 3’ flanking downstream of the target gene) 

were sequenced, upon assembly, to confirm that the fluorescent tag and gene were 

functional and intact, therefore any mutations impacting the function or expression of 

the gene or fluorescent tag will have occurred due to selective pressure since then.   

I could test this by sequencing the gene:mCherry (or gene:mCerulean) constructs in 

Bdellovibrio bacteriovorus to confirm that the plasmid sequence is correct, before 

letting it undergo multiple rounds of predation and then re-sequencing the construct 

and seeing if any mutations had occurred. This would suggest that the fluorescent 

tag was under a high selective pressure to mutate and may explain a lack of visible 

fluorescent protein expression, with proteins that we predict to be highly expressed 

and important in predation or intramacrophage survival. 

One example of this was that attachment of an mCherry tag to the C-terminus of 

Bd0799 consistently resulted in mutation of the gene whereas attachment of an 

mCherry tag to Bd0799 with a flexible peptide linker did not induce a frameshift 

mutation within the bd0799 gene (Robert Till; Personal Communication), suggesting 

that the mCherry tag was sterically interfering with Bd0799 protein expression, 

folding or function and was therefore selected against in predatory cultures of 

Bdellovibrio. 
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4.9.3.2. Autofluorescence 

The presence of, previously unknown, autofluorescence of prey cells and 

macrophage in mCerulean and mCherry channels made the interpretation of some 

microscopy data challenging, owing to any potential fluorescent protein expression 

being indiscernible from background autofluorescence in some instances. This 

predominantly affected diffusely or lowly expressed proteins, owing to the absence of 

a discrete, strong fluorescent signal. Whilst some of the proteins in this study were 

fluorescently tagged with multiple colours, helping me to determine whether the 

protein was expressed in macrophage or predation, and not visible, or not 

expressed, this was not possible for all of my protein candidates due to time 

limitations.  

Bd0295 and Bd0798 were tagged with both mCerulean and mCherry tags, therefore 

I am confident that an absence of fluorescent protein expression is due to a lack of 

protein expression and not prey autofluorescence making fluorescent protein 

expression indiscernible. Alternatively, the fluorescent tag may have mutated under 

a selective pressure, owing to it interfering with protein expression, function or 

folding (as previously discussed).  

Quantification of protein expression through Western blot analyses would be 

pursued in future (as documented in Section 4.6). 

4.9.3.3. Z-stacks 

Bdellovibrio cannot be seen within macrophage using phase contrast, making the 

imaging of Bdellovibrio-containing macrophage, with respect to focusing and getting 

sharp images, more difficult. It is important to remember that I was aiming to 

visualise an atypically small bacterium, that I could not see “live”, through the 

macrophage cell membrane and phagosomal membrane, of which the Bdellovibrio 

could be in any orientation, whilst visualising fluorescent protein expression. This has 

only been done once before, by Raghunathan and co-workers, where they used a 

Bd0064mCerulean tagged Bdellovibrio that emits a very bright fluorescent signal.  
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Further imaging of my fluorescently tagged strains would be useful, to make firm 

conclusions of protein expression. However, I have imaged large quantities of 

Bdellovibrio-containing macrophage and quantified the protein expression, making 

the best use of the resources I have. I would suggest that this assay, in its current 

format, is not optimised or suitable for further analysis of fluorescent protein 

expression, by Bdellovibrio within macrophage. Other approaches would need to be 

used to follow up on my findings. 

The use of Z-stacking to visualise Bdellovibrio at set depths throughout the 

macrophage cell and to gain images of better focus was attempted. However, this 

was time-consuming and risked photo-bleaching my fluorescent tags owing to the 

long exposure times needed to visualise (yet undetermined) fluorescent protein 

expression. Attempts also did not yield any better quality of images and therefore 

this approach was not utilised further. 

4.9.3.4. Essentiality for predation 

As was suggested previously, there may be an overlap between the genes used by 

Bdellovibrio to combat oxidative stress generated by its own aerobic respiration, 

those encountered during predation and those encountered during intramacrophage 

survival.  

A limitation of the approach I have used to identify these genes is that, if they are 

essential for Bdellovibrio viability, I cannot accurately test their essentiality or role in 

macrophage survival, as gene deletion mutants are not possible to generate. This 

was the case for bd2517/ahpC, bd2518/ahpF and bd0017/surA. This limits the 

conclusions that I can make from this study so is an important consideration. 
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4.9.4. Further work   

Multiple oxidative stresses and cues are occurring simultaneously within the 

macrophage phagosome that will alter the oxidative stress response of Bdellovibrio 

and ultimately dictate its tolerance and survival. Another approach to testing the 

importance of these genes and oxidative stress tolerance mechanisms to isolate the 

individual roles of these genes, both in macrophage survival and in predation, would 

be to expose single gene deletion mutants to exogenously generated reactive 

oxygen species and peroxide species, and assess their survival to these individual 

mono-natured oxidative stresses. 

To assess viability to peroxide-based radicals, I would firstly incubate my deletion 

mutants (Dbd0295/sodC, Dbd1401/sodC, Dbd0798/catA, Dbd0799/ankB, 

Dbd1154/katA, Dbd1155/ankB, Dbd0798Dbd1154, Dbd0799Dbd1155 and 

Dbd2620/dps) with high amounts of hydrogen peroxide and test their viability 

(through plating) over time. To assess viability to superoxides/ROS, I could use 

xanthine oxidase to generate superoxide, hydrogen peroxide and nitric oxide radicals 

within the cell, in each of my gene deletion mutants, as outlined in (562). It is difficult 

to generate superoxide molecules individually, without also generating other 

peroxide and nitric oxide radicals, owing to the high reactivity of oxide radicals.  

I would expect to see a decrease in bacterial viability if the target protein was 

important in survival against peroxide radicals or superoxide radicals. This would 

implicate some of these genes in the response to oxidative stress and confirm or 

deny their importance in tolerance of peroxide-based or superoxide radicals.  

However, Ransy and co-workers debate the relevance and limitations of using high 

amounts of hydrogen peroxide to induce oxidative/peroxide stress, suggesting that 

the concentrations required far exceed those physiologically relevant and present 

within aerobically respiring cells (563).  
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However, due to the high levels of functional redundancy, no single gene deletion 

may give this effect, subsequently requiring the deletion of different combinations of 

these proteins e.g. a double SodC mutant or a double Catalase, double SodC 

mutant, or the removal of further protein candidates e.g. Thioredoxins in combination 

with catalase genes.  

Measurement of reactive oxygen species within Bdellovibrio throughout predation 

and in response to different external oxidative stressors would also be of great 

interest, to characterise the oxidative stresses that Bdellovibrio is exposed to/must 

tolerate during predation. Unfortunately, the majority of the probes commercially 

available are optimised for eukaryotic cells and so would not work to test our 

hypotheses (564). 



 
335 

4.9.5. Final remarks 

A large subset of Bdellovibrio gene expression will not represent an active 

response to oxidative stress, but a generalised (non-specific) stress response to 

damaging or different environmental conditions, including changes in oxygen 

tension, nutrient availability, an increase in damaging oxidative species and an 

increased requirement for cell wall repair. Some of the genes highlighted above 

are highly expressed throughout Bdellovibrio occupation of macrophage but do 

not contribute to survival, or do not have a clear/characterised role/importance in 

macrophage survival. Other genes may be important in predation but have no 

discernible role in macrophage survival. I initially wished to assess whether 

possibly overlapping, or separate, oxidative stress tolerance mechanisms would 

be important for the entry into, and subsequent growth and exit of B. 

bacteriovorus from the periplasm of prey bacteria or would be important for 

accidentally prolonged survival of Bdellovibrio in macrophage, allowing for the 

temporary tolerance of phagosomal conditions. The survival of Bdellovibrio within 

a host, and its interactions with the host immune response are important when 

considering the efficacy of Bdellovibrio as a novel antimicrobial treatment. 

Although these genes did not (solely) confer a survival advantage within 

macrophage, it is important to consider the original (preliminary) data that 

highlighted these gene candidates. bd0295, bd0798, bd1815, bd2620 and bd3203 

were significantly upregulated at the transcriptional expression level when 

Bdellovibrio were inoculated into a zebrafish hindbrain, during which the host 

immune response was seen, suggesting that they were involved in adaptation or 

temporary survival within a host. Whilst some genes were expressed and 

potentially important in the survival of Bdellovibrio in macrophage and for the 

tolerance of oxidative stress, others were not. The latter subset may still 

contribute to oxidative stress tolerance within macrophage and/or predation, but 

their roles are functionally redundant with other proteins within the Bdellovibrio 

oxidative stress tolerance proteosome.  
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Bdellovibrio is under nutrient restriction and high levels of oxidative stress within 

the macrophage phagosome. From the data presented in Chapter 4, I surmise 

that Bd1401 contributes to the tolerance to superoxide stress within the 

phagosome. Bd2517 and Bd2518 likely contribute to the tolerance of peroxide 

stress within the phagosome. DpsBd2620 and Bd3203 expression likely represents 

a stress response to intraphagosomal conditions, to protect the bacterial cell 

chromosome and surface. These responses are futile as bacterial killing still 

proceeds. This does however add further support to the hypothesis that some 

genes within the Bdellovibrio genome that aid with tolerance of oxidative stress 

during predation, may also confer a temporary survival benefit to Bdellovibrio 

within the macrophage phagosome, where it is able to survive for 24 hours before 

significant bacterial killing. I suggest that these genes are a small snapshot of a 

wider oxidative stress response that may benefit Bdellovibrio survival within 

macrophage, and that there are large amounts of functional redundancy within 

this response. The implications of this for the future potential use of Bdellovibrio 

as a novel antimicrobial therapy are that, in support of animal models that show 

the beneficial effects of Bdellovibrio on bacterial infection resolution, Bdellovibrio 

may be equipped to survive temporarily and act on pathogenic prey within this 

short window before significant bacterial killing occurs.  

Bdellovibrio would not be present (or administered) within a host, without their 

being a bacterial pathogen also present. The next step in these studies would be 

to see how Bdellovibrio survival is impacted in the presence of pathogenic prey, 

where macrophage are likely to be more highly proinflammatory and activated by 

the immunogenic ligands of the bacterial pathogen cell. This adds another layer of 

complexity to this interaction, but it was important to obtain an initial 

understanding of the interactions between Bdellovibrio and macrophage first, 

before progressing our understanding further. 
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5. Chapter 5: Dual analysis of 
bacterial and eukaryotic gene 
transcription throughout 
Bdellovibrio bacteriovorus 
intramacrophage survival.
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In this Chapter, I investigated the response of cultured U937 macrophage-like 

cells to Bdellovibrio uptake and occupation by interrogating a single run of Dual 

RNASeq data, which looks at host and bacterial transcription simultaneously, to 

identify genes and pathways of interest for further, follow-up, investigations (as in 

Raghunathan et al., 2019), including monitoring pathways with labelled cell 

strains. 

By doing Dual RNASeq we also wanted to test whether it was possible to detect a 

Bdellovibrio transcriptional signal inside macrophages, bearing in mind that this 

might be very small and outweighed by a large eukaryotic transcriptional signal, 

and that Bdellovibrio are not pathogens, and are therefore not able to grow inside 

macrophages. The initial idea was that were we to detect significant Bdellovibrio 

expression we could follow up the essentiality of that by gene deletions. However 

as in Chapter 4 we also used our existing “in host zebrafish” transcriptional signal 

for such experiments. As will be seen below a significant macrophage signal, in 

response to Bdellovibrio was detected and, although follow up experimentation in 

the lab was not possible, I discuss the informatic data I gained from the RNASeq 

below.  

I firstly categorise and investigate the responses of Bdellovibrio to residence 

within macrophage (Chapter 5a). I then characterise the response of host 

macrophage to Bdellovibrio, considering categories which I found to relate to 

innate immunity first, before expanding this to its implications for the adaptive 

immune response which is outside the boundaries of our experimental system 

(Chapter 5b). 
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Chapter 5a: Analysis of the 
transcriptional response of 
Bdellovibrio throughout 
macrophage occupation.
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5.1. Rationale for Bacterial RNASeq Analysis 

In Chapter 4, I characterised the roles and importance of a subset of proteins, 

mostly related to oxidative stress tolerance, on the temporary survival of, and 

tolerance to, macrophage occupation and phagosomal conditions. I also 

characterised the importance of these proteins in predation, drawing parallels 

between the oxidative stresses experienced by Bdellovibrio inside macrophage 

compared to those experienced when invading and growing within a Gram-

negative prey cell. Whilst some candidates were important for oxidative stress 

tolerance in macrophage, prey or both, others were not and their functions 

redundant to and/or compensated for by other proteins within the Bdellovibrio 

proteosome. 

In this chapter, I now ask what the wider transcriptional response of Bdellovibrio to 

macrophage occupation is. Subject to the caveats detailed previously, this is only 

a limited bacterial transcriptome. However, I still attempt an initial characterisation 

of the response of Bdellovibrio to macrophage occupancy. 
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5.2. Introduction to Bacterial RNASeq Analysis 

5.2.1. Caveats surrounding bacterial RNASeq 
analysis. 

It was initially hoped that DualSeq of both macrophage and Bdellovibrio 

transcripts might be possible, but we understood the number of Bdellovibrio within 

macrophages was small and that detection of sufficient transcripts to determine 

expression changes might be impossible. We have previously used transcriptomic 

data from Bdellovibrio injection into whole zebrafish were 5 x 104 Bdellovibrio per 

zebrafish larva were injected but, in these studies, only single numbers of 

Bdellovibrio per macrophage were engulfed. From studies performed by 

Raghunathan and co-workers (which we followed the exact same methodology for 

Bdellovibrio uptake by macrophage), they saw an average of 15 Bdellovibrio per 

macrophage cell at 2 hours post-uptake, and 10 Bdellovibrio per macrophage cell 

at 24 hours post-uptake, although this was highly variable (2).  

FIOS genomics were unable to analyse the bacterial component of the response 

due to the presence of an inadequate amount of bacterial RNA. This meant that 

the bacterial reads present only mapped to a small number of B. bacteriovorus 

genes (216 transcripts out of the possible 3,546 transcripts in the HD100 

genome), and at low counts (mostly count = 1). Bacterial RNA also failed their 6 

quality control tests and was not included in any functional analysis. 

This was likely due to the low bacterial titre used (107 plaque forming units per 

sample, giving a multiplicity of infection of 1:50 (macrophage:bacteria)). 

Raghunathan and co-workers saw approximately 15 Bdellovibrio per macrophage 

cell at 2 hours post-uptake, and 10 Bdellovibrio per macrophage cell at 24 hours 

post-uptake (2), whereas I see, from measuring the viability of Bdellovibrio 

engulfed by macrophage, that of the 107 PFU added to each sample, only 

approximately 2x 105 PFU are engulfed by macrophage at 2 hours post-uptake, 

and I know from microscopy studies that not all macrophage contain Bdellovibrio 

at 2 hours post-uptake.  
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 The amount of bacterial RNA in the sample would have been significantly 

outweighed by the large quantity of eukaryotic RNA present. Another explanation 

is that the RNA extraction protocol was optimised for the extraction of eukaryotic 

RNA. However, extensive research was performed to devise the optimal 

procedure for isolating both bacterial and eukaryotic RNA, with great success in 

other studies using the same approach (565-567). A larger bacterial titre was 

used in these studies. The bacterial titre used in this study was beyond my control 

as the samples were previously generated. However, increasing the bacterial titre 

would have made comparisons to other collected data inappropriate and therefore 

alteration of the bacterial titre would not have solved this problem. Also, the 

bacteria used in these studies were pathogens so the uptake efficiency of these 

bacteria compared with Bdellovibrio may vary. 

However, to try and get any insight into Bdellovibrio gene expression, I carried out 

a manual input of the fastq files (containing both eukaryotic and bacterial RNA 

reads) into the Rockhopper Bacterial RNASeq analysis pipeline (428-430), gave 

an analysis of bacterial gene expression. The number of reads mapped to the 

HD100 genome, and to known protein-coding genes, within each sample can be 

found in Supplementary Tables 2.5.3 and 2.5.4. Of the 4626 predicted RNAs, 951 

were sense orientation. There were 1823 differentially expressed protein coding 

genes. This is further detailed below. 
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5.2.2. Comparison to other bacteria:host DualSeq 
studies 

To assess the quality of our RNA-Seq experiment, compared to other Dual-Seq 

experiments involving intracellular bacteria, we needed to assess whether the 

percentage of reads belonging to the bacteria compared to eukaryotic genes was 

similar to other studies, and if the coverage and read depth were similar. In 

Damson et al.’s study, 11% of their reads mapped to P. aeruginosa compared to 

64% of the reads mapping to the murine genome (567). In Pisu et al.’s study, 

between 0.3 and 2% of their reads mapped to the genome of M. tuberculosis 

across their samples (566). In our study, between 0.13 and 0.35% of our reads 

mapped to the B. bacteriovorus genome. Possibly explanations for the difference 

in reads mapping to the bacterial genome compared to the eukaryotic genome 

may be due to P. aeruginosa being an actively dividing and metabolically active 

pathogen in murine alveolar macrophages whereas B. bacteriovorus is not 

actively replicating within the macrophage and is significantly smaller so may be 

closer to the M. tuberculosis (a slowly dividing pathogen) end of the spectrum. We 

achieved a coverage of between 1.27 x and 3.46x across our samples. These 

data indicate that our approach has provided a sufficient quantity of RNA to study 

the differential gene expression occurring in both host and bacteria 

simultaneously.  

As mentioned previously, my DualSeq study did not have sufficient depth, 

therefore my abundant analysis will be based on the host macrophage 

transcription. Despite this, I have attempted an analysis of the bacterial 

transcription profile throughout macrophage occupation, but this would require 

further work to investigate the trends and gene candidates outlined below before 

any firm conclusions could be drawn. 



 
344 

Subject to the caveats outlined above, the transcriptomic profile of Bdellovibrio, 

surviving within macrophage over a 24-hour period (until significant bacterial 

killing) was visualised using Rockhopper (428-430), a bacterial differential gene 

expression analysis pipeline. This gave a list of differentially expressed genes. I 

then applied a 2-fold cut-off and a q value (adjusted p value) of 0.05 to this list, to 

highlight genes that were differentially expressed between each timepoint. I then 

manually curated this list, looking for genes that belonged to certain biological or 

functional categories using UniProt (415) and KEGG (424, 425) for functional 

characterisation. I will explore these functional categories and any associations 

between the highlighted genes and current literature regarding bacterial infection 

and host survival below. These genes were not explored further due to time 

limitations, however I wanted to see if any trends emerged from these datasets. 

An initial follow up investigation before analysing these gene candidates fully 

would be to quantify the amount of transcript by qtPCR, throughout Bdellovibrio 

occupation of macrophage, to confirm that they are of interest, given the partial 

nature of the Bdellovibrio transcriptome in this instance.  

To put my (preliminary) findings into context, I have shown the data from 

Raghunathan et al., 2019 and my own studies that show the viability of 

Bdellovibrio at each of the timepoints used for the RNASeq analysis (Figure 

5.2.1).
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Figure 5.2.1: Viability of B. bacteriovorus inside PMA-differentiated U937 cells. B. 
bacteriovorus HD100 were exposed to PMA-differentiated U937 cells for two hours at an MOI 
(Multiplicity of Infection) of 1:50 (U937: Bdellovibrio). U937 cells were then lysed at 2, 4, 8, 24 (a & 
b) and 48 (a) hours after initial exposure, to enumerate the remaining, live Bdellovibrio. Error bars 
indicate the Standard Deviation of the dataset. a) Graph taken from Raghunathan et al., 2019. 
Data shown represents the mean value of 2 independent experiments, each set up in duplicate, 
with plaque counts enumerated for two technical replicates also. *** corresponds to P=0.0002, 
using a Mann-Whitney test. b) Data shown represents the mean value of 6 independent 
experiments, with plaque counts enumerated for two technical replicates also. ** corresponds to 
P<0.01; **** corresponds to P<0.0001, using a Mann-Whitney test. 
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5.3. Functional characterisation of bacterial 
gene expression 

5.3.1. Oxidative stress tolerance 

To determine whether Bdellovibrio expresses any further genes related to 

oxidative stress tolerance, whilst residing within macrophage, I curated my list of 

differentially expressed genes for genes related to oxidative stress tolerance 

(Table 5.2.1). The expression values (raw reads and Log2 fold change) for each of 

these genes has been represented for each timepoint below (Figure 5.2.2).  

Several oxidative stress related genes, linked to the survival of various bacterial 

pathogens in host infection, were highly expressed throughout Bdellovibrio 

occupation of macrophage, especially at 24-hours post-uptake. This suggests that 

Bdellovibrio was experiencing high levels of oxidative stress throughout its 

occupation of macrophage, in line with what is known about phagosomal 

maturation and bacterial uptake within the host, and that these oxidative stresses 

were most significant at 24 hours, when significant bacterial killing occurs.  

I also looked at the transcriptional expression of these (proposed) oxidative stress 

related genes throughout predation of E. coli by B. bacteriovorus. The Log2 fold 

change of these genes, compared to attack phase expression is represented for 

each timepoint below (Figure 5.2.2). Whilst some genes (bd0177, bd0298 and 

bd0456) were upregulated throughout predation, or at the beginning (bd1002) or 

end (bd1425) of predation, most genes were downregulated throughout predation, 

compared to attack phase expression. Of particular interest is bd1002 which 

controls and activates the SoxS superoxide response regulon, as it was 

upregulated upon invasion and establishment in the periplasm (30 and 45 

minutes), at the beginning of intraperiplasmic growth (1 and 2 hours), and after 

progeny release (5 hours), compared to attack phase expression. This suggests 

that Bdellovibrio is experiencing oxidative stress at each of these key points of 

predation. 
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Table 5.2.1: Oxidative stress tolerance related genes expressed by Bdellovibrio inside 
macrophage. 

Gene Synonym Function/Associations 

bd0177 peptidyl-prolyl 
cis-trans 
isomerase 

Antimicrobial protein resistance; Chaperone protein; host 
survival; oxidative stress and pH resistance (568) 

bd0298 stress-induced 
protein OsmC 

Oxidative stress defence protein 
OsmC protects against organic peroxide stress in M. 
tuberculosis (569) and E. coli (570) 

bd0456 lactoylglutathio
ne lyase 

Oxidative stress protection of Salmonella Typhimurium in 
nutrient rich environments (571) 
Tolerance of acidic pH in Streptococcus mutans (572) 

bd0909 Putative redox 
protein; OsmC 
Homologous to 
OsmC 

Oxidative stress defence protein 
OsmC protects against organic peroxide stress in  M. 
tuberculosis (569) and E. coli (570) 

bd0945 electron 
transfer 
flavoprotein-
ubiquinone 
oxidoreductas
e 

Inner mitochondrial membrane respiratory chain; fatty acid and 
amino acid oxidation (573) 

bd1002 redox-sensing 
activator of 
soxS 

Controls the superoxide response regulon. 
Resistance to Nitric Oxide dependent macrophage killing of E. 
coli. 
Not required for resistance to macrophage killing or virulence of 
Salmonella Typhimurium in mice (574) but important for 
oxidative stress tolerance (575) 

bd1401 superoxide 
dismutase 

Contributes to intracellular survival of Burkholderia cenopacia in 
macrophage (483) and of Salmonella serovars in phagocytes 
(494) 

bd1425 MarR family 
transcriptional 
regulator 

Activation of both antibiotic resistance and oxidative stress 
resistance genes  (576) 

bd1451 

bd1805 bacterioferritin 
comigratory 
protein 

Peroxiredoxin/ detoxification of hydrogen peroxide (577); 
oxidative stress response (578)  

bd2071 TetR family 
transcriptional 
regulator 

Multidrug resistance; Oxidative stress resistance (579) 

bd2113 organic solvent 
tolerance 
protein 

Multidrug resistance; Stress tolerance in Yersinia pestis (580) 

bd2153 universal 
stress protein 

Oxidative and acid stress tolerance in Listeria monocytogenes 
(581) 

bd2788 peptide 
methionine 
sulfoxide 
reductase 
(msrA) 

Reverses oxidative damage (582) and aids survival of M. 
tuberculosis in macrophage (583) 

bd3076 
transport 
protein (terC) 

Oxidative stress tolerance; Tellurite resistance; redox modulator 
induced by alkaline conditions (KEGG) 

bd3432 

response 
regulator of 
hydrogenase 3 
activity (hydG) 

High Zinc tolerance; Zinc transport two-component system 
(584); Linked to nutrient starvation and global regulator required 
for intracellular replication of Legionella pneumophila in 
macrophage (585) 
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Figure 5.2.2: Genes related to oxidative stress were upregulated at 24 hours of Bdellovibrio 
occupation of macrophage but were not all upregulated throughout predation. A (limited) 
bacterial transcriptome from Bdellovibrio occupying macrophage over a 24-hour period was 
curated for significantly upregulated and downregulated (2x Cut off; q<0.05) genes related to the 
oxidative stress response. The majority of gene expression, relating to oxidative stress tolerance, 
was seen at 24 hours post-uptake (A). The bacterial transcriptome of B. bacteriovorus throughout 
predation of E. coli was interrogated for the selected genes, proposed to be involved in the 
oxidative stress response. Whilst some genes were upregulated throughout predation, the majority 
of the selected genes were downregulated throughout predation (B). Heatmaps were generated 
using Morpheus.  
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5.3.2. Host associated gene expression. 

To determine whether Bdellovibrio expresses any genes that have been 

previously associated with persisting within a host (mostly by bacterial 

pathogens), I curated my list of differentially expressed genes for genes that had 

previously been documented to be differentially expressed during host infection, 

in literature regarding other bacterial pathogens (Table 5.2.2). The expression 

values (raw reads and Log2 fold change) for each of these genes has been 

represented for each timepoint below (Figure 5.2.3). Several of these genes are 

associated (in other bacteria) with regulating virulence factor expression and 

modifying outer membrane composition in response to environmental and 

oxidative stresses. There was no significant trend within this subset of genes, with 

respect to the timepoints that gene expression was most highly upregulated, with 

individual gene expression varying widely throughout Bdellovibrio occupation. 

Some of these genes may contribute to the temporary survival of Bdellovibrio 

inside macrophage and require further investigation.  

I also looked at the transcriptional expression of these (proposed) host infection 

associated genes throughout predation of E. coli by B. bacteriovorus. The Log2 

fold change of these genes, compared to attack phase expression is represented 

for each timepoint below (Figure 5.2.3). The majority of these genes were not 

differentially expressed throughout predation. 
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Table 5.2.2: Genes associated with host infection, expressed by Bdellovibrio inside 
macrophage. 

Gene Synonym Function/Associations 

bd0017 
survival protein 
SurA precursor 

Chaperone/Aids folding of Bd0018 
Trafficking of outer membrane proteins and adhesins in 
Yersinia pestis, reducing attachment to eukaryotic cells and 
invasion (555) 
Chaperone to outer membrane proteins (586) 
Aids virulence of Pseudomonas aeruginosa in a Galleria 
mellonella infection model (556) 
Essential in murine infection, and for growth and survival at 
low pH in Yersinia pestis (554) 

bd0586 

isoprenoid 
biosynthesis 
protein with 
amidotransfera
se-like domain Glycoxylase/Hydrolase (587) 

bd0665 
choloylglycine 
hydrolase 

Decreases host bile salt toxicity, affects OMP composition 
and bacterial internalisation in Brucella abortus (588) 

bd0819 

fusaric acid 
resistance 
protein Fusaric acid tolerance (589) 

bd0880 
periplasmic 
protein cpxP 

 
Envelope stress response; virulence of UPEC in murine 
bladder and zebrafish model; increased sensitivity to 
complement mediated killing (590) 
 
Negative regulator of OmpF expression and virulence in 
Citrobacter rodentium (591) 
 
Inhibits CpxA and controls pili location and kidney cell 
invasion in UPEC (592) 
 
Switched on by envelope stress in Salmonella Typhimurium 
to regulate Cpx operon and virulence (593) 
 
Envelope stresss under alkaline conditions in E. coli (594) 

bd1759 

two-
component 
response 
regulator KdpE 

Associated with EHEC (595) 
Potassium transport: involved in virulence and intracellular 
survival of Staphylococcus aureus, Escherichia coli, 
Salmonella Typhimurium, Yersinia pestis and Francisella 
spp. by regulating the expression of virulence associated loci 
(596) 

bd3394 

two 
component 
response 
regulator 

ragA Outer membrane component; link to virulence in 
Porphyromonas gingivalis (597) 

bd3415 
serine 
protease 

Homologous to dotA of Legionella pneumophila; linked to 
bacterial replication (598) 

bd3456 ferrochelatase 

Virulence and intracellular survival in Brucella abortus (547); 
nutrient acquisition; haem synthesis and iron acquisition 
(599) 

bd3591 
ABC-type 
transport  

Virulence and lipid transport to induce immune response in 
Mycobacterium tuberculosis (600) 

bd3885 

methanol 
dehydrogenas
e regulatory 
protein (MoxR) 

Pathogen survival in equine macrophages (601) 
Oxidative stress resistance during infection in Francisella 
tularensis (602) 
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Figure 5.2.3: Genes related to host infection were upregulated throughout Bdellovibrio 
occupation of macrophage, with some also differentially expressed throughout predation. A 
(limited) bacterial transcriptome from Bdellovibrio occupying macrophage over a 24-hour period 
was curated for significantly upregulated and downregulated (2x Cut off; q<0.05) genes related to 
the host infection in other bacteria. The expression of individual genes varied throughout 
Bdellovibrio occupation of macrophage, with no significant trends. The bacterial transcriptome of 
B. bacteriovorus throughout predation of E. coli was interrogated for the selected genes, proposed 
to be related to host infection in other bacteria. Whilst some genes were upregulated or 
downregulated throughout predation, the majority of the selected genes were not differentially 
expressed throughout predation. Heatmaps were generated using Morpheus.  
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5.3.3. Nitrogen metabolism 

Uptake of Bdellovibrio inside a macrophage represents a significant shift in 

oxygen tension, therefore, alternative anaerobic forms of respiration may 

dominate in this hypoxic environment, to continue ATP generation and fuel protein 

production and cellular metabolism. To determine whether Bdellovibrio expresses 

any genes that are associated with alternative forms of respiration and ATP 

generation, I curated my list of differentially expressed genes for genes that are 

functionally associated with nitrogen metabolism and anaerobic respiration (Table 

5.2.3). The expression values (raw reads and Log2 fold change) for each of these 

genes has been represented for each timepoint below (Figure 5.2.4). Most genes 

that are associated with anaerobic respiration and nitrogen metabolism were 

highly expressed at 24 hours post-uptake of Bdellovibrio occupation of 

macrophage. This suggests that Bdellovibrio was resorting to alternative sources 

of ATP generation, due to the hypoxic environment within the macrophage 

phagosome, at 24 hours post-uptake. This anaerobic respiration will provide ATP 

for protein synthesis, fuelling the stress response of Bdellovibrio inside the 

macrophage phagosome. 

I also looked at the transcriptional expression of these (proposed) anaerobic 

respiration or nitrogen metabolism related genes throughout predation of E. coli 

by B. bacteriovorus. The Log2 fold change of these genes, compared to attack 

phase expression is represented for each timepoint below (Figure 5.2.4). Whilst 

some genes were upregulated (bd0021, bd0022 and bd1955), or downregulated 

(bd2567 and bd2591) throughout predation, most genes were not differentially 

expressed throughout predation, compared to attack phase expression.  
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Table 5.2.3: Genes related to anaerobic respiration and nitrogen metabolism, expressed by 
Bdellovibrio inside macrophage. 

Gene Synonym Function/Associations 

bd0021 

electron 
transfer 
flavoprotein 
subunit alpha 

Electron transfer; Mitochondrial fatty acid beta oxidation; 
Metabolism; Growth on complex or simple carbon substrates; 
nitrogen fixation; essential for viability in Burkholderia 
cenocepacia in C. elegans infection (603) and causes rod to 
sphere change in morphology independent of MreB (604) 

bd0022 

electron 
transfer 
flavoprotein 
beta-subunit 

Electron transfer; Mitochondrial fatty acid beta oxidation; 
Metabolism; Growth on complex or simple carbon substrates; 
nitrogen fixation; mutant led to increased ROS accumulation 
(605) 

bd1955 

protein-P-II 
uridylyltransfer
ase Nitrogen starvation (606, 607) 

bd2567 pseudoazurin 

denitrification; cytochrome c; electron donor; copper; nitric oxide 
reductase (608, 609) 
 
Denitrification may regulate virulence of Brucella abortus (609) 

bd2591 
transcription 
regulator anaerobic tolerance; anaerobic regulatory protein (KEGG) 

bd2592 

pyruvate 
formate-lyase 
activating 
enzyme 

Metal ion binding (Uniprot); anaerobic oxidoreductase (KEGG) 
nucleotide metabolism; anaerobic tolerance bd2593 

anaerobic 
ribonucleoside 
triphosphate 
reductase 

bd2597 norD protein 

Nitric oxide reductase; nitrogen metabolism (KEGG) 
Essential for survival and replication of Brucella suis in murine 
infection (610) 
Upregulated in abcesses and under iron-restriction, conferring 
enhanced fitness and virulence in Staphylococcus aureus 
murine infection (611) 
 
Reduces Nitric Oxide toxicity during denitrification and 
pathogenesis in Ralstonia solanacearum (612) 

bd2598 

nitric oxide 
reductase 
NorQ protein 

bd2599 

nitric-oxide 
reductase 
subunit B 
(norB) 

bd2601 

nitric oxide 
reductase, 
cytochrome c-
containing 
subunit (norC) 
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Figure 5.2.4: Genes related to anaerobic respiration and nitrogen metabolism were 
upregulated at 24 hours of Bdellovibrio occupation of macrophage. A (limited) bacterial 
transcriptome from Bdellovibrio occupying macrophage over a 24-hour period was curated for 
significantly upregulated and downregulated (2x Cut off; q<0.05) genes related to anaerobic 
respiration and nitrogen metabolism. The expression of genes varied related to anaerobic 
respiration and nitrogen metabolism were most highly upregulated at 24 hours of Bdellovibrio 
occupation of macrophage. The bacterial transcriptome of B. bacteriovorus throughout predation 
of E. coli was interrogated for the selected genes, proposed to be involved in the anaerobic 
respiration and nitrogen metabolism. Whilst a minority of genes were upregulated or 
downregulated throughout predation, the majority of the selected genes were not differentially 
expressed throughout predation. Heatmaps were generated using Morpheus.  

row min row max

2 
ho

ur
s

4 
ho

ur
s

8 
ho

ur
s

24
 h

ou
rs

id
9.00 0.00 0.00 17.00

5.00 0.00 0.00 21.00

5.00 10.00 0.00 43.00

48.00 38.00 21.00378.00

0.00 0.00 0.00 46.00

121.0023.00 0.00 102.00

0.00 0.00 0.00 20.00

7.00 0.00 0.00 38.00

2.00 0.00 5.00 16.00

0.00 0.00 0.00 25.00

0.00 0.00 0.00 48.00

Bd0021
Bd0022
Bd1955
Bd2567
Bd2591
Bd2592
Bd2593
Bd2597
Bd2598
Bd2599
Bd2601

id

-7.00 -1.00 7.501.00

2 
vs

 4
2 

vs
 8

2 
vs

 2
4

4 
vs

 8
4 

vs
 2

4
8 

vs
 2

4

id
-3.18 -3.18 0.92 4.09 4.09

-2.32 -2.32 2.07 4.39 4.39

1.00 -2.32 3.10 -3.32 2.10 5.43

5.52 5.52 5.52

-2.40 -6.64 -0.25 -4.64 2.15 6.67

4.32 4.32 4.32

-2.84 -2.84 2.44 5.25 5.25

-1.00 1.32 3.00 2.32 4.00 1.68

4.64 4.64 4.64

5.58 5.58 5.58

4.64 4.64 4.64

Bd0021
Bd0022
Bd1955
Bd2567
Bd2591
Bd2592
Bd2593
Bd2597
Bd2598
Bd2599
Bd2601

id

RAW READS LOG2FOLD CHANGE
M

AC
RO

PH
AG

E

PR
ED

AT
IO

N

-7.50 -1.00 7.501.00

Lo
g2

FC
 (1

5m
in

/A
P)

Lo
g2

FC
 (3

0m
in

/A
P)

Lo
g2

FC
 (4

5m
in

/A
P)

Lo
g2

FC
 (1

h/
AP

)
Lo

g2
FC

 (2
h/

AP
)

Lo
g2

FC
 (3

h/
AP

)
Lo

g2
FC

 (4
h/

AP
)

Lo
g2

FC
 (5

h/
AP

)

id
0.00 1.00 4.81 6.13 7.19 5.88 4.58 4.32

-2.00 -1.00 3.21 5.02 5.47 4.57 3.36 2.86

-0.58 -1.17 -0.36 0.29 1.92 2.19 2.29 1.35

-1.58 -1.58 -1.58 -1.58 -1.58 -1.58 -0.58 -0.58

-1.89 -2.53 -2.27 -1.87 -2.57 -2.62 -2.32 -1.19

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 1.58 2.00 1.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Bd0021
Bd0022
Bd1955
Bd2567
Bd2591
Bd2592
Bd2593
Bd2597
Bd2598
Bd2599
Bd2601

id



 
355 

5.3.4. Multidrug tolerance 

Whilst inside the phagosome, Bdellovibrio is exposed to an arsenal of 

antimicrobial and bactericidal proteins and small molecules. Whilst some of these 

molecules may resemble antimicrobial agents typically used to treat bacterial 

infection, or may attack the bacterium via a similar mechanism e.g. host 

antimicrobial peptides attack the bacterial membrane via a similar mechanism to 

polymyxin antibiotics, from a cell perspective, the same cues that signal damage 

due to antimicrobial agents are also seen when the bacterial cell is targeted by 

host antimicrobial peptides and reactive oxygen species e.g. cell wall damage, 

lipid membrane damage, DNA mutation. Due to this, signalling pathways and 

gene expression patterns associated with multidrug resistance, also represent a 

response to bactericidal conditions present within the phagosome.  

To analyse the response of Bdellovibrio to the bactericidal conditions within the 

phagosome, I curated my list of differentially expressed genes for genes that are 

associated with multidrug resistance/tolerance (Table 5.2.4). The expression 

values (raw reads and Log2 fold change) for each of these genes has been 

represented for each timepoint below (Figure 5.2.5). Most genes that are 

associated with multidrug tolerance were highly expressed at 24 hours post-

uptake of Bdellovibrio occupation of macrophage. This suggests that the majority 

of antimicrobial effectors targeting and stressing Bdellovibrio were abundant at 24 

hours post-uptake, correlating with the significant amounts of bacterial killing seen 

at this timepoint.  

I also looked at the transcriptional expression of these (proposed) multidrug 

resistance related genes throughout predation of E. coli by B. bacteriovorus. The 

Log2 fold change of these genes, compared to attack phase expression is 

represented for each timepoint below (Figure 5.2.5).  
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A significant proportion of these genes were upregulated throughout predation, 

compared to attack phase expression. As the majority of multidrug tolerance 

mechanisms are focused on the bacterial surface or cell wall modification, and 

Bdellovibrio is undergoing extensive modification of its cell surface throughout 

intraperiplasmic growth and predation, whilst also being exposed to various 

harmful agents whilst occupying the prey periplasm, this may explain why a large 

number of multidrug tolerance related genes were upregulated throughout 

predation.  
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Table 5.2.4: Genes related to multidrug tolerance, expressed by Bdellovibrio inside 
macrophage. 

Gene Synonym Function/Associations 

bd0333 ampG protein Beta lactam resistance; Cell wall recycling (613) 

bd0360 
peptide ABC 
transporter permease 

microcin C transport system permease protein 
(KEGG) 
 
Operon is related to protection against acidic stress 
and antimicrobial peptides; Invasion, virulence, and 
replication of Brucella melitensis in mice infection 
(614) 

bd0395 

Bcr/CflA subfamily 
drug resistance 
transporter 

Associated with biofilm formation in Proteus mirabilis 
(615) 
multidrug resistance transporter ((616); InterPro) 

bd0657 
tetracycline-efflux 
transporter Tetracycline efflux (KEGG) 

bd0707 
FusA/NodT family 
protein 

Beta lactam resistance; Cationic Antimicrobial 
Peptide resistance; Outer membrane protein (KEGG) 

bd0708 
macrolide-specific 
efflux protein 

macrolide export protein; multidrug resistance 
(KEGG) 

bd0797 polyketide synthase Antibiotic biosynthesis (KEGG) 

bd0888 
acriflavin resistance 
protein 

Multidrug resistance transporter; same pump in 
Salmonella Typhimurium for resistance to oxidative 
stress and macrophage killing (617) 

bd0980 
divalent cation 
tolerance protein Ion tolerance (InterPro) 

bd0982 
dienelactone 
hydrolase Chlorocatechol degradation (618) 

bd1111 
peptide ABC 
transporter ATPase Putative Antimicrobial Peptide transporter (KEGG) 

bd1113 
Iron-regulated protein 
frpA 

Iron related cytotoxin associated with pathogenesis 
of Neisseria meningitidis (619) 

bd1145 
acriflavin resistance 
protein 

Multidrug resistance transporter; same pump in 
Salmonella Typhimurium for resistance to oxidative 
stress and macrophage killing (617) 

bd1577 
multidrug resistance 
protein Multidrug resistance (KEGG) 

bd1746 erythromycin esterase Multidrug resistance; macrolide resistance (KEGG) 

bd1751 NolG efflux transporter 
Multidrug resistance; heavy metal resistance; 
membrane transporter (KEGG) 

bd1765 
organic solvent 
tolerance protein 

Multidrug resistance; Stress tolerance in Yersinia 
pestis (580) 

bd1798 NolG efflux transporter 
Multidrug resistance; heavy metal resistance; 
membrane transporter (KEGG) 

bd1972 

ABC-type 
dipeptide/oligopeptide/
nickel transport 
systems Beta lactam resistance (KEGG) 

bd2034 
isopenicillin N 
epimerase 

Amino acid degradation; penicillin and cephalasporin 
synthesis (KEGG) 

bd2036 
beta-lactamase 
exonuclease beta lactamase; Multidrug resistance (KEGG) 

bd2170 hemolysins 
Putative hemolysin; Magnesium and Cobalt exporter 
(KEGG) 

bd2190 

oligopeptide ABC 
transporter ATP-
binding protein Peptide/Nickel transport (KEGG) 
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bd2228 

HAS ABC exporter 
outer membrane 
component 

Metalloprotease secretion in Serratia marcescens 
(620) 

bd2342 
mate efflux family 
protein Multidrug resistance (KEGG)  

bd2357 dedA protein 
Colistin resistance and Lipid A modification (621) so 
may confer Antimicrobial Peptide resistance also  

bd2575 

2-component 
transcriptional 
regulator 

Copper resistance; ompR porin repression; 
Phosphate regulon response regulator (KEGG) 

bd2709 
oligopeptide transport 
system permease 

oligopeptide transport; nickel transport; beta 
lactamase resistance (KEGG) bd2710 

oligopeptide ABC 
transporter permease 

bd3057 

MarR family 
transcriptional 
regulator 

Multiple antibiotic resistance protein regulator 
(KEGG) 

bd3060 
transcriptional 
regulator 

TetR/AcrR family transcriptional regulator, Regulator 
of cefoperazone and chloramphenicol sensitivity 
(KEGG) 

bd3063 
transcriptional 
regulator  Unknown 

bd3212 beta-lactamase Beta lactam resistance; Multidrug resistance (KEGG) 

bd3549 
rhodanese-related 
sulfurtransferase Anti-oxidative stress (622) 

bd3804 ABC-type organic 
solvent resistance 
transport system, 
permease 

Phospholipid/Cholesterol transport permease protein 
(KEGG) 

bd3805 

bd3806 

ABC-type organic 
solvent resistance 
transport system ATP-
binding protein 
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Figure 5.2.5: Genes related to multidrug tolerance were upregulated at 24 hours of 
Bdellovibrio occupation of macrophage. A (limited) bacterial transcriptome from Bdellovibrio 
occupying macrophage over a 24-hour period was curated for significantly upregulated and 
downregulated (2x Cut off; q<0.05) genes related to multidrug tolerance. The expression of genes 
varied related to multidrug tolerance were most highly upregulated at 24 hours of Bdellovibrio 
occupation of macrophage. The bacterial transcriptome of B. bacteriovorus throughout predation 
of E. coli was interrogated for the selected genes, proposed to be involved in multidrug tolerance. 
Interestingly, a significant proportion of genes were upregulated or downregulated throughout 
predation. Heatmaps were generated using Morpheus. 
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5.3.5. Nutrient starvation 

Nutrients are highly restricted in the phagosome, limiting bacterial growth and 

preventing dissemination of bacterial infection. Bdellovibrio undergoes periods of 

nutrient starvation within its predatory lifecycle, between subsequent invasion of 

Gram-negative prey cells, therefore it is likely to have mechanisms associated 

with tolerance to nutrient starvation. To determine whether Bdellovibrio expresses 

any genes that are associated with nutrient starvation, I curated my list of 

differentially expressed genes for genes that are functionally associated with 

nutrient starvation (Table 5.2.5). The expression values (raw reads and Log2 fold 

change) for each of these genes has been represented for each timepoint below 

(Figure 5.2.6). Most genes that are associated with nutrient starvation were highly 

expressed at 24 hours post-uptake of Bdellovibrio occupation of macrophage, 

although some are also highly expressed earlier on in Bdellovibrio occupation. 

This fits with the highly nutrient-restricted conditions associated with the mature 

phagosome and is in line with the idea that Bdellovibrio will undergo large 

changes in gene expression in an attempt to combat the bactericidal conditions in 

the phagosome, therefore expending large amounts of ATP and other nutrients 

through its upregulated protein synthesis. 

I also looked at the transcriptional expression of these (proposed) nutrient 

starvation related genes throughout predation of E. coli by B. bacteriovorus. The 

Log2 fold change of these genes, compared to attack phase expression is 

represented for each timepoint below (Figure 5.2.6). A subset of these genes 

were upregulated throughout predation. This may suggest that Bdellovibrio is 

experiencing nutrient starvation throughout predation.  
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Table 5.2.5: Genes related to nutrient starvation, expressed by Bdellovibrio inside 
macrophage. 

Gene Synonym Function/Associations 

bd1236 
DNA-binding 
stress protein Starvation-inducible chaperone protein (KEGG) 

bd1454 

pyoverdine 
biosynthesis 
protein PvcA 

Iron acquisition; Link to host cell autophagy; Nutrient starvation 
and acquisition (623) bd1455 

pyoverdine 
biosynthesis 
protein PvcB 

bd2145 

sulfur 
deprivation 
response 
regulator Nutrient starvation (KEGG) 

bd2648 

outer 
membrane 
iron(III) 
dicitrate 
receptor Nutrient starvation; iron transporter (KEGG) 

bd2860 

siderophore-
mediated iron 
transport 
protein 

Nutrient starvation; iron acquisition; membrane transport 
(KEGG) 

bd3153 

phosphoenolp
yruvate 
synthase 

Gluconeogenesis; starvation response; global signalling; 
Rifampicin phosphotransferase (KEGG) 

bd3372 ABC-type zinc 
and 
manganese 
transporter 
ATPase 
component 

Nutrient starvation; iron acquisition; membrane transport 
(KEGG) bd3373 
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Figure 5.2.6: Genes related to nutrient starvation were mostly upregulated at 24 hours of 
Bdellovibrio occupation of macrophage, with some also upregulated throughout predation. 
A (limited) bacterial transcriptome from Bdellovibrio occupying macrophage over a 24-hour period 
was curated for significantly upregulated and downregulated (2x Cut off; q<0.05) genes related to 
nutrient starvation. The expression of genes varied related to nutrient starvation were most highly 
upregulated at 24 hours of Bdellovibrio occupation of macrophage. The bacterial transcriptome of 
B. bacteriovorus throughout predation of E. coli was interrogated for the selected genes, proposed 
to be involved in nutrient starvation. A subset of these genes were upregulated throughout 
predation. Heatmaps were generated using Morpheus.
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5.3.6. Peptidoglycan and Outer membrane synthesis 

The bacterial surface represents the first interface between the bacterial cell and 

the host. It is also the first barrier to host bactericidal mechanisms/effector 

proteins, suggesting it may be altered or repaired to avoid cell death (624). To 

determine whether Bdellovibrio expresses any genes that are associated with 

peptidoglycan or outer membrane lipid synthesis, I curated my list of differentially 

expressed genes for genes that are functionally associated with peptidoglycan or 

Lipid synthesis (Table 5.2.6). The expression values (raw reads and Log2 fold 

change) for each of these genes has been represented for each timepoint below 

(Figure 5.2.7).  

Most genes that are associated with Peptidoglycan and Lipid synthesis were 

highly expressed at 24 hours post-uptake of Bdellovibrio occupation of 

macrophage, although some are also highly expressed earlier on in Bdellovibrio 

occupation. This fits with the majority of membrane and cell wall damaging agents 

being abundant in the mature phagosome, at 24 hours post-uptake, prompting 

membrane and cell wall repair.  

I also looked at the transcriptional expression of these (proposed) Peptidoglycan 

and Lipid synthesis genes throughout predation of E. coli by B. bacteriovorus. The 

Log2 fold change of these genes, compared to attack phase expression is 

represented for each timepoint below (Figure 5.2.7). As expected, the majority of 

these genes were upregulated towards the end of predation, compared to attack 

phase expression, when intraperiplasmic growth and release of Bdellovibrio 

progeny from the prey cell was occurring. In attack phase, Bdellovibrio are not 

growing therefore Peptidoglycan and Lipid synthesis gene expression would be 

low. 
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Table 5.2.6: Genes related to peptidoglycan and outer membrane lipid synthesis, expressed 
by Bdellovibrio inside macrophage. 

Gene Synonym Function/Associations 

bd0448 
phospholipase 
D cardiolipin lipid synthesis (KEGG) 

bd0585 
D-alanine-D-
alanine ligase 

D-alanine metabolism; peptidoglycan biosynthesis; vancomycin 
resistance (KEGG) 

bd0664 lipase LipA 
Represses autolysis in Streptococcus pneumoniae infection; 
hydrolyses/frees fatty acids off membrane (KEGG;(625)) 

bd1516 

phospholipase 
D family 
protein cardiolipin lipid synthesis (KEGG) 

bd1870 

glucose-1-
phosphate 
thymidylyltrans
ferase polyketide/streptomycin/o-antigen synthesis (KEGG) 

bd2389 
cardiolipin 
synthetase cardiolipin lipid metabolism (KEGG) 

bd3201 

phospho-N-
acetylmuramo
yl-
pentapeptide- 
transferase 

peptidoglycan synthesis and degradation; vancomycin 
resistance (KEGG) 

bd3204 

UDP-N-
acetylmuramo
ylalanyl-D-
glutamyl-2, 6-
diaminopimelat
e--D-alanyl-D-
alanine ligase 

bd3205 

UDP-N-
acetylmuramo
ylalanyl-D-
glutamate--2, 
6-
diaminopimelat
e ligase 
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Figure 5.2.7: Genes related to peptidoglycan and lipid synthesis are mostly upregulated at 
24 hours of Bdellovibrio occupation of macrophage, and at the later stages of bacterial 
predation. A (limited) bacterial transcriptome from Bdellovibrio occupying macrophage over a 
24-hour period was curated for significantly upregulated and downregulated (2x Cut off; q<0.05) 
genes related to Peptidoglycan and Lipid synthesis. The expression of genes varied related to 
Peptidoglycan and Lipid synthesis are most highly upregulated at 24 hours of Bdellovibrio 
occupation of macrophage. The bacterial transcriptome of B. bacteriovorus throughout predation 
of E. coli was interrogated for the selected genes, proposed to be involved in Peptidoglycan and 
Lipid synthesis. The majority of genes were upregulated throughout predation. Heatmaps were 
generated using Morpheus. 
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5.3.7. Stress 

To determine whether Bdellovibrio expresses any genes related to non-oxidative 

stress tolerance, whilst residing within macrophage, I curated my list of 

differentially expressed genes for genes related to various global stress 

responses (Table 5.2.7). The expression values (raw reads and Log2 fold change) 

for each of these genes has been represented for each timepoint below (Figure 

5.2.8).  Several stress related genes, mostly linked to chaperone function and 

maintenance of protein folding and function, were highly expressed throughout 

Bdellovibrio occupation of macrophage, especially at 2- and 24-hours post-

uptake. This suggests that Bdellovibrio is experiencing high levels of stress 

initially upon uptake and towards the end of phagosome maturation, even though 

other stress response related genes were expressed throughout Bdellovibrio 

occupation of macrophage. Most of these genes are related to generic stress 

responses, triggered by a change in environmental conditions, to maintain protein 

folding and function.  

I also looked at the transcriptional expression of these (proposed) generic/ non-

oxidative stress related genes throughout predation of E. coli by B. bacteriovorus. 

The Log2 fold change of these genes, compared to attack phase expression is 

represented for each timepoint below (Figure 5.2.8). The majority of the selected 

genes were upregulated throughout predation, with the exception of bd1287, a 

heat chaperone, which was downregulated throughout predation. This suggests 

that Bdellovibrio is experiencing other stresses throughout predation.  
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Table 5.2.7: Genes related to stress responses, expressed by Bdellovibrio inside 
macrophage. 

Gene Synonym Function/Associations 

bd0638 
SsrA-binding 
protein 

Stalled ribosome translation rescue; Global regulation of Two 
component systems (Kim et al., 2022) 

bd0961 
desiccation-
related protein Dessication resistance (KEGG) 

bd1287 
heat shock 
protein HtpX 

Heat shock chaperone protein (KEGG) upregulated by 
Mycobacterium tuberculosis in THP-1 cells (600) and Francisella 
tularensis (626) 

bd1296 DnaJ protein Chaperone; Heat shock protein (KEGG) 

bd2205 
cell division 
inhibitor SulA 

cellular response to DNA damage; cell division inhibitor; SOS 
response and evasion of engulfment in UPEC infection (627, 
628) 

bd2272 
spb1 gene 
forserine 
protease 
(AJ428902) 
related protein 
 

Pilus protein secretion; stress response; link to opsonin-
independent phagocytosis and intracellular of Group B 
Streptococcus (629) 
Internalisation of Streptococcus agalactiae (630) 
 

bd2274 

bd2275 

bd3511 

transcriptional 
repressor of 
the SOS 
regulon DNA damage; DNA repair; Stress response (KEGG) 

bd3727 

outer 
membrane 
lipoprotein Blc 

Lipid/Outer membrane modification under osmotic stress (631, 
632) 

bd3872 DnaJ protein 
Shock/stress response; Response to hyperosmotic and heat 
shock; chaperone (KEGG) 
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Figure 5.2.8: Genes related to Stress are upregulated throughout Bdellovibrio occupation of 
macrophage. A (limited) bacterial transcriptome from Bdellovibrio occupying macrophage over a 
24-hour period was curated for significantly upregulated and downregulated (2x Cut off; q<0.05) 
genes related to various stress responses. The majority of gene expression, relating to stress 
tolerance, were seen throughout Bdellovibrio occupation of macrophage, specifically at 2- and 24-
hours post-uptake. The bacterial transcriptome of B. bacteriovorus throughout predation of E. coli 
was interrogated for the selected genes, proposed to be involved in generic (non-oxidative) stress 
responses. The majority of genes were upregulated throughout predation. Heatmaps were 
generated using Morpheus.  

 

Summaries of the expression of the bacterial genes within each of these 

functional categories can be found below, along with how these bacterial changes 

correlate with host interactions and phagosomal conditions. The overall trends 

within these data are summarised in Section 5.4.

RAW READS LOG2FOLD CHANGErow min row max

2 
ho

ur
s

4 
ho

ur
s

8 
ho

ur
s

24
 h

ou
rs

id
0.00 33.00 0.00 36.00

53.00 0.00 0.00 0.00

2252.001224.002175.0011389.00

0.00 0.00 47.00261.00

44.00 5.00 0.00 70.00

31.00 0.00 0.00 0.00

8.00 0.00 0.00 18.00

13.00 18.00 0.00 40.00

101.0049.00 29.00823.00

15.00 0.00 0.00 0.00

21.00 28.00 0.00 206.00

Bd0638
Bd0961
Bd1287
Bd1296
Bd2205
Bd2272
Bd2274
Bd2275
Bd3511
Bd3727
Bd3872

id

-7.50 -1.00 7.501.00

2 
vs

 4
2 

vs
 8

2 
vs

 2
4

4 
vs

 8
4 

vs
 2

4
8 

vs
 2

4

id
5.04 5.17 -5.06 0.12 5.17

-5.64 -5.64 -5.64

-0.89 -0.04 2.34 0.83 3.22 2.39

5.55 8.03 5.55 8.03 2.47

-3.18 -5.64 0.67 -2.32 3.81 6.13

-5.06 -5.06 -5.06

-2.94 -2.94 1.17 4.17 4.17

0.46 -3.64 1.62 -4.06 1.15 5.32

-1.03 -1.79 3.03 -0.76 4.07 4.83

-3.84 -3.84 -3.84

-4.32 3.29 -4.64 2.88 7.69

Bd0638
Bd0961
Bd1287
Bd1296
Bd2205
Bd2272
Bd2274
Bd2275
Bd3511
Bd3727
Bd3872

id

-7.50 -1.00 7.501.00

Lo
g2

FC
 (1

5m
in

/A
P)

Lo
g2

FC
 (3

0m
in

/A
P)

Lo
g2

FC
 (4

5m
in

/A
P)

Lo
g2

FC
 (1

h/
AP

)
Lo

g2
FC

 (2
h/

AP
)

Lo
g2

FC
 (3

h/
AP

)
Lo

g2
FC

 (4
h/

AP
)

Lo
g2

FC
 (5

h/
AP

)

id
0.00 0.51 1.42 1.45 2.00 1.71 1.51 0.56

-0.54 -1.08 -0.92 -0.89 0.05 -0.78 -0.86 -0.29

-1.57 -2.78 -2.79 -2.34 -2.82 -2.64 -2.58 -2.27

0.00 1.00 3.37 4.12 4.95 3.32 2.87 2.42

-0.35 -0.74 -0.56 -0.81 -0.27 -0.14 -0.56 -0.32

0.00 3.32 4.64 6.74 5.73 4.25 4.70 4.70

0.00 4.00 5.39 6.58 6.29 4.25 4.64 4.70

-1.58 2.66 4.27 5.80 5.39 3.46 3.77 3.74

-1.49 -1.75 -1.69 -0.78 -0.39 -0.75 -0.85 -0.43

-1.12 -2.70 -3.12 -3.12 -1.24 -0.45 -1.38 -0.38

-0.65 -0.29 -0.46 -0.46 2.27 2.16 2.24 1.63

Bd0638
Bd0961
Bd1287
Bd1296
Bd2205
Bd2272
Bd2274
Bd2275
Bd3511
Bd3727
Bd3872

id

M
AC

RO
PH

AG
E

PR
ED

AT
IO

N



 
369 

Table 5.2.8 A summary of the data presented in Chapter 5a.  N.D. indicates not detected; N.D.E. indicates not differentially expressed.  

 

Gene(s) Function Intramacrophage expression 
(Log2FoldChange) 

Expression throughout predation  Correlation with Macrophage 
interactions  

Oxidative stress tolerance 
bd0177 Acidic pH tolerance Highly expressed at 24 hours Downregulated during attachment 

and invasion; upregulated during 
intraperiplasmic growth. 

Tolerance of fluctuating pH within 
end-stage phagolysosome 
 
Tolerance of acid/proton rich 
periplasm of prey also 

bd0456 

bd2153 N.D.E 
bd3076 Alkaline pH response Downregulated throughout predation 
bd1002 Superoxide response Highly expressed at 24 hours Upregulated throughout prey cell 

residency 
Tolerance of high levels of oxidative 
stress within phagosome at 24 
hours 

bd1401 Superoxide dismutase 
bd1425 Transcriptional regulator 

of oxidative stress 
response and/or 
multidrug resistance 

Highly expressed at 24 hours Upregulated during late stage 
intraperiplasmic growth bd1451 

bd2071 Downregulated throughout predation 
bd2113 
bd0298 Organic solvent and 

peroxide stress 
response 

Highly expressed at 24 hours Upregulated throughout 
intraperiplasmic growth 

Initial response to oxidative stress in 
phagosome, and high levels of 
oxidative stress at 24 hours (that 
ultimately culminate in bacterial 
killing). 

bd0909 Highly expressed at 8 and 24 hours Downregulated during early growth 
bd0945 Fatty acid oxidation  N.D.E. 
bd1805 Peroxide response Highly expressed at 2 and 24 hours N.D.E 
bd2788 Oxidative damage 

reversal 
Downregulated throughout 
intraperiplasmic growth 

Tolerance of initial and subsequent 
phagosomal conditions 

bd3432 
Zinc tolerance Highly expressed at 2, 8 and 24 

hours 
Downregulated throughout 
intraperiplasmic growth 

Host infection 

bd0017 

Survival associated 
chaperone protein 

Highly expressed at 24 hours Downregulated early in predation In response to significant bacterial 
killing at 24 hours, attempts to 
regulate protein folding and outer 
membrane integrity. 

bd0586 Hydrolase Highly expressed at 8 hours Downregulated early in predation - 

Table 5.2.8 continued… 
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bd0665 
Bile salt resistance Highly expressed at 24 hours Upregulated in newly released 

progeny 
Attempt to resist bacterial killing and 
bactericidal protein action within 
phagosome by altering outer 
membrane 

bd0819 Fusaric acid tolerance Highly expressed at 24 hours N.D.E 

bd0880 
Outer membrane 
modification 

Highly expressed at 24 hours Downregulated later in predation 

bd3591 
Lipid transport Highly expressed at 24 hours Upregulated throughout 

intraperiplasmic growth  
bd1759 Transcriptional regulator Highly expressed at 8 hours N.D.E - 

bd3394 
Transcriptional regulator Highly expressed throughout Upregulated throughout 

intraperiplasmic growth  
- 

bd3415 
Serine protease Highly expressed at 4 hours Upregulated during attachment, 

invasion and progeny release 
Initial response to phagosomal 
uptake 

bd3456 
Iron acquisition Highly expressed at 4, 8 and 24 

hours 
Downregulated early in predation (15’ 
– 30’) 

Response to nutrient starvation 
within the phagosome. 

bd3885 

Oxidative stress 
tolerance  

Highly expressed at 2 and 4 hours Downregulated throughout early 
predation (15’ – 2 hours) 

Initial response to oxidative 
stressors present within the 
phagosome 

     
Anaerobic respiration and nitrogen metabolism 
bd0021 Electron transfer Expressed at 2 and 24 hours; highest 

at 24 hours 
Upregulated throughout 
intraperiplasmic growth 

Within the anaerobic and nutrient 
restricted phagosome, Bdellovibrio 
attempts to use alternative electron 
donors to generate ATP for protein 
synthesis and metabolism. This is 
most prominent at 24 hours, where 
the most significant amounts of 
bacterial gene expression (and 
bacterial killing) occur 

bd0022 
bd1955 Nitrogen starvation Expressed throughout; highest at 24 

hours bd2567 Denitrification Downregulated throughout predation 
bd2591 Anaerobic 

respiration/tolerance 
Highly expressed at 24 hours 

bd2592 N.D. 
bd2593 Upregulated during late growth 
bd2597 Nitrogen metabolism N.D. 
bd2598 N.D. 
bd2599 N.D. 
bd2601 N.D. 

 

Table 5.2.8 continued… 
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Multidrug tolerance 
bd0333 Beta lactam resistance Highly expressed at 24 hours Downregulated throughout predation Proteins/bactericidal immune factors 

that target the cell wall will also 
trigger the same expression 
responses as conventional cell-wall 
and membrane targeting antibiotics. 
 
Tolerance of cell-wall targeting 
agents, in response to hydrolytic 
enzymes and AMPs and bactericidal 
conditions within phagosome, 
explaining the high levels of 
expression at 8 and 24 hours, where 
most bacterial killing is seen. 

bd1765 
Beta lactam resistance Highly expressed at 24 hours Upregulated throughout 

intraperiplasmic growth 

bd2036 
Beta lactam resistance Expressed at 4, 8 and 24 hours; 

highest at 24 hours 
Upregulated throughout 
intraperiplasmic growth 

bd1972 
Beta lactam resistance  Expressed throughout Downregulated upon invasion, 

upregulated during late growth 

bd3212 

Beta lactam resistance Highly expressed throughout, 
especially at 24 hours 

Downregulated during attachment 
and invasion; upregulated during late 
growth 

bd0707 
Beta lactam resistance; 
AMP tolerance 

Expressed throughout Downregulated throughout predation 

bd0360 AMP tolerance Expressed at 4 and 24 hours Upregulated throughout predation 

bd1111 
AMP tolerance Highest at 2 and 24 hours Upregulated during intraperiplasmic 

growth 

bd2357 
AMP tolerance Highly expressed at 8 and 24 hours Upregulated throughout 

intraperiplasmic growth 
bd0395 Multidrug transporter Highly expressed at 24 hours Downregulated throughout 

bd0657 
Tetracycline efflux Highly expressed at 24 hours Upregulated during intraperiplasmic 

growth 
bd0708 Macrolide export Expressed at 2, 4 and 8 hours Downregulated throughout predation 
bd1746 Macrolide resistance Highly expressed at 24 hours Downregulated throughout predation 

bd0888 
Multidrug transporter Highly expressed at 24 hours Upregulated during intraperiplasmic 

growth 

bd2342 

Multidrug transporter Highly expressed at 8 and 24 hours Downregulated during attachment 
and invasion, upregulated during 
intraperiplasmic growth 

bd1145 

Multidrug transporter Highly expressed at 24 hours Downregulated upon invasion, 
upregulated at late stages of 
predation 

bd1577 Multidrug transporter Highly expressed at 8 and 24 hours Upregulated throughout predation 
bd1113 Cytotoxin Expressed throughout  Downregulated throughout predation 

Table 5.2.8 continued… 
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bd0797 Antibiotic synthesis Expressed at 8 and 24 hours Upregulated throughout predation  

bd2034 
Penicillin synthesis Highly expressed at 24 hours Upregulated throughout 

intraperiplasmic growth 

bd0982 
Chlorocatechol 
degradation 

Highly expressed at 24 hours Downregulated at points during 
predation 

bd2228 
Metalloprotease export Highly expressed at 24 hours Downregulated throughout 

intraperiplasmic growth 
bd0980 Ion tolerance Highly expressed at 24 hours Downregulated throughout predation 
bd1751 Heavy metal transporter Highly expressed at 24 hours N.D. 

bd1798 
Heavy metal resistance Highly expressed at 24 hours Upregulated throughout 

intraperiplasmic growth 

bd2170 
Metal ion transporter Highly expressed at 24 hours Upregulated throughout 

intraperiplasmic growth 

bd2190 
Metal ion transporter Highly expressed at 24 hours Upregulated throughout 

intraperiplasmic growth 

bd2575 
Copper resistance Highly expressed at 24 hours Upregulated throughout 

intraperiplasmic growth 
bd2709 Metal ion transporter Highly expressed at 24 hours Downregulated during early growth 
bd2710 Metal ion transporter Highly expressed at 2 and 24 hours Downregulated during early growth 
bd3057 Transcriptional regulator Highly expressed at 8 and 24 hours Downregulated throughout predation 

bd3060 
Transcriptional regulator Highly expressed throughout, 

especially at 24 hours 
Downregulated throughout predation 

bd3063 
N/A Highly expressed throughout, 

especially at 24 hours 
Downregulated throughout predation; 
Upregulated upon attachment 

    

bd3549 
Oxidative stress 
tolerance 

Highly expressed at 4, 8 and 24 
hours, especially at 24 hours 

Downregulated during attachment 
and invasion 

bd3804 Phospholipid transport Highly expressed at 24 hours Downregulated during attachment 
and invasion; upregulated during late 
growth 

bd3805 
bd3806 

 

Table 5.2.8 continued… 
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Nutrient starvation 

bd1236 
Starvation-induced 
chaperone 

Expressed throughout, highest at 4 
and 24 hours 

Downregulated upon attachment Within the macrophage phagosome, 
nutrients are highly restricted, 
therefore starvation-induce proteins 
are highly expressed, along with 
nutrient uptake transporters, 
especially at 24 hours, where 
nutrient starvation has been 
ongoing. 
 
Conversely, during predation, the 
prey cell is nutrient rich, therefore 
starvation proteins are 
downregulated, and nutrient uptake 
transporters are upregulated, as 
seen here. 

bd1454 Iron 
acquisition/starvation 

Highly expressed at 24 hours N.D. 
bd1455 N.D. 
bd2648 N.D. 

bd2860 
Expressed throughout, highest at 24 
hours 

Highly upregulated throughout 
predation 

bd2145 
Nutrient/sulfur starvation Highly expressed at 2 and 24 hours Downregulated throughout prey cell 

residency 

bd3153 

Gluconeogenesis Highly expressed at 24 hours Upregulated late in intraperiplasmic 
growth and in newly released 
progeny 

bd3372 

Zinc/Manganese uptake Upregulated throughout prey cell 
residency and in newly released 
progeny. 

bd3373  
Peptidoglycan and outer membrane synthesis 
bd0448 Cardiolipin synthesis Expressed at 24 hours Upregulated at 1 hour only Attempt to modify outer membrane 

to resist bactericidal phagosomal 
conditions at 24 hours, where most 
bacterial killing occurs 

bd1516 
Expressed at 2, 4 and 24 hours, most 
significantly at 24 hours 

Downregulated throughout predation 

bd2389 

Cardiolipin metabolism Expressed at 24 hours Downregulated in attack phase and 
attachment. Upregulated during 
intraperiplasmic growth (3 – 5 hours) 

bd0664 
Fatty acid hydrolysis Expressed throughout. Downregulated throughout predation Outer membrane modification to 

prevent recognition (?) 

bd1870 
Polyketide/o-antigen 
synthesis 

Expressed at 24 hours Upregulated in newly released 
progeny 

Bdellovibrio is not growing at 24 
hours, therefore peptidoglycan 
synthesis and degradation 
represents an attempt to modify the 
cell in response to damage inflicted 
by host antimicrobial peptides and 
hydrolytic enzymes (most 
bactericidal at 24 hours) 

bd0585 Peptidoglycan synthesis 
and degradation 

Expressed at 24 hours Upregulated at later stages of 
predation and growth (3 – 5 hours) 

bd3201 
Expressed throughout, most highly at 
24 hours 

bd3204 Expressed at 24 hours 

bd3205 
Expressed most highly at 8 hours 

Table 5.2.8 continued… 
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Stress 

bd0638 
Stalled ribosome 
translation rescue 

Expressed at 4 and 24 hours Upregulated during prey cell 
residency 

N/A 

bd0961 Dessication resistance Expressed at 2 hours only N.D.E. No significant role 

bd2205 
Cell division inhibitor 
SulA 

Predominantly expressed at 2 and 24 
hours 

N.D.E. Bdellovibrio are not growing within 
the macrophage phagosome. 

bd2272 Pilus secretion Expressed at 2 hours only Upregulated throughout predation Bdellovibrio attempting to sense the 
environment within the phagosome.  
 
Pili are vital for predation. 

bd2274 Expressed at 2 and 24 hours 

bd2275 
Expressed most highly at 24 hours 

bd3727 
Osmotic stress 
membrane modification 

Expressed at 2 hours Downregulated at beginning of 
predation (0’ – 2 hours) 

Initial response to uptake by 
macrophage/phagosomal conditions 

bd1287 
Heat shock chaperone Highly expressed throughout, 

predominantly at 24 hours 
Downregulated throughout predation  

bd1296 DnaJ chaperone Expressed at 8 and 24 hours Upregulated throughout predation Bdellovibrio are under high amounts 
of oxidative stress (and significant 
bacterial killing) at 24 hours. Attempt 
to protect chromosome and 
proteins. 
 
 
 

bd3511 
DNA repair; SOS 
response 

Expressed throughout, most highly at 
24 hours 

Downregulated at beginning of 
predation (0’ - 45’) 

bd3872 

DnaJ chaperone Expressed most highly at 24 hours Upregulated during intraperiplasmic 
growth. 
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5.4. Summary 

In summary, from this (limited) bacterial transcriptomic dataset of Bdellovibrio 

gene expression, whilst it temporarily occupies macrophage, we see the 

transcriptional upregulation of several genes related to oxidative stress tolerance, 

suggesting that Bdellovibrio was experiencing high levels of oxidative stress 

throughout its occupation of macrophage, most significantly at 24 hours post-

uptake. This correlates and supports our rationale for Chapter 4, where I sought to 

determine if Bdellovibrio was attempting to tolerate oxidative stresses within 

macrophage.  

Investigating genes associated with host infection (from the literature on bacterial 

pathogens and infection), Bdellovibrio expresses various genes, predominantly at 

24 hours, in an attempt to tolerate phagosomal conditions and resist bacterial 

killing through oxidative stress tolerance. 

 Bdellovibrio expresses genes related to nitrogen metabolism and aerobic 

respiration at 24 hours post-uptake, indicating that it is attempting to utilise 

alternative pathways to generate ATP and is under respiratory stress.  

Genes related to nutrient starvation were most upregulated at 24 hours post-

uptake, suggesting that this is when Bdellovibrio is under the most significant 

stress, correlating with the most significant levels of bacterial killing also. Of note 

is the increase in the expression of iron acquisition genes (bd1454, bd1455 and 

bd2648) throughout intramacrophage survival, consistent with bacterial infection 

and critical for intraphagosomal survival, but who’s expression are entirely absent 

throughout predation. This validates the experimental setup and demonstrates 

that Bdellovibrio are experiencing intraphagosomal conditions representative of 

those experienced by bacteria during host infection.  This is also highlights one 

subset of genes which are important for macrophage survival but not for 

predation, showing a disconnect between the two scenarios (explored in Chapter 

6).  
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Gene expression related to multidrug tolerance and peptidoglycan and outer 

membrane synthesis were also most prominent at 24 hours post-uptake, suggests 

that this was when the majority of membrane/cell wall targeting antimicrobial 

effectors targeting and stressing Bdellovibrio were present.  

Clearly, as the highest levels of transcriptional upregulation occur at 24 hours 

post-uptake, this represents the most significant timepoint at which Bdellovibrio is 

trying to tolerate and resist the conditions within the phagosome, and is under 

severe stress, in response to the significant levels of bacterial killing occurring at 

this timepoint. Prior to this, Bdellovibrio is still undergoing large shifts in 

transcriptional expression, but fewer discernible trends emerge at earlier 

timepoints to suggest a co-ordinated response to intramacrophage survival. 

Owing to only a partial transcriptome being available for Bdellovibrio throughout 

its occupancy of macrophage, these (preliminary) conclusions would require 

further testing and validation in future to fully characterise the main themes in the 

response of Bdellovibrio to intramacrophage survival and phagosomal conditions.  
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Chapter 5b: Analysis of the 
transcriptional response of 
macrophage to Bdellovibrio 
throughout macrophage 
occupation. 
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5.5. What is already known, or expected, 
regarding the host response to Bdellovibrio? 

5.5.1. Introduction to the host transcriptional 
response to Bdellovibrio 

I have chosen to look at the macrophage transcriptional response to Bdellovibrio 

bacteriovorus uptake at 4 timepoints, capturing earlier and later stages of 

macrophage occupation prior to (significant) bacterial killing at 24 hours. This is 

because previous work by Dr Dhaarini Raghunathan (2) showed that Bdellovibrio 

occupation of macrophage lasted 48 hours, with a significant viability of 

Bdellovibrio (6 x 104 PFU/ml; 33% of predicted uptake input) up until 8 hours, 

upon which significant killing occurred and the viability of Bdellovibrio decreased 

to 3 x 103 (1.5%) at 24 hours and dropped further (8 x 101 PFU/ml; 0.25%) at 48 

hours. 

The key bacterial ligands on Bdellovibrio which could be recognised by the host 

are unexplored, unlike the situation for many bacterial pathogens, and will be 

investigated by interrogating the host RNASeq response pathways showing 

altered transcription in comparison to the known macrophage responses to 

bacterial pathogens (see Section 1.4.3). I have considered these alternatively 

transcriptionally regulated pathways by mRNA sampling at 2-, 4-, 8- and 24-hour 

timepoints. 

2 hours: At 2 hours post-exposure, Bdellovibrio are known from work by 

Raghunathan and co-workers to have been recently encountered and internalised 

by macrophage (2). By analogy with the known processes of bacterial pathogen 

engulfment (185) and also fluorescent antibody studies of Bdellovibrio uptake by 

macrophage (2), large cytoskeletal (F-actin and microtubule) rearrangements will 

have occurred in host cells, promoting membrane rearrangement, along with 

trafficking of endosomes to the phagosome after initial uptake.  
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Phagocytosis may be opsonic, due to cross-reacting or specific IgG antibodies 

present in the foetal bovine serum-containing culture media; or may be non-

opsonic and initiated through the binding of host Pattern Recognition Receptors 

(PRRs) to Bdellovibrio Pathogen Associated Molecular Patterns 

(PAMPs)/microbial ligands. 

At 2 hours, we would expect to see a non-specific and generalised response to 

bacterial stimuli, before further recognition later in the phagocytic pathway. We (2) 

know there is some Bdellovibrio persistence within macrophage, therefore I 

hypothesised that I might expect a potential delay or inhibition in recognition, 

which I have investigated further in this study. At 2 hours, transcriptional changes 

will be largely due to interactions with the surface epitopes of the Bdellovibrio, and 

potentially due to changes in oxygen abundance due to respiration of an 

additional cell type, alongside the macrophages. 

4 hours: At 4 hours post-uptake, Bdellovibrio is persisting live within macrophage, 

inside a phagosome (2). Further sampling of the contents of the phagosome is 

likely occurring. Cycling of pH towards acidification is also occurring. Some non-

specific lysis of Bdellovibrio has likely occurred, but there is no extensive bacterial 

killing (Figure 5.4.1) ((2); This study). 

8 hours: At 8 hours post-uptake, Bdellovibrio is persisting, live, within 

macrophage but Raghunathan and co-workers and I detected some killing 

(approximately 3-fold drop in PFU). ELISA work showed a strong TNFα response 

induced throughout 4 and peaking at 8 hours, and an induced IL-6 response also 

(2).  

24 hours: At 24 hours, Raghunathan and co-workers saw significant acidification 

of the phagolysosome (LysoTracker Red staining of acidified vesicles) (2), along 

with a 100-fold drop in viability. It is likely that digestion of microbial ligands, prior 

to antigen presentation on antigen presenting cells via MHC-II complexes, and 

amplification of the inflammatory and adaptive immune response will be readily 

occurring at 24 hours post-uptake.  

Production of IL-1β, IL-6 and IL-8 (proinflammatory) and IL-10 (anti-inflammatory) 

cytokines (detected by ELISA) was also seen to increase at 24 hours (2). 
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I checked the persistence of Bdellovibrio in U937 cells using an identical 

methodology to Raghunathan and co-workers, comparing the viability of 

Bdellovibrio seen. I detected and saw similar values for Bdellovibrio viability as 

Raghunathan and co-workers (2). 
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5.5.2. What is known/expected of the macrophage 
response to Bdellovibrio? 

Data from a survey of 25 randomly chosen human sera shows that although 90 % 

had a detectable level of anti-Bdellovibrio antibodies (measured by ELISA), 50-

60% of these samples had a low anti-Bdellovibrio antibody titre (<10 µg/ml) (2). 

Exposure to Bdellovibrio was also not recent, due to the titre of IgG antibodies 

exceeding those of IgM (2). This suggests that exposure to Bdellovibrio, is 

uncommon or short-lived, and that there is no large circulating anti-Bdellovibrio 

antibody titre in human populations. This may indicate that in the Foetal Bovine 

Serum used in our tissue culture media, low levels of anti-Bdellovibrio antibodies 

may also be present because Bdellovibrio is a soil dwelling organism that the cow 

may be exposed to, although this has not been tested. Opsonic phagocytosis may 

also occur through the binding of other host proteins (present within Foetal Bovine 

Serum) to Bdellovibrio e.g. complement proteins.     

Opsonisation of Bdellovibrio with human sera, prior to exposure to PMA-

differentiated U937 cells, did not significantly affect uptake (at 2 hours) and 

viability (at 4 hours), compared to non-opsonised Bdellovibrio (Dr Dhaarini 

Raghunathan, personal communication). This suggests that, despite my 

comments above, non-opsonic phagocytosis may be the dominant mechanism of 

Bdellovibrio uptake and that recognition of key bacterial ligands by host PRRs is 

an important factor for Bdellovibrio uptake and processing.  

Early (EEA1: Early Endosomal Antigen 1) and late (LAMP1; Lysosomal 

Associated Membrane Protein 1; Rab7) phagosomal marker proteins are already 

present on the Bdellovibrio-containing phagosome (Figure 5.4.2)(2) at 1-hour 

post-uptake suggesting the phagosome has reached a level of maturity at that 

point, so Bdellovibrio is not inducing a full delay in phagosomal maturation.  

The phagolysosome will contain high levels of ROS (Reactive Oxygen Species) 

including superoxide and nitric oxide molecules, proteases, lipases, lysozymes, 

cathepsins etc. but Raghunathan and co-workers do not detect phagolysosome 

acidification and see minimal killing of Bdellovibrio at 2 hours post-uptake (Figure 

5.4.1)(2). 
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A detailed explanation of the host Pattern Recognition Receptors expressed by 

the host, and which microbial ligands they recognise are detailed in Section 1.4.3. 

The surface ligand composition of Bdellovibrio is discussed in Section 1.6.2, along 

with the predicted immunogenicity of Bdellovibrio surface ligands in Section 

1.6.7.2.3.  
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5.6. Comparing these macrophage activation 
events with my RNASeq results. 

As documented in Section 2.5, I analysed 2 technical repeats of a single run of 

RNA sequencing, from a pool of nucleic acids originating from both PMA-

differentiated U937 cells and internalised Bdellovibrio at 4 individual timepoints 

covering the occupation period of Bdellovibrio. These data were analysed and the 

fold-change in gene expression between timepoints calculated (see Section 

2.5.3).  

Lower levels of gene induction are relevant to host gene expression and infection 

(633) but, as I was dealing with such a large list of differentially expressed genes, 

I decided to focus on those that were more highly differentially expressed (2-fold 

up or downregulation). When discussing the biological interpretation of these 

data, I have also considered other genes that were not differentially expressed, 

where appropriate, so I do not believe that the applied cut-offs used, exclude any 

relevant biological findings. 
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5.6.1. A wider view of the host transcriptional 
response to Bdellovibrio  

Firstly, I wanted to get a more global picture of the host transcriptional response to 

Bdellovibrio occupation, I looked at the differentially upregulated and 

downregulated Gene ontology terms associated with Bdellovibrio occupation of 

macrophage.  

5.6.1.1. Upregulated gene ontology terms 

Interestingly, the majority of all gene ontology terms were upregulated throughout 

Bdellovibrio occupation and reached their maxima at 24 hours post-uptake. Gene 

ontology terms relating to the “cell periphery” and “plasma membrane” were 

significantly upregulated at 24 hours, potentially representing a large amount of 

receptor signalling and antigen presentation at 24 hours, after significant bacterial 

killing, to amplify and coordinate the adaptive immune response (Figure 5.6.1).  

Gene ontology terms related to “Immune response”, along with “responses to 

(external) biotic stimuli”, “other organisms” and “response to bacterium” were 

upregulated between 2 and 8 hours, peaking at 8 hours, and is then 

downregulated at 24 hours, potentially suggesting a resolution of the immune 

response, associated with significant bacterial killing (Figure 5.6.1).  

Gene ontology terms relating to responses to cytokines, cytokine stimuli and 

cytokine-mediated signalling pathways were upregulated and reached their 

maxima at 4 hours, remaining high at 8 hours, and tailing off at 24 hours post-

uptake (Figure 5.6.1).  

Finally, responses to external stimuli, signal transduction, response to stimulus, 

cell signalling, and communication reach their maximum at 8 hours and remain 

high at 24 hours post-uptake also (Figure 5.6.1).  
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5.6.1.2. Downregulated Gene Ontology Terms  

Gene ontology terms relating to “DNA packaging”, “nucleosome organisation and 

assembly”, “Protein-DNA complex assembly” and chromatin assembly and 

disassembly are significantly downregulated at 24 hours post-uptake, suggesting 

that this is when the majority of gene transcription is taking place (Figure 5.6.2).
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Figure 5.6.1: A heatmap showing the upregulation of gene ontology terms throughout 
Bdellovibrio occupation of macrophage.  
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Figure 5.6.2: A heatmap showing the downregulation of gene ontology terms throughout 
Bdellovibrio occupation of macrophage.  
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5.6.1.3. Upregulated reactome pathways 

Additionally, I also interrogated the significantly upregulated and downregulated 

reactome pathways throughout Bdellovibrio occupation of macrophage. Interferon 

gamma and Interferon alpha/beta signalling are upregulated at 4- and 8-hours 

post-uptake. G-protein coupled receptor signalling, downstream GPCR signalling, 

and GPCR ligand binding terms are all most prominent at 4- and 24-hours post-

uptake, possibly representing the majority of endosomal sampling of bacterial 

ligands, and the cell-cell communication and adaptive immune response signalling 

occurring at 24 hours (Figure 5.6.3).  

Cytokine signalling is most highly upregulated at 4 hours post-uptake, remaining 

high at 8 hours post-uptake also. Interleukin-10 signalling is highly upregulated 

throughout Bdellovibrio occupation of macrophage, being most prominent at 8 

hours post-uptake. Signalling by interleukins, chemokine receptor binding and IL-

4 and IL-13 signalling are highest at 4 hours post-uptake but remain high at 8- 

and 24-hours post-uptake also, representing the continued inflammatory 

activation of macrophage at 4 hours, and the cell-cell communication and further 

activation of cell types at later timepoints (Figure 5.6.3). 

5.6.1.4. Downregulated Reactome Pathways  

As seen with the upregulation of gene ontology terms associated with DNA 

packaging and assembly, relating to enhanced transcription at 24 hours post-

uptake, I also see a significant downregulation of DNA methylation, a form of 

transcriptional regulation, at 24 hours post-uptake.  Oxidative stress induced 

senescence is downregulated at 8 and 24 hours, prolonging cell survival and 

activity at these later timepoints (Figure 5.6.4).  
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Figure 5.6.3: A heatmap showing the upregulation of Reactome terms throughout 
Bdellovibrio occupation of macrophage.  
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Figure 5.6.4: A heatmap showing the downregulation of Reactome terms throughout 
Bdellovibrio occupation of macrophage.  
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5.6.1.5. Initial Summary 

In summary, a significant bacteria-associated transcriptionally encoded immune, 

as well as general metabolic responses are mounted towards Bdellovibrio, by host 

macrophage. Transcription associated with an immune response reached its 

maxima at 8 hours post-uptake before beginning to subside and give way to a 

more adaptive-type immune response, possibly focused on antigen presentation 

and cell signalling, at 24 hours post-uptake.  

This has provided a wider, more global view of the host transcriptional response 

to Bdellovibrio. I will now interrogate the host transcriptional responses further. 

Differentially expressed genes were interrogated with specific biological questions 

in mind, to ask certain questions of the data and inform us of the key host gene 

transcription pathways occurring throughout Bdellovibrio occupation, helping us to 

gain a better understanding of the host transcriptional response to Bdellovibrio.  
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5.6.2. How is Bdellovibrio recognised throughout 
macrophage occupation? 

As detailed in Section 1.4.3., Toll-like receptors (TLRs) are one of the main PRRs 

involved in detecting and responding to an initial microbial stimulus. Surface TLRs 

(TLRs -1, -2, 4, -5 and -6) detect the main surface ligands on bacteria and initiate 

the immune response. Once phagocytosed, endosomal TLRs (TLR -3, -7, -8 and -

9) are trafficked to the phagosome where they sample the contents of the 

phagosome further to give a more tailored and specific immune response. The 

innate immune response typically gains momentum and becomes increasingly 

pro-inflammatory over time.  

TLRs are typically expressed at low levels on unstimulated/naïve macrophage, 

until they are stimulated by microbial ligands or proinflammatory cytokines, upon 

which TLR expression is upregulated (634). The TLR expression profile is highly 

dependent on the macrophage subtype and local environment (634-638). For 

example, TLR-2 expression relatively lower on alveolar macrophage than on their 

peripheral monocyte progenitors, whilst TLR-4 and TLR-9 expression levels being 

similar and TLR-9 expression higher on alveolar macrophage (634). 

The degree of downwards activation and signalling from TLRs also varies 

between cell types. In some cell types, TLR-2 surface expression correlates well 

with cytokine induction, whereas in others, similar TLR-4 surface expression 

levels results in different magnitudes of cytokine induction, in response to LPS 

stimulation (634). This highlights the crosstalk between different PRRs and the 

role of adaptor proteins and co-receptors in downstream signalling. TLR surface 

expression profiles differ between different cell types, and subtypes i.e. different 

tissue resident macrophage classes, influencing local host immune responses 

(634). 

On PMA-stimulated U937 cells, the cell line used in my study, all 10 human TLRs 

genes are known to be expressed (measured via reverse transcriptase PCR), with 

TLRs -1, -3 and -6 being expressed at lower levels, relative to other cell lines, and 

TLRs -2 and -4 being expressed at higher levels, relative to the other cell lines 

tested (639). 
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In my study, an absence of differential expression of TLR genes does not mean 

that those TLRs are not recognising their specific ligands, but that the microbial 

ligands are not inducing an upregulation/downregulation of the specific TLR. This 

is indicative of a relative absence of detection but is not a conclusive determinant 

that the ligand has not been detected. TLR gene expression may also be induced 

by crosstalk through other Host Pattern Recognition Receptors, inducing 

proinflammatory gene expression and further TLR expression.  

I discuss each relevant TLR and its potential Bdellovibrio ligands below.   
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5.6.2.1. Detection of Bdellovibrio peptidoglycan 

5.6.2.1.1. TLR Response 

TLR-2 is known to work in combination with TLR-1 and TLR-6, on professional 

phagocytes including macrophage, to detect triacylated and diacylated 

lipoproteins respectively (65, 66), along with NAG (N-acetyl glucosamine) and 

NAM (N-acetyl muramic acid) subunits of peptidoglycan and outer membrane 

proteins (65, 67). Peptidoglycan is usually masked from detection by TLR-2 due to 

LPS outer membrane so there is typically a delay in response to peptidoglycan 

after uptake, until non-specific lysis of bacteria exposes peptidoglycan fragments. 

The peptidoglycan of Bdellovibrio bacteriovorus is typical of Gram-negative 

bacteria in structure and composition (296), unlike the LPS of B. bacteriovorus 

which is atypical. TLR-2 is reported to also detect Outer Membrane Proteins 

(OMPs)(640). Therefore, it may also detect the limited OMPs present in the outer 

membrane of Bdellovibrio, prior to bacterial lysis. 

In this study, I see upregulation of tlr2 gene expression at 4-, 8- and 24-hours 

post-uptake, with transcription remaining high throughout (Figure 5.6.5). The gene 

encoding TLR-1, which works in complex with TLR-2 to detect triacylated 

lipoproteins/lipopeptides, is also significantly upregulated at 4, 8 and 24 hours 

(Figure 5.6.5). TLR-6, which works in complex with TLR-2 also, detects diacylated 

lipoproteins. The gene encoding TLR-6 is also significantly upregulated at 8 hours 

but decreases later in Bdellovibrio occupation (Figure 5.6.5), suggesting a delay 

in response to diacylated lipoproteins compared to triacylated lipoproteins. 

Overall, this suggests that peptidoglycan and lipoproteins are detected and 

recognised at approximately 4 hours post-uptake, and that peptidoglycan 

recognition continues throughout Bdellovibrio occupation, at 8 and 24 hours also 

(Figure 5.6.5). These data also suggest that lipoproteins are detected and 

recognised later in Bdellovibrio occupation, as tlr1 and tlr6 expression are 

downregulated initially but are upregulated at 8 hours, compared with 2- and 4-

hour timepoints. 
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Figure 5.6.5: A heatmap visualising the expression of genes related to microbial 
recognition throughout Bdellovibrio bacteriovorus occupation within PMA-
differentiated U937 macrophage-like cells. Values shown represent the Log2 function of 
the ratio of gene expression values of Bdellovibrio-containing U937 cells, compared to cell-
only controls, at 4 timepoints across a 24-hour period (left). Values shown represent the Log2 
function of the ratio of gene expression values of Bdellovibrio-containing U937 cells at each 
chosen timepoint, relative to each of the other 3 timepoints within this study (right). TLR: Toll 
Like Receptor; NOD: Nucleotide Oligomerisation Domain; TRAM: TLR Related Adaptor 
Molecule; LBP: LPS Binding Protein; PGLYRP: Peptidoglycan Recognition Protein; LRBA: 
LPS Responsive Beige Like Anchor Protein; LITAF: Lipopolysaccharide Induced TNF Alpha 
Factor. Heatmaps were generated using Morpheus.   
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5.6.2.1.2. NOD-Like Receptors 

Peptidoglycan may also be detected by endosomal NLRs (NOD-Like Receptors) 

NOD-1 and NOD-2, which detect peptidoglycan within the host cell and respond 

to intracellular bacterial infection (68, 69, 71, 73), after peptidoglycan ligands have 

been internalised/ phagocytosed by host TLRs. NOD-1 and NOD-2 respond to 

both the amino acid DAP (D-glutamyl-meso-diaminopimelic acid) and the 

backbone muramic acid attached to the peptide MDP (muramyl dipeptide) 

respectively (69, 70, 72-74)). In other studies, NOD1 and NOD2 are highly 

expressed in monocytes, macrophages, and dendritic cells (80, 641, 642), with 

gene expression upregulated at early stages of infection, as opposed to mRNA 

being constitutively present and post-translationally activated for NOD1/NOD2 

expression. Despite NOD1 and NOD2 being highly expressed, macrophage don’t 

show robust upregulation of nod1 and nod2 gene expression to DAP or MDP 

alone (76, 643-646). NOD2 is documented to synergise with TLR-2 to amplify 

phagosomal maturation (646-648) or it may inhibit TLR-2 T-helper 1 responses 

(648), suggesting that NOD2 may play a feedback role in infection, rather than 

strong initiation of an immune response. 

NOD1 and NOD2 have been shown to sense intracellular bacteria, including S. 

flexneri (70), L. monocytogenes (72, 75, 76), S. pneumoniae (77), M. tuberculosis 

(78) and a range of other Gram-negative bacteria (649, 650), but the role of 

NOD1/NOD2 in the resolution of infection is still poorly understood (80).  
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The Impact of Acetylation on Lysozyme Sensitivity and Peptidoglycan 
Detection.  
The acetylation state of bacterial peptidoglycan is important for lysozyme 

susceptibility and NOD1/2 recognition; therefore, acetylation and de-acetylation of 

bacterial peptidoglycan is one strategy to avoid detection by the host (651-653). 

Most bacteria have 2’ N-acetylated MDP subunits present within their 

peptidoglycan (653). Bacteria may modify their peptidoglycan through 6’ 

acetylation and 2’ deacetylation of MDP subunits, to prevent lysis by lyzozymes 

(298, 653). Lysozymal digestion of peptidoglycan post-uptake is important for 

recognition by NOD2 and clearance of Streptococcus pneumoniae infection (243). 

6’ acetylation does not directly impact NOD2 recognition (654), but 2’ 

deacetylation prevents NOD2 activation, and downstream NFκB activation in L. 

monocytogenes (653). MDP is 2’ N-acetylated and is recognised by NOD2 (654, 

655). 2’ N-glycosylation of MDP leads to higher levels of NOD2 activation 

(fluorescent reporter assay) and downstream NFκB activation (656, 657). More 

extensive N-acetylation of MDP (chemical addition) increases NOD2 and 

downstream NFκB activation further (656). These studies confirm that 2’ N-

acetylation of MDP is important for NOD2 recognition (653, 656). 

Stimulation of TLRs -1, -2 and -6 and NOD1/2 by peptidoglycan induces a strong 

TNFα mRNA response, but without high TNFα translation. Translational 

repression of TNFα is derepressed when LPS/TLR-4 stimulation also occurs 

(644). Stimulation of NOD2 by 2’ N-glycosylated MDP, but not 2’ N-acetylated 

MDP, also induces a TNFα response (transcribed and expressed) (653, 657).  

Reduction in detection by NOD1 is usually due to a decreased availability of 

peptidoglycan fragments due to inhibition of lysozyme action (653), although the 

amidylation of δ-carboxylic acid within isoglutamic acid of peptidoglycan prevents 

NOD1 activation (16).  Reduction in detection by NOD2 is due to an 

absence/decreased affinity for recognition between NOD2 and MDP subunits, 

usually through de-acetylation (653). Detection by NOD2 is also aided by 

lysozymal cleavage of peptidoglycan (658).  
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Bdellovibrio Peptidoglycan  
Bdellovibrio uses various lysozymes and peptidoglycan modifying enzymes 

throughout its predatory lifecycle, to modify and digest the peptidoglycan cell wall 

of other Gram-negative prey (290, 291, 659, 660). Bdellovibrio deacetylates prey 

peptidoglycan, making it susceptible to lysozymal action, whilst maintaining its 

own peptidoglycan in an acetylated state to protect itself from endogenous/self-

secreted lysozymes (290, 291, 659, 660). The acetylation state of bacterial 

peptidoglycan is known to impact host-mediated lysozyme action and recognition 

by host PRRs, as I explain above (297-299, 653). Therefore, I asked “Does 

Bdellovibrio acetylation of self-peptidoglycan impact recognition of Bdellovibrio by 

the host?”. 

In our dataset, expression of nod1 is unchanged throughout Bdellovibrio 

occupation (Figure 5.6.5). Expression of nod2 is downregulated at 2 hours, post-

uptake, prior to returning to pre-Bdellovibrio uptake levels, later in Bdellovibrio 

occupation (8 and 24 hours) (Figure 5.6.5). My data suggests that recognition of 

Bdellovibrio peptidoglycan by NOD1 and NOD2 is not significant throughout 

Bdellovibrio occupation, despite Bdellovibrio containing both DAP and MDP, both 

of which are important structural crosslinking components of its “typical” 

peptidoglycan cell wall, and even more so for the osmotic and enzymatic stresses 

encountered within its predatory lifecycle (659). Bdellovibrio peptidoglycan is 2’ N-

acetylated (MDP subunit), therefore it can activate NOD2, and downstream 

signalling pathways. Alternatively, Bdellovibrio peptidoglycan may be recognised 

by Host TLR-2 but does not induce an upregulation of TLR-2 expression.  

To conclude, Bdellovibrio peptidoglycan, even in its acetylated state, can be 

recognised by and activate TLR-2, NOD1 and NOD-2 receptors, although tlr2, 

nod1 and nod2 gene expression are not significantly upregulated in this study. 

This could be clarified further by exposing U937 cells to Bdellovibrio 

peptidoglycan directly and characterising tlr2, nod1 and nod2 gene expression 

and protein expression by qtPCR and Western blot analysis respectively. 

Bdellovibrio acetylation of self-peptidoglycan does not impact recognition of 

Bdellovibrio by the host. 
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5.6.2.1.3. Peptidoglycan Recognition Proteins (PGLYRPs) 

Macrophage also express Peptidoglycan Recognition Proteins (PGLYRPs) that 

recognise and bind to the peptides linking N-acetyl Muramic Acid in the 

Peptidoglycan backbone (81). PGLYRP-1, -3 and -4 lyse peptidoglycan and exert 

a bactericidal effect (81), in some cases amplifying the immune response, for 

example, PGLYRP1 activates TNF in Listeria monocytogenes infection (82), and 

in others, exerting a bactericidal effect but limiting the proinflammatory response 

to commensal microbiota (83). 

pglyrp1 and pglyrp3 are not transcriptionally upregulated in Bdellovibrio 

Macrophage occupancy. pglyrp4 gene transcription is significantly upregulated by 

Bdellovibrio at 8 hours (Figure 5.6.5).  

Peptidoglycan Recognition Protein 2 (PGLYRP2) lyses peptidoglycan into 

biologically inactive fragments that are less well recognised by TLRs -1, -2 and -6. 

PGLYRP-2 cleaves the sugar backbone from the peptide chain, thus cleaving and 

removing the ligands for NOD-1 and -2 (74, 84). pglyrp2 expression is induced by 

TLR-2 and -5 detection of peptidoglycan and flagellin (661). 
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In our dataset, pglyrp2 gene expression was highly upregulated at 2, 4 and 8 

hours of Bdellovibrio occupation, which may explain the lack of nod1 and nod2 

upregulation throughout Bdellovibrio macrophage occupancy (Figure 5.6.5). This 

may suggest that peptidoglycan is detected at earlier timepoints, but that 

recognition and immune activation is perhaps minimised in the earlier stages of 

occupancy, as seen in S. typhimurium infection where S. typhimurium induced 

PGLYRP-2 expression minimises inflammation (pglyrp2-/- mice show increased 

gene expression of il-17, il-22 and proinflammatory cytokines), although this is 

largely independent of NOD1/NOD2 activation (662). Conversely, PGLYRP-2 

played no role in E. coli infection suggesting that the effects of PGLYRP-2 may be 

dependent on the infectious agent (663). Recently, PGLYRP-2 has been shown to 

play a role in neutrophil recruitment in Streptococcus pneumonia infection, 

amplifying the immune response (664) and to have some, direct, bactericidal 

activity (665, 666).  This suggests that the role of PGLYRP-2 in bacterial 

recognition is highly dependent on the bacterium in question. In our dataset, 

expression of pglyrp2 is highly upregulated at 2-, 4- and 8-hours post-uptake, 

suggesting it is involved in the processing of Bdellovibrio by U937 cells in this 

scenario (Figure 5.6.5).  

In conclusion, peptidoglycan may be being detected at 4 hours post-uptake and 

throughout Bdellovibrio occupation by TLRs -1, -2 and -6, whose genes are 

upregulated. My transcriptional study suggests that detection of peptidoglycan by 

NOD1/2 may not appear to play a role in Bdellovibrio occupation/processing, but 

this may be due to expression of PGLYRP-2 cleaving the peptidoglycan moieties 

reducing peptidoglycan recognition by NOD1/2. Peptidoglycan is one of the main 

ligands detected by U937 cells in response to Bdellovibrio. Some Bdellovibrio 

cells may be being broken down at 4 hours, through non-specific lysis, revealing 

the peptidoglycan formerly masked by the LPS outer membrane. 
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5.6.2.3. Detection of Bdellovibrio LPS- what is the effect of 

mannosylation? 

In Section 1.6.2.1, I mentioned that the LPS of Bdellovibrio is atypical, and that 

this modification might reduce the recognition and binding of TLR4. Here, I 

consider whether transcriptional changes suggest that macrophage initiate a 

response to Bdellovibrio LPS. TLR-4, in complex with LBP (Lipopolysaccharide 

Binding Protein), CD14 and MD2 (Myeloid Differentiation 2) detects 

lipopolysaccharide (LPS) on the Gram-negative outer membrane (60). TLR-4 

would usually be expected to the one of the first TLRs to detect Gram-negative 

bacterial exposure, owing to LPS being the major component of the outer 

membrane surface. TLR-4 may detect LPS at the cell surface or within 

endosomes, owing to it cycling between both interfaces, signalling through two 

separate pathways.  

In our dataset, tlr4 gene expression remained unchanged in response to 

Bdellovibrio occupancy throughout the 24-hour period (Figure 5.6.5). The U937 

cells are no doubt exposed to LPS but, I propose that, due to the substitution of a 

phosphate group in the Bdellovibrio Lipid A, with an α-ծ-mannose residue, 

(Section 1.6.2.1), this reduces the negative charge of the Lipid A molecule (301), 

and potentially decreases the binding affinity of Lipid A for TLR-4 significantly (60, 

218) (Figure 5.6.5). This may explain why we see a lack of induction of tlr4 

transcription in Bdellovibrio occupancy. We also see no induction of gene 

expression for Lipopolysaccharide Binding Protein (lbp), LPS-responsive beige-

like anchor protein (lrba) or Lipopolysaccharide Induced TNF Factor (litaf), 

reinforcing the lack of LPS response. lbp gene expression is downregulated at 8 

hours compared to 2 hours, and then returns to pre-Bdellovibrio-uptake levels at 

24 hours, possibly due to crosstalk with other TLRs, inhibiting lbp transcription 

(Figure 5.6.5).   

ticam2 (Toll Like Receptor Adaptor Molecule 2) expression, the molecule that 

transduces the signal from TLRs -2 and -4, is also most highly expressed/ 

upregulated at 8 hours post-uptake (Figure 5.6.5), but this may be facilitating the 

TLR-2 response, in the absence of TLR-4 stimulation. 
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5.6.2.3.1. Recognition of other Gram-negative bacteria lacking 

LPS 

Spirochetes, such as Treponema pallidum and Burkholderia burgdorferi, lack LPS 

therefore how they are sensed by the host immune response is of interest to us, 

to draw comparisons with Bdellovibrio and the lack of conventional TLR-4 

response due to its mannosylated LPS. T. pallidum and B. burgdorferi express 

high amounts of lipoproteins which determine how these bacteria interact with the 

environment and the host immune system (667). 

Despite lacking LPS (668-671), these bacteria still initiate an immune response 

that is highly inflammatory. This is due to the NH2-terminal lipopeptide region of 

the lipoprotein conferring the immunogenic activity (672). Lipoproteins are 

typically hidden below the surface of the bacterium; therefore, they are not directly 

exposed to the immune system initially. Uptake and non-specific lysis of the 

bacterium must occur before detection and response to bacterial lipoproteins is 

initiated.  

The response to T. pallidum is mainly initiated through the peptidoglycan-sensing 

TLR-2  (673) and the NFkB pathway (674, 675), culminating in the production of 

chemokines (CCR5) (676, 677)  and cytokines (TNFa, IL-1b, IL-6 and IL-12) (671, 

678-680).  

The macrophage response to B. burgdorferi is also mainly initiated through TLRs -

1 and -2 (667), and the NFkB pathway (674, 675, 681, 682). It also culminates in 

the production of chemokines (CXCL13), (683), proinflammatory (TNFa, IL-1b, IL-

6, IL-12 and anti-inflammatory (IL-10) cytokines (671, 679-681, 684-687), resulting 

in the production of Nitric Oxide (688, 689). 

TLR-4 sensing of LPS involves the binding of CD14 and LBP (LPS Binding 

Protein) to enable signal transduction and TLR dimerization. Spirochaetal 

lipoproteins are reported to bind macrophage CD14 at the same site as LPS and 

activate monocytes through the TLR-4 NFkB pathway (675, 685, 690). Lipid 

Binding Protein (LBP), which usually aids the binding of TLR-4 to Lipid A (60)), 

does not mediate this interaction (669, 675). 
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Leptospira interrogans does have an LPS layer, which is very atypical for 

Leptospira spp., which is detected by the host via TLR-2 and CD14 binding rather 

than the conventional TLR4 LPS detection pathway (691).  

In summary, spirochaetal lipoproteins are recognised through TLR2, activating the 

NFkB pathway and upregulating macrophage production of pro-inflammatory 

cytokines, such as TNFa, IL-1, IL-6, IL-12 (671, 689). This is similar to the 

response to Bdellovibrio, where the types of TLR-associated gene expression 

induced in macrophages (namely tlr2 and pglyrp2) suggests that the main surface 

ligands that are detected are peptidoglycan and/or lipoproteins. However, some 

signalling through TLR4 is seen in Spirochete recognition, which is not seen in our 

scenario considering how Bdellovibrio are recognised by macrophage. 

In conclusion, U937 cells do not mount a transcriptional response suggestive of 

detection of Bdellovibrio LPS via TLR-4 or the recognised LPS-recognition 

pathways. Bdellovibrio LPS may be recognised by host TLR-4 but does not 

induce an upregulation of TLR-4 expression. The absence of a significant 

response to LPS is supported by an absence of (significant) differential gene 

expression of LBP and LITAF also. I suggest that this is due to the atypical LPS of 

Bdellovibrio containing an unusual α-δ-mannose group in place of the 1’ and 4’ 

phosphate groups, reducing the negative charge of Lipid A and giving a reduced 

binding affinity with host TLR-4 (Figure 5.6.5), subsequently not stimulating 

additional tlr4 transcription. I cannot comment on whether LPS is be detected and 

recognised by existing surface TLR-4 molecules, throughout Bdellovibrio 

occupation. However, Bdellovibrio does not induce a significant upregulation of 

tlr4 expression, suggesting that the response to Bdellovibrio LPS is minimal 

(Figure 5.6.5). 

5.6.2.4. Detection of flagellin 

TLR-5 detects conserved dipeptides at the N- and C-termini of bacterial flagellin, 

that are key to flagellar assembly and motility and are therefore indispensable, 

even if the rest of the flagellar composition is highly variable (87-89).  The main 

recognition site on bacterial flagellins (for TLR-5 recognition) lies between amino 

acids 89 and 96 (36).  
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I aligned the 6 Bdellovibrio FliC proteins (FliC1-6; Q5W1M9, Q6H8R6, Q6H8R4, 

Q6H8R2, Q6H8R3, Q6H8R5 respectively) with Bdellovibrio FlaA (Q6MQQ2) and 

FliC from Salmonella Typhimurium (P06179) using Clustal Omega. The FliC N-

terminal domain (Figure 1.6.2; blue bar) and FliC C-terminal domain (Figure 1.6.2; 

orange bar) align well with S. Typhimurium FliC, but the variable region in-

between these two domains is much larger in S. Typhimurium FliC (approximately 

226 Amino Acids c.f. Approximately 45 Amino acids (Bdellovibrio FliC1-6)), so I 

excluded this from my alignment. More significantly, the TLR-5 recognition domain 

(Amino acids 89-96; Figure 1.6.2; red box and enlarged below), is present and 

highly conserved in Bdellovibrio FliC proteins, and with S. Typhimurium FliC, 

indicating that Bdellovibrio flagellins should be recognised by host TLR-5.  

5.6.2.4.1. Detection of flagellin in other Gram-negative bacteria 

As the flagellum of B. bacteriovorus is sheathed by a lipid outer membrane (307, 

308) and therefore, potentially masked from recognition by the host (36), we 

asked if we see a transcriptional TLR-5 response in bacteria where their flagellum 

is also masked, either by a membranous sheath or due to it being located 

between their inner and outer membranes.  

In Vibrio cholera infection, TLR-5 stimulation and NFκB activation (post-

translationally) by the sheathed flagellum is significantly less than 

stimulation/activation by the unsheathed flagellum of S. typhimurium, despite the 

individual flagellin monomers being equally immunogenic (371). Reduced TLR-5 

activation is due to flagellin monomer dissociation from the flagellar fibre being 

greatly reduced in the sheathed flagellum of V. cholerae, preventing flagellin 

shedding and TLR-5 activation, aiding the evasion of flagellin-triggered host 

innate immune responses (371). 



 
405 

Other pathogens, Brucella spp. and Helicobacter pylori, also activate TLR-5 less 

due to the membranous sheath present on their flagella (372-375). Additionally, 

Helicobacter pylori flagellins are non-stimulatory (don’t stimulate TLR-5 production 

or IL-8 protein expression) despite having a high protein sequence similarity to 

flagellins of other Gram-negative bacteria (692). The mechanism behind this is 

currently unknown, although it is suggested that steric hindrance and blocking of 

the N-terminal recognition site on H. pylori flagellins prevents recognition by TLR-

5 (692).  

Conversely, the flagella of Treponema pallidum are located in the periplasmic 

space, between the inner and outer membrane, potentially masking the flagellins 

from recognition by the host TLR-5 (693), analogous to how Bdellovibrio flagellins 

may be masked from recognition by the membranous flagellar sheath. The 

flagellin monomers that comprise the flagellum are highly homologous to the 

flagellins that make up the flagella of other Gram-negative bacteria, including 

Salmonella typhimurium and Pseudomonas aeruginosa (694, 695). T. pallidum 

flagellins induce IL-6 and IL-8 expression at both the mRNA and protein level 

(tested by qPCR and ELISA respectively), with mRNA expression peaking at 24 

hours post-infection and protein levels reaching their highest at 48 hours post-

infection. Flagellin detection and interleukin release occurs via TLR-5 ligation, 

triggering MYD88 recruitment and downstream MAPK and NFkB signalling (696-

698). 

Other spirochetes, for example Leptospira spp., also induce a TLR5-flagellin 

response (699). Borrelia burgdorferi expresses immunogenic flagellins that bind to 

TLR5, however lipoprotein detection by TLRs -1 and -2 suppresses the TLR-5-

Flagellin response (700, 701), demonstrating the impact of TLR crosstalk in the 

wider immune response.  
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5.6.2.4.2. Detection of flagellin in Bdellovibrio bacteriovorus 

occupation of macrophage 

In our dataset, significant upregulation of tlr5 transcription at 2 hours suggests 

that detection of Bdellovibrio flagellins by TLR-5 occurs within 2 hours post-uptake 

and remains throughout 4 and 8 hours of Bdellovibrio occupancy, decreasing at 

24 hours (Figure 5.6.5). This suggests that flagellins are one of the predominant 

groups of microbial ligands detected by macrophage when recognising 

Bdellovibrio. This is unusual due to the single, polar flagellum of Bdellovibrio 

being sheathed in a lipid membrane (307), masking flagellin from TLR-5 detection. 

The TLR-5 mediated detection of flagellins in our dataset may be due to a 

dissociation of the flagellum from Bdellovibrio, as a reduction in TLR-5 response is 

seen in V. cholerae where the flagellum does not dissociate and trigger a TLR-5 

response (371).  

Alignments of S. Typhimurium FliC with Bdellovibrio flagellins shows that the 

region of flagellin that TLR-5 recognises is largely similar in Bdellovibrio when 

compared to the flagellins of other Gram-negative bacterial pathogens, supporting 

why we see a strong TLR5/flagellin response in Bdellovibrio occupation of 

macrophage (Figure 5.6.5).  

Flagellins may also be detected post-internalisation by Ipaf (a NOD-like Receptor) 

and Naip5 (NLR Family Apoptosis Inhibitory Protein 5), triggering caspase-1 

inflammasome activation, IL-1β and IL-18 maturation and cell pyroptosis (702, 

703). The differential expression of ipaf and naip5 genes is not captured in our 

data set.  

CCL20 is a chemokine specifically triggered by flagellin and TLR5 ligation (704). 

In our dataset, we see upregulation of ccl20 gene expression throughout 

Bdellovibrio occupation of macrophage (Figure 5.6.12), confirming the detection of 

Bdellovibrio flagellin throughout occupation.  
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In conclusion, TLR-5 mediated detection of Bdellovibrio flagellins occurs early on 

in Bdellovibrio occupation and continues throughout the early stages of infection 

(4- and 8-hours post-uptake). Detection of Bdellovibrio flagellins may be 

prevented by the membrane sheath surrounding the flagellum, as seen in some 

other Gram-negative bacteria, but non-specific lysis of Bdellovibrio upon uptake 

by macrophage may expose flagellin to TLR-5 detection early on in occupancy.  

Kaplan and co-workers (309) have shown that, after entry into Gram-negative 

prey, the flagellum retracts into the Bdellovibrio upon entry. Potentially, upon entry 

into macrophage, Bdellovibrio may shed or retract their flagellum due to 

recognising they are inside another cell, leading to flagellar shedding and flagellin 

dissociation, increasing the detection of Bdellovibrio flagellins by TLR-5. 
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5.6.2.5. Detection of bacterial nucleic acids 

TLR-3 typically responds to viral dsRNA. Increasing evidence suggests that TLR-

3 may also detect bacterial RNA. TLR-3 is an endosomal PRR, therefore it is not 

involved in the initial uptake response but will sample the contents of the 

endosome after initial bacterial lysis, to detect bacterial RNA (52).  

In our dataset, tlr3 transcription is significantly upregulated by the presence of 

Bdellovibrio at 2, 4 and 24 hours, compared to downregulation of tlr3 at 8 hours 

(Figure 5.6.5). The transcription of ticam1 (Toll like receptor adaptor molecule 1), 

which transduces the signal from TLR-3 to amplify the immune response, is also 

upregulated at 4 and 24 hours (Figure 5.6.5).  

TLR-7 responds to synthetic viral components, but may also recognise bacterial 

RNA in lysosomes, initiating the interferon response and targeting mitochondria to 

phagolysosomes to induce increased ROS production and autophagy (38, 103). 

Transcription of tlr7 is upregulated at 4 hours, before decreasing at 8 and 24 

hours (Figure 5.6.5), suggesting a role in amplifying the immune response and 

proinflammatory signalling when Bdellovibrio is present in the phagolysosome. 

TLR-8 responds to bacterial ssRNA. Transcription is downregulated at 4 hours, in 

response to Bdellovibrio, before returning to pre-uptake levels at 24 hours (Figure 

5.6.5). Despite being mainly implicated in the detection of viruses, TLR-8 has 

been documented to detect Staphylococcus aureus in monocyte-derived 

macrophage and induce a TNFα mediated response (705-707). However, 

expression is inhibited by surface TLRs, maybe explaining why transcription is 

downregulated at 4 hours when peptidoglycan detection (thus tlr1, tlr2 and tlr6 

transcription) is high (Figure 5.6.5). 
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TLR-9 responds to unmethylated CpG containing dsDNA, therefore amplifying the 

response to bacteria further. In our dataset, tlr9 gene transcription is significantly 

upregulated early on in Bdellovibrio macrophage occupancy, at 2 and 4 hours, 

before transcription decreases later in occupation (8 hours and 24 hours) (Figure 

5.6.5). TLR-9 detects nucleotides and CpG-methylated dsDNA, therefore non-

specific lysis of Bdellovibrio must have occurred to expose DNA to host 

macrophage TLR-9. TLR-9 is an endosomal PRR, suggesting lysis must occur 

promptly after uptake. This response is faster than the TLR-2 response to 

peptidoglycan, suggesting that nucleotides are one of the first major bacterial 

ligands to be detected by macrophage during Bdellovibrio occupancy. 

In conclusion, U937 cells detect Bdellovibrio dsRNA and dsDNA at the early 

stages of Bdellovibrio occupation (2 hours post-uptake), with a sustained 

response to bacterial dsRNA also present later in Bdellovibrio occupation.  

5.6.2.6. Antagonism of the immune response.  

TLR-10 responds to diacylated lipopeptides and LPS ligands, whereby it forms a 

complex with TLR-2 and prevents NFκB activation and signalling. It is an anti-

inflammatory TLR that modulates NFκB activation in response to peptidoglycan 

and limits TLR-2 mediated amplification of the immune response (708). In our 

dataset, transcription of tlr10 is low at 4 hours, but upregulated at 8 and 24 hours, 

potentially curtailing the immune response at later stages of Bdellovibrio 

occupation (Figure 5.6.5).  
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5.6.2.8. Summary: Detection of Bdellovibrio surface ligands 

by macrophage 

In summary, we see initial transcriptional evidence for a macrophage response to 

flagellin and nucleotides in Bdellovibrio occupancy, followed by transcriptional 

evidence of stronger and more sustained response to flagellin and peptidoglycan 

from 4 hours onwards. A response to RNA at 4 and 8 hours is also seen but is not 

sustained (Figure 5.6.5). The PRR recognition that prompts uptake/phagocytosis 

is unknown, as the surface TLRs upregulated in this study are only activated later 

in occupancy. As stipulated earlier, an absence of differential expression for TLR 

genes does not mean that the TLRs don’t recognise their respective ligands 

throughout Bdellovibrio occupation of macrophage. Recognition of a bacterial 

ligand, without a subsequent upregulation of TLR gene expression, suggests that 

no significant response to that ligand is initiated. However, from work performed 

by Raghunathan and co-workers, we know that uptake initiated through 

opsonisation does not play a major role in Bdellovibrio uptake, therefore Pattern 

Recognition Receptors (and recognition) are likely to be important in the early 

stages of Bdellovibrio macrophage interactions. Most importantly, we see no 

transcriptional evidence of a response to LPS within Bdellovibrio occupancy 

potentially due to the diversity of Lipid A structure in Bdellovibrio compared to 

other Gram-negative bacteria, where we see an atypical mannosylated Lipid A 

head group (301). Whilst this has been suggested and speculated upon 

previously, this has never been conclusively analysed and reported and therefore 

warrants further investigation due to the LPS TLR-4 response being one of the 

key responses usually involved in the initial recognition of other Gram-negative 

bacteria, and which is missing in Bdellovibrio, which persist for longer in 

macrophage.  

A summary of how Bdellovibrio is recognise by macrophage, based on these 

data, is depicted in Figure 5.6.6. 
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Figure 5.6.6: A schematic summarising transcriptional evidence documenting how 
Bdellovibrio bacteriovorus is, and is not, recognised by host macrophage. Initially, at 2 hours 
post-uptake, macrophage recognise flagellin and dsDNA (double stranded DNA) via TLR5 and 
TLR9 respectively. At 4 hours post-uptake, the host recognises ssRNA (single stranded RNA) and 
peptidoglycan, via TLR7 and TLR2 respectively, along with the continual recognition of dsDNA and 
flagellin. At 8 hours post-uptake, flagellin and peptidoglycan are still actively recognised, with TLR2 
continuing to be upregulated for the remainder of Bdellovibrio occupation. Red cross indicates the 
lack of a typical recognition pathway. 
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5.6.3. What oxidative stresses are Bdellovibrio, and 
the host exposed to during macrophage 
occupation? 

Oxidative stress is known to be increased and to contribute to antimicrobial killing 

in infection. The host can generate a range of reactive intermediates to combat 

infection but must also be able to tolerate an increase in oxidative stress itself. 

Reactive oxygen intermediates (ROIs) are generated as part of the normal 

respiratory activities of a cell, through fatty acid metabolism and the functions of 

the respiratory electron transport chain, therefore cells encode inherent oxidative 

stress tolerance pathways to detoxify and remove such radicals. ROIs are both 

antimicrobial and act as powerful regulatory cues for the proinflammatory 

response. During infection, an increased requirement for ATP and protein 

production to fuel membrane and cytoskeletal rearrangements and produce 

immunity-related and antimicrobial proteins, leads to increased mitochondrial 

activity and ROI production. The production of ROIs may also be purposefully 

upregulated to target bacteria during infection, predominantly through the action 

of NADPH Oxidase. 

The oxidative stresses within host cells will also be altered and impacted by the 

oxidative activities of the in-dwelling Bdellovibrio, therefore we must consider the 

interplay between the oxidative activities of the host cell, the oxidative stresses 

purposefully upregulated by the host cell due to infection, and the detoxification 

mechanisms used by both the host and bacteria to combat oxidative stresses. 

I have examined the transcription of genes within various oxidative stress related 

generation and tolerance pathways, within my RNASeq dataset. The various 

approaches to generating or combatting oxidative stress within host macrophage 

are detailed below.  
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5.6.3.1. Reactive Oxygen & Nitrogen Species 

One subset of reactive oxygen intermediates that causes oxidative stress within 

cells are reactive oxygen species. These include oxygen radicals (O2.-). A group of 

enzymes called superoxide dismutases are one means of detoxifying oxygen 

radicals.  

5.6.3.1.1. Superoxide dismutases 

As discussed earlier, superoxide dismutases convert highly reactive oxygen 

radicals into more toxic, but less reactive, hydrogen peroxide and diatomic 

oxygen. Conversion of oxygen radicals and reactive oxygen species (ROS) into 

hydrogen peroxide prevents oxygen radicals from reacting with host proteins and 

DNA, causing mutations or protein dysfunction. Superoxides may also react with 

other ROS to form secondary radicals. Three mammalian SODs exist. SOD1 is a 

cytoplasmic Copper-Zinc superoxide dismutase that breaks down reactive oxygen 

species that are produced as part of the normal respiratory activities of the cell. 

SOD2 is a Manganese superoxide dismutase that is localised to the mitochondrial 

matrix, at the sites of complex I, III and IV of the electron transport chain, where 

ROS are most highly produced (709). SOD3 is an extracellular Cu/Zn SOD 

located at the eukaryotic cell surface (710).  

sod1 is not differentially expressed throughout Bdellovibrio macrophage 

occupancy, suggesting cytoplasmic ROS is not increased (Figure 5.6.7). sod2 

gene expression is highly upregulated throughout occupancy, with the highest 

expression occurring at 4 hours post-uptake (Figure 5.6.7). sod2 transcription is 

within the highest 0.1% of transcriptionally upregulated genes at 8 hours also. 

sod2 gene expression is upregulated through TLR-2, -3, -4, -7 and -8 activation, 

through the NFκB binding site present on the sod2 promoter (711, 712), and 

expression of the pro-inflammatory cytokines IL-1β, TNFα (713), IL-6 (714) and 

IL-1 (712). P53 inhibits sod2 expression, inducing apoptosis in some eukaryotic 

cells (715). SOD2 protein upregulation has been demonstrated to be important in 

infection (716, 717) and in the PMA-induced respiratory burst (718, 719). These 

data suggest that superoxide/oxygen radicals are highest at 4 hours post-uptake.  
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In P. aeruginosa infection of zebrafish, Host SOD2 acts as a proinflammatory cue, 

increasing leukocyte recruitment, whilst protecting phagocytes from the negative 

effects of ROS due to increased mitochondrial activity during infection (709). 

Upregulation of sod2 gene expression (by quantitative PCR; dHL-60 Neutrophil-

like and RAW264.7 murine macrophage-like cells) in response to LPS was also 

seen at 3, 6 and 24 hours (709). sod2 gene expression is also shown to be 

upregulated in Leishmania donovani infection (720) and Mycobacterium 

tuberculosis infection (721, 722).  In other (viral) infections, SOD2 regulates the 

proinflammatory immune response by upregulating (directly, or indirectly through 

decreased ROS levels) RIG-1 like receptor induced IFR3 and NFκB activation and 

signalling, resulting in a reduction in Interferon and proinflammatory cytokine 

production (249). It has also been suggested that the host may target 

mitochondrial vesicles containing SOD2 to the phagosome to enhance the 

conversion of oxygen radicals to the more toxic hydrogen peroxide (723). 

5.6.3.1.2. NADPH Oxidase 

ROS may also be produced through the NADPH oxidase complex assembly in the 

phagosomal membrane, catalysing the transfer of electrons to molecular oxygen 

to form ROS and oxygen radicals. NADPH Oxidase Activator 1 (NOXA1) induces 

NADPH oxidase complex formation. In our dataset, noxa1 gene expression is 

upregulated in the initial stages of occupancy (2 hours post-uptake) and 

downregulated later (8 hours) (Figure 5.6.7). NADPH oxidase organiser 1 gene 

expression is downregulated during the early stages of occupancy (2 hours post-

uptake) and at 8 hours, but is upregulated at 4 hours and 24 hours, with gene 

expression being highest at 24 hours post-uptake (Figure 5.6.7).  NADPH oxidase 

5 gene expression is upregulated at 2 hours and 24 hours post-uptake, but lower 

throughout 4- and 8-hours post-uptake (Figure 5.6.7). These data suggests that 

NADPH Oxidase-mediated production of ROS is upregulated initially during 

Bdellovibrio occupancy (at 2 hours), potentially as an initial bactericidal assault, 

and then at 24 hours post-uptake for further microbicidal killing, perhaps subsiding 

at 4 and 8 hours to allow for further sampling and processing of microbial 

antigens.  
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5.6.3.1.3. Nitric Oxide Synthase 

Reactive Nitrogen Species (RNS) are also produced during infection, and similarly 

react with host and bacterial DNA and proteins causing oxidative killing. RNS are 

produced by the host through Nitric Oxide Synthase (NOS) complex formation. 

During Bdellovibrio occupancy, the expression of the genes encoding NOS1 and 

NOS3, and their associated proteins NOA1 (Nitric Oxide Associated 1), NOS1AP 

(Nitric Oxide Synthase 1 Adaptor Protein), NOSIP (Nitric Oxide Synthase 

Interacting Protein) and NOSTRIN (Nitric Oxide Synthase Trafficking) is not 

influenced by the presence of Bdellovibrio (Figure 5.6.7). The expression of the 

gene nos3 is downregulated by the presence of Bdellovibrio at 4 and 8 hours and 

is upregulated at 24 hours compared to earlier timepoints (2, 4 and 8 hours) 

(Figure 5.6.7). Expression of nos1ap gene is upregulated at 8 and 24 hours 

compared to 2 hours and 4 hours respectively, indicating that some generation of 

RNS may occur (Figure 5.6.7). 



 
416 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.6.7: A heatmap visualising the expression of genes related to the oxidative stress 
response throughout Bdellovibrio bacteriovorus occupation within PMA-differentiated U937 
macrophage-like cells. Values shown represent the Log2 function of the ratio of gene expression 
values of Bdellovibrio-containing U937 cells, compared to cell-only controls, at 4 timepoints across 
a 24-hour period (left). Values shown represent the Log2 function of the ratio of gene expression 
values of Bdellovibrio-containing U937 cells at each chosen timepoint, relative to each of the other 
3 timepoints within this study (right). CCS: Copper Chaperone for Superoxide Dismutase; CAT: 
Catalase; SOD: Superoxide Dismutase; SOD2_OT1: Superoxide Dismutase 2 Overlapping 
Transcript 1; NOXRED1: NADP Dependent Oxidoreductase Domain Containing 1; NOXA1: NADPH 
Oxidase Activator 1; NOXO1: NADPH Oxidase Organiser 1; NOX5: NADPH Oxidase 5; NOA1: 
Nitric Oxide Associated 1; NOS1: Nitric Oxide Synthase 1; NOS1AP: NOS1 Adaptor Protein; 
NOS3: Nitric Oxide Synthase 3; NOSIP: Nitric Oxide Synthase Interacting Protein; NOSTRIN: Nitric 
Oxide Synthase Trafficking Protein. Heatmaps were generated using Morpheus.   
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5.6.3.2. Peroxide based stress. 

Another reactive oxygen intermediate, responsible for oxidative stress within the 

host cell during infection is hydrogen peroxide, a highly toxic and diffusible 

molecule, formed by the reaction of superoxide radicals with water or other 

compounds, that can react with and mutate host and bacterial proteins, DNA and 

lipids, resulting in cell death. The host assembles organelles, termed 

peroxisomes, which contain multiple peroxidase enzymes, with the purpose of 

detoxifying hydrogen peroxide. One of the main forms of detoxifying hydrogen 

peroxide is via the actions of catalase enzymes. 

5.6.3.2.1. Catalases 

Catalases are one of the predominant anti-peroxide enzymes in the cell, localising 

with peroxisomes and combatting oxidative stress. Catalases contain a haem 

group that converts hydrogen peroxide into water and oxygen. With infection 

comes an increase in ROI production and oxidative stress, therefore catalase 

expression is typically upregulated in infection (188, 724-726).  

Beyond catalysing the detoxification of hydrogen peroxide, catalases also act as a 

form of, and influence, immune signalling throughout infection. Catalase 

expression regulates polarisation of macrophage, limiting inflammation, ROS 

toxicity and proinflammatory cytokine production to avoid an excessive 

proinflammatory response (727). Overexpression of catalase has been reported to 

increase NFκB activation, upon LPS stimulation, leading to a hyper-inflammatory 

response involving increased ROS and proinflammatory cytokine production 

(728). Whereas catalase knockout mutants show an enhanced proinflammatory 

macrophage polarisation response characterised by inflammation, high levels of 

ROS and high proinflammatory cytokine release (727). This suggests that 

catalases or ROS levels do feedback into the amplification and balancing of the 

immune response. 
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In our data set, catalase gene expression is not significantly altered due to the 

presence of Bdellovibrio or throughout Bdellovibrio occupancy (Figure 5.6.7). This 

alone suggests that hydrogen peroxide stress is not increased during Bdellovibrio 

occupancy. However, the cell also detoxifies hydrogen peroxide using other 

peroxidase enzymes, including myeloperoxidases, perioredoxins, 

lactoperoxidases and glutathione peroxidases (729), which I will also explore.   

5.6.3.2.2. Peroxidases 

Peroxidasin is a peroxidase enzyme that detoxifies hydrogen peroxide and aids 

the cellular response to oxidative stress. Peroxidasin expression is induced by 

LPS and TNFα (730). Peroxidasin also has a direct antimicrobial effect in P. 

aeruginosa infection, where the N-terminus binds to LPS, whilst the C-terminus 

catalyses the conversion of hydrogen peroxide into toxic hypophalous acids (730). 

Peroxidasin also acts as an anti-inflammatory cue, alternatively activating 

macrophage in helminth infection (731).  

In our dataset, the expression of the gene encoding peroxidasin is downregulated 

in Bdellovibrio occupancy at 8 hours (c.f. cell-only controls and Bdellovibrio-

containing 2 hour and 4-hour timepoints), but is upregulated at 24 hours, 

indicating a role later in occupancy, potentially in Bdellovibrio killing (Figure 5.6.8).  

Other peroxidases involved in the detoxification of hydrogen peroxide include 

myeloperoxidases, a family of haem-based peroxidases that produce the toxic 

substrate hypochlorous acid. In our dataset, expression of the gene encoding 

myeloperoxidase in Bdellovibrio occupancy is downregulated at 2, 4 and 24 hours 

(Figure 5.6.8). Myeloperoxidase protein expression is typically highly upregulated 

in inflammation (732), so this possibly suggests that the phagosome is not 

inflammatory at these stages. Although U937 cells are typically low expressing for 

myeloperoxidases (732), we see clear downregulation of expression during 

Bdellovibrio macrophage occupation (Figure 5.6.8). 
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Glutathione peroxidases 1-4 are also expressed in eukaryotic cells to protect 

against oxidative stress. Their roles in the inflammatory response are debated, 

with some suggestions that they are anti-inflammatory and regulate antigen 

presentation (733) and others suggesting that Gpx1 responds to LPS challenge 

by upregulating proinflammatory cytokine production (734). Potentially GPXs may 

fulfil both roles, fine-tuning the immune response throughout infection (735).  

In our dataset, gpx1 expression is downregulated at 4 and 8 hours compared to 2 

hours, whilst gpx3 expression is upregulated at 4 hours and downregulated at 8 

hours due to the presence of Bdellovibrio (Figure 5.6.8). gpx3 expression is then 

upregulated at 24 hours compared to 2 hours post-uptake, suggesting gpx3 

expression cycles throughout Bdellovibrio macrophage occupancy. gpx4 

expression is not significantly influenced by or throughout Bdellovibrio occupancy 

(Figure 5.6.8).  

Lactoperoxidases are haem containing peroxidases typically found in milk, tears, 

saliva and in the respiratory tract mucosa (736). In our dataset, Lactoperoxidase 

gene expression is upregulated at 24 hours due to the presence of Bdellovibrio. 

This could indicate an increased peroxide stress due to 24-hour killing or may be 

a generalised response to bacterial killing and late stage phagosomal maturation 

(Figure 5.6.8). 
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Figure 5.6.8: A heatmap visualising the expression of genes related to peroxide-related 
oxidative stress throughout Bdellovibrio bacteriovorus occupation within PMA-
differentiated U937 macrophage-like cells. Values shown represent the Log2 function of the ratio 
of gene expression values of Bdellovibrio-containing U937 cells, compared to cell-only controls, at 
4 timepoints across a 24-hour period (left). Values shown represent the Log2 function of the ratio of 
gene expression values of Bdellovibrio-containing U937 cells at each chosen timepoint, relative to 
each of the other 3 timepoints within this study (right). MPO: Myeloperoxidase; GPX: Glutathione 
Peroxidase; LPO: Lactoperoxidase; TXNRD1: Thioredoxin Reductase 1; PXDN: Peroxidasin; 
PXDNL: Peroxidasin Like; PRDX: Peroxiredoxin; PRXL2A: Peroxiredoxin Like 2A;. Heatmaps were 
generated using Morpheus.   
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Peroxiredoxins 

Peroxiredoxins are another group of peroxidases that contribute to the tolerance 

of oxidative stress within the cell but may also play a role in combatting infection. 

Peroxiredoxins are upregulated at the mRNA and protein level in response to IFN-

γ and LPS (737), and have a tripartite role in the cell, modulating redox signalling 

and protecting the cytoplasm of the cell during inflammation or increased ROS 

exposure, signalling as DAMPs (Damage Associated Molecular Patterns) to 

regulate inflammation through TLR binding and activation, and their direct 

bactericidal activity (738). 

PRDX-like 2a suppresses the MAPK signalling pathway, reducing the production 

of proinflammatory cytokines by macrophage (739). In our dataset, the gene 

encoding PRDXL2a is upregulated at later stages of occupancy (8 and 24 hours) 

(c.f. cell-only controls and 2 hour and 4-hour timepoints respectively) (Figure 

5.6.8), potentially curtailing the pro-inflammatory nature of the immune response 

later in Bdellovibrio occupation. 

PDRX2Lc mediates ERK1/2 signalling and AKT1 activation, inducing the 

upregulation of HIF1α and enhanced glycolysis (739). In our dataset, PDRXL2c 

gene expression is downregulated at 24 hours post-uptake (c.f. 4 hours) (Figure 

5.6.8). Combined, this may represent part of the host response to de-escalate the 

proinflammatory immune response after Bdellovibrio killing. 

PDRX1 induces c-Rel and activates p38 MAPK signalling, increasing IL-12 

expression and nitric oxide production, whilst decreasing arginase-1 production, 

shifting the activation state of the cell to a more pro-inflammatory state during 

Mycobacterium tuberculosis murine infection (740). PDRX1 also contributes to 

combatting S. aureus infection (741). Independent of the peroxidase activity, 

PDRX1 acts as a DAMP/stress signal and a signal of infection (activated by TLR-

4: LPS binding), culminating in the upregulation of IL-6 and TNFα in macrophage, 

balancing the expression of immunoregulatory IL-10 (742). In our dataset, the 

gene encoding PDRX1 is not differentially expressed throughout occupancy, 

possibly due to a lack of TLR4 activation (Figure 5.6.8). 
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PDRX2 is ubiquitously present in most cell types, in a reduced state. LPS 

stimulation triggers an increase in pdrx2 transcription via NFκB activation and 

triggers post-translational modification via PDRX2 glutathionylation (into its active 

state) and release, increasing TNFα expression. A thioredoxin substrate is also 

released, to aid the detoxification of hydrogen peroxide present (743). SRXN1 

sulfioredoxin also activates PDRX2 by forming a transient disulphide bond and 

reducing the cysteine sulfenic acid residue (744, 745). In our dataset, the gene 

encoding PDRX2 is not differentially expressed throughout Bdellovibrio infection 

(Figure 5.6.8). However, in our dataset, expression of srxn1 is upregulated at 4, 8 

and 24 hours compared to 2 hours post-uptake (Figure 5.6.8), suggesting that 

PDRX2 may be present within the cell in a non-active state and that post-

translational modification/activation of PDRX2 may occur at later timepoints to 

combat peroxide stress.  

PDRX4 regulates NFκB activation in the cytosol by modulating MAP3K13 

signalling and Iκβα phosphorylation respectively (746). 

PDRX5 expression is upregulated by LPS: TLR binding, signalling through MAPK 

and the TRIF dependent/IFN independent pathway or by T-helper 1 IFNγ 

pathways, increasing pdrx5 expression via MyD88 and TNF dependent pathway 

(747). PDRX5 also modulates the ROS signalling cascade, inducing NO 

production through JNK-dependent pathway, and limiting IL-6 production, 

signalling via the JAK/STAT pathway (748).    

The expression of the genes encoding perioredoxins -1, -2, -3, -4 and -5 in 

Bdellovibrio occupancy is not significantly altered throughout stages of 

macrophage occupation (Figure 5.6.8), suggesting that they are not 

recruited/involved in bacterial killing in this scenario, or that they are constitutively 

present in a non-active state within the cell, and therefore mRNA levels and 

transcription will not increase in response to stimuli. As the majority of the 

peroxiredoxins are largely stimulated by LPS detection, and we see no 

upregulation of a TLR-4 response to Bdellovibrio, this may explain the lack of 

perioredoxin expression in this scenario.  
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Bioinformatic analyses revealed that SXRN1 is also co-expressed with glutathione 

reductase (gsr), Thioredoxin (tsr), Thioredoxin Reductase (txnrd) and pdrx1-5 

(STRING). The absence of differential expression for the genes encoding 

Peroxiredoxins 1-5 may also be explained by them potentially being present within 

the cell in a reduced/inactive state and are then post-translationally activated in 

response to infection or LPS stimulation. 

When PDRX molecules react with hydrogen peroxide, the cysteine residue in the 

enzyme active site is weakly oxidised to disulphide or sulfenic acid. This renders 

PDRX inactive and unable to detoxify further hydrogen peroxide molecules. 

Thioredoxins reduce the cysteine residue, reactivating the PDRX enzyme, and are 

then themselves reduced by NADPH, in combination with thioredoxin reductase 

(744, 745).  Reactivation of PDRX2 is the quickest of the PDRX enzymes and 

provides better protection against hydrogen peroxide than catalase or glutathione 

peroxidases. In our dataset, thioredoxin reductase 1 (txnrd1) gene expression is 

upregulated at 4-, 8- and 24-hours post-uptake (Figure 5.6.8). txnrd2 and txnrd3 

gene expression is not significantly altered by Bdellovibrio occupancy (Figure 

5.6.8). Thioredoxin (tsr) expression is not significantly altered throughout 

Bdellovibrio occupancy (Figure 5.6.8). However, it may be constitutively present 

within the cell, as it may play other roles within cell functioning e.g., in protein 

phosphorylation. The upregulation of txnrd1 expression later in Bdellovibrio 

occupation may suggest peroxide stress is present later in Bdellovibrio occupancy 

(Figure 5.6.8). 
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5.6.3.3. Summary 

In summary, some peroxide based oxidative stress seems to be present due to 

Bdellovibrio occupation of macrophage. The exact mechanisms through which 

hydrogen peroxide (or similarly toxic intermediates) are generated and tolerated 

throughout Bdellovibrio occupation remain largely unknown. Downregulation of 

peroxide stress tolerance/detoxifying enzymes may represent a decrease in 

oxidative stress, or a purposeful increase in oxidative species for bacterial killing.  
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5.6.4. How is cellular apoptosis differentially 
regulated throughout Bdellovibrio occupation of 
macrophage? 

Raghunathan and co-workers (2) did not detect any significant (U937) cell death 

in their paper, so I will not discuss whether cellular apoptosis is transcriptionally 

induced/differentially regulated here, although I did consider this.  

There is a large crossover and redundancy within the TNFa/TNF-Receptor 

signalling pathways, and within the functions of different Pellino E3 Ubiquitin 

Ligases, Inhibitor of Apoptosis Proteins (IAPs) and other apoptotic regulator 

proteins in both cell death/apoptosis signalling and the TLR/NFkB signalling 

pathways, therefore although some proteins were differentially regulated 

throughout Bdellovibrio Macrophage occupation, there are no distinct trends 

suggesting a tendency towards or away from apoptosis, in response to 

Bdellovibrio, in my dataset. 
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5.6.5. The roles of interferon signalling in 
Bdellovibrio macrophage occupation 

Interferons are signalling proteins initially implicated in the response to viral 

infection, recruiting macrophages, neutrophils and dendritic cells which then 

mount a further, proinflammatory immune response, killing the microorganism and 

restoring tissue homeostasis. Their role has now been extended to bacterial 

infection and the wider immune response.  

Three classes of interferons exist; Type I interferons include different isoforms of 

IFNa, a single isoform of IFNb and other minor subtypes including IFNd, IFNe and 

IFNk.  

5.6.5.1. Type I Interferons 

Type I IFNs were originally believed to be predominantly produced by dendritic 

cells, acting via an autocrine mechanism to induce Dendritic cell activation, 

maturation, and migration (749). However, Type I interferons are produced by 

almost all cell types, including monocytes, macrophages, cells of myeloid lineage 

and epithelial cells. Type I IFN expression is induced by PRR- nucleic acid ligation 

and cytokine expression, through IRF3 and IRF7, although other IRFs may also 

contribute to expression. They are largely inflammatory, being produced by and 

acting on all cell types to enhance their function and survival (750). IFNβ is 

involved in the resolution of bacterial infection and inflammation, promoting 

cellular clearance and apoptosis when nearing the end of the immune response 

and upon resolution of infection (751).  

In our dataset, expression of ifnb is upregulated at 24 hours in Bdellovibrio 

occupation (Figure 5.6.9). Interferon epsilon is involved in immunoregulation and 

is typically expressed on mucosal surfaces to shield the commensal microbiota 

from a severe proinflammatory response (752). In our dataset, expression of ifne 

is upregulated at 24 hours (Figure 5.6.9), potentially helping to curtail the 

inflammatory part of the immune response. The role if IFNκ in the immune 

response is largely unknown but, in our dataset, expression of ifnκ is upregulated 

at 4 and 24 hours (Figure 5.6.9). 



 
427 

5.6.5.2. Type II Interferons 

Type II IFNs consist of IFNg only (753). IFNg is produced by T cells and NK cells 

mostly. Interferon Gamma (IFN-g) is well characterised in the inflammatory 

immune response, where it primes macrophage to make them more pro-

inflammatory and antimicrobial, upregulating nitric oxide production and 

repressing NLRP3 inflammasome activation. ifng expression is not detected in our 

dataset, but expression of ifngr1 and ifngr2, the two subunits of the IFNg receptor, 

are present within our dataset. Expression of ifngr1 is not differentially expressed 

throughout Bdellovibrio occupancy whereas expression of ifngr2 is upregulated at 

4- and 24-hours post-uptake, potentially indicating some role for IFNg in the 

immune response to Bdellovibrio (Figure 5.6.9). The lack of IFNg expression in 

our dataset may suggest that IFNg is constitutively present in a non-active state, 

or that a small transcriptional change can result in a large alteration in IFNg 

protein abundance. Alternatively, the lack of a large IFNg response by 

macrophage in response to Bdellovibrio is to be expected, as IFNg is 

predominantly expressed by T cells and NK cells or may help emphasise the less-

immunostimulatory nature of Bdellovibrio. 
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5.6.5.3. Type III Interferons 

Type III interferons consist of IFN-l isoforms 1-4, which are analogous to Type I 

Interferons in function but have a narrower cell range, with epithelial cells 

expressing IFNl receptors (750). Although receptors for IFNl are predominantly 

expressed on epithelial cells, IFNl signalling still impacts macrophage function. 

IFNl promotes phagocytosis, proinflammatory cytokine secretion and leukocyte 

recruitment through CCR5 and CXCR3 release (754). Expression of the gene 

encoding IFNl is upregulated at 4 hours, whilst IFNl receptor gene expression is 

downregulated at 2 hours, suggesting that the role of IFNl begins at 4 hours post-

uptake (Figure 5.6.9). Whether this has a biological or physiological effect in this 

system remains unknown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6.9: A heatmap visualising the expression of genes related to Interferon 
expression throughout Bdellovibrio bacteriovorus occupation within PMA-
differentiated U937 macrophage-like cells. Values shown represent the Log2 function of 
the ratio of gene expression values of Bdellovibrio-containing U937 cells, compared to cell-
only controls, at 4 timepoints across a 24-hour period (left). Values shown represent the Log2 
function of the ratio of gene expression values of Bdellovibrio-containing U937 cells at each 
chosen timepoint, relative to each of the other 3 timepoints within this study (right). IFNAR1/2: 
Interferon Alpha and Beta Receptor Subunit 1/2; IFNB/E/K/L: Interferon Beta/ Epsilon/ Kappa/ 
Lambda; IFNGR1/2: Interferon Gamma Receptor 1/2; IFNLR1: Interferon Lambda Receptor 
1. Heatmaps were generated using Morpheus.   
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5.6.5.4. Interferon Regulatory Factors 

A family of interferon regulatory factors (IRFs) are also thought to have roles in 

regulating macrophage activation and polarisation. 

IRF1 is lowly expressed in macrophage and dendritic cells, until ligation of the 

IFNg receptor induces IFN1 expression. IFN1 is typically associated with the 

production of Type I interferons, TLR signalling via a MYD88 adaptor protein 

dependent pathway and proinflammatory gene expression, therefore it is 

associated with an M1 classical activation phenotype. IRF1 also suppresses 

binding of regulatory elements to the IL-4 promoter, suppressing alternative 

activation (755). In our dataset, the expression of the gene encoding IFN1 is 

upregulated at 2- and 4- hours post-uptake (Figure 5.6.10), suggesting an 

initiation of a M1, inflammatory activation profile.  

IRF2 antagonises the actions of IRF1, competing for the IRF binding site on 

MYD88 and therefore negatively regulating Type I Interferon production. The 

downstream effects of IRF2 are context specific, where IRF2 binding decreases 

the release of TNFa in response to LPS, but promotes the release of IL-6, IL-12 

and IFNg, subsequently leading to reactive oxygen species generation and the 

iNOS-mediated oxidative burst. IRF2 also binds to STAT1 and STAT3 

transcription factors, inhibiting downstream signalling that would usually culminate 

in caspase-1 mediated apoptosis (755). In our dataset, the expression of irf2 is 

not altered throughout Bdellovibrio occupation (Figure 5.6.10). In our dataset, the 

expression of irf2bp1 is downregulated at 4 hours post-uptake, whilst the 

expression of irf2bp3 is upregulated at 8 hours post-uptake. Despite having 

proposed roles in the regulation of cell proliferation, apoptosis, cell differentiation, 

inflammation and the immune response, a clear role if IRF2BPs has not been 

determined (756).  
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IRF3 and IRF4 are typically associated with a M2 activation profile. IRF3 

associates with TRIF-dependent signalling pathways (initiated by TLR3 or TLR4 

ligation), inducing Type I Interferon expression and CCL5 and IFNb expression. 

However, despite the production of these inflammatory signals, IRF3 expression 

is mainly associated with an M2, anti-inflammatory phenotype. In previous data, 

cytokine signalling suggests that IRF4 is a direct TLR antagonist, actively 

suppressing M1 proliferation. IL-4, an M2-associated cytokine, induces the 

expression of IRF4, which upregulates il-10 and il-6 transcription via a STAT6 

dependent signalling pathway (755). In our dataset, the expression of irf3 is not 

altered throughout Bdellovibrio occupation (Figure 5.6.10). irf4 gene expression is 

upregulated at 24 hours (Figure 5.6.10), suggesting that TLR signalling is being 

largely countered and a less inflammatory response is replacing the 

proinflammatory response seen up until this point.  

IRF5 competes with IRF4 for the MYD88 binding site, facilitating downstream 

signalling from TLRs that culminate in the production of the inflammatory 

mediators IL-6, IL-12, TNFa and other proinflammatory cytokines. Owing to its 

direct competition with IRF4, IRF5 downregulates the production of IL-10 also. In 

our dataset, expression of the gene encoding IRF5 is not altered throughout 

Bdellovibrio occupation (Figure 5.6.10).  

IRF7 is one of the key regulators of monocyte-macrophage differentiation. 

Although a role in macrophage polarisation has not been reported, IRF7 

expression has been linked to the expression of IFNa, in response to viral nucleic 

acids (755). In our dataset, the expression of irf7 is upregulated at 4 hours post-

uptake, downregulated at 8 hours post-uptake, then upregulated again at 24 

hours post-uptake (Figure 5.6.10). As differentiation from a monocyte-derived cell 

line into PMA-differentiated macrophage has occurred over 48 hours prior to this 

experiment, I believe that the IRF7 differential gene expression shown in these 

data is a result of inflammatory IFNa signalling and crosstalk with other 

proinflammatory pathways, rather than it being a relic of monocytic differentiation.  

IRF8 also drives the production of proinflammatory mediators, such as IFNb, IL-12 

and iNOS, and a M1 classical activation phenotype, in response to IFNg and TLR 

stimulation (755). In our dataset, the expression of irf8 is not altered throughout 

Bdellovibrio occupation (Figure 5.6.10). 
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IRF9 regulates STAT1 signalling and CXCL10 expression. IRF9 has no reported 

role in macrophage polarisation. In our dataset, irf9 expression is upregulated at 8 

hours, at the peak of proinflammatory signalling (Figure 5.6.10).

Figure 5.6.10: A heatmap visualising the expression of genes related to the Interferon Regulator 
Factor response throughout Bdellovibrio bacteriovorus occupation within PMA-differentiated 
U937 macrophage-like cells. Values shown represent the Log2 function of the ratio of gene 
expression values of Bdellovibrio-containing U937 cells, compared to cell-only controls, at 4 timepoints 
across a 24-hour period (left). Values shown represent the Log2 function of the ratio of gene expression 
values of Bdellovibrio-containing U937 cells at each chosen timepoint, relative to each of the other 3 
timepoints within this study (right). IRF: Interferon Regulatory Factor; IRF2BP: Interferon Regulatory 
Factor 2 Binding Protein. Heatmaps were generated using Morpheus.   
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5.6.6. The roles of chemokine signalling in 
Bdellovibrio macrophage interactions 

Chemokines are small messenger molecules and signals that recruit leukocytes to 

sites of the immune response and prompt inflammation and the initiation of an 

immune response. Chemokines are produced by macrophage, lymphocytes, and 

epithelial and endothelial cells, signalling inflammation and an amplification, or 

tailoring of the immune response (757). Monocytes, macrophages, and 

neutrophils mainly produce chemokines for the purpose of recruiting further 

leukocytes to the site of infection, whereas Dendritic cells produce chemokines to 

activate and maturate T and B cells (757).     

The main chemokines released by macrophages are CXCL1, 2 and 8, which 

potently recruit and activate neutrophils. Macrophage also produce CCL5, 

CXCL9, CXCL10 and CXCL11 attract and activate T cells, Natural Killer cells and 

Dendritic cells, making them more relevant to the adaptive immune response 

(758). Other members of the chemokine family are also produced in high 

abundance by macrophages, along with other subsets of immune cells. 

Macrophage respond to a diverse range of chemokines, expressing chemokine 

receptors (CXCR1-4, and CCR1, 3, 5 and 7) that induce M1 polarisation and 

responding to chemokines CCL19, -21, -24, -25 and CXCL8 and CXCL10 (759). 

Neutrophils have a similar chemokine expression profile to macrophages. They 

produce CXCLs 1-13, except for CXCL7, and CCL2, -3, -4, -17, -18, -19, -20 but 

do not produce CCL5, -7, -9, -12 and -22 (760). They respond to CXC chemokine 

subsets, but express very few CCL chemokine receptors, until activated by IFNg 

or LPS, upon which they upregulate CCR1 and CCR3 expression (761).  

Dendritic cells and T cells produce a much narrower subset of chemokines. CCL3 

and CCL4 are released after antigenic stimulation, recruiting cytotoxic (CD8+) T 

cells (762). Dendritic cells express chemokine receptors, including CCR1, CCR2, 

CCR3, CCR5, CCR6 and CXCR3 and CXCR4, triggering the recruitment of DCs 

to inflamed tissues (763).  
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5.6.6.2. The Chemokine response to Bdellovibrio 

Willis and co-workers (1) demonstrate that neutrophils are recruited in response to 

Bdellovibrio in a zebrafish model of infection, suggesting that chemokine activity is 

present in Bdellovibrio infection, although chemokine secretion was not quantified.  

In our dataset, chemokines are strongly upregulated throughout Bdellovibrio 

occupancy, with some upregulated equally throughout e.g., CXCL1, 2, 3 and 8, 

and some upregulated and expressed (at the transcriptional level), increasing in 

magnitude throughout Bdellovibrio occupation e.g. CXCL5 and CXCL6 (Figure 

5.6.11), which would result in increased neutrophil chemotaxis and activation. 

CXCL9, CXCL10 and CXCL11 are most significantly upregulated at 4 hours post-

uptake, suggesting an important role earlier in the immune response to 

Bdellovibrio, whereas CXCL16 is upregulated at 24 hours only, suggesting a role 

later in Bdellovibrio occupation (Figure 5.6.11). CXCL14 is upregulated early on 

(at 2- and 4-hours post-uptake) but downregulated at 24 hours post-uptake 

(Figure 5.6.11). Chemokine receptors 1 and 2 (CXCR1 and CXCR2) are 

downregulated at 8- and 24-hours post-uptake and 4- and 8-hours post-uptake 

respectively, potentially to counteract the large increase in expression of 

chemokine mRNA at later timepoints (Figure 5.6.11). CXCR3 is not differentially 

expressed throughout Bdellovibrio occupancy. CXCR4 and CXCR5 are 

upregulated at 4 hours post-uptake, and 4-, 8- and 24-hours post-uptake 

respectively (Figure 5.6.11).  

Other chemokines (CCL type) are also largely upregulated throughout Bdellovibrio 

occupancy, promoting (in general) macrophage trafficking and inflammation 

(Figure 5.6.12).  

CXCL3, CXCL5, CXCL10 and CCL20 gene transcription are within the highest 

0.1% of transcriptionally upregulated genes at 4, 8 and 24 hours, demonstrating a 

key role in the response to Bdellovibrio.
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Figure 5.6.11: A heatmap visualising the expression of genes related to CXC motif 
Chemokine expression throughout Bdellovibrio bacteriovorus occupation within PMA-
differentiated U937 macrophage-like cells. Values shown represent the Log2 function of the ratio 
of gene expression values of Bdellovibrio-containing U937 cells, compared to cell-only controls, at 
4 timepoints across a 24-hour period (left). Values shown represent the Log2 function of the ratio of 
gene expression values of Bdellovibrio-containing U937 cells at each chosen timepoint, relative to 
each of the other 3 timepoints within this study (right). CXCL: C-X-C Motif Chemokine Ligand; 
CXCR: C-X-C Motif Chemokine Receptor; ps: pseudogene. Heatmaps were generated using 
Morpheus.   
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Figure 5.6.12: A heatmap visualising the expression of genes related to CCL motif 
Chemokine expression throughout Bdellovibrio bacteriovorus occupation within PMA-
differentiated U937 macrophage-like cells. Values shown represent the Log2 function of the ratio 
of gene expression values of Bdellovibrio-containing U937 cells, compared to cell-only controls, at 4 
timepoints across a 24-hour period (left). Values shown represent the Log2 function of the ratio of 
gene expression values of Bdellovibrio-containing U937 cells at each chosen timepoint, relative to 
each of the other 3 timepoints within this study (right). CCL: C-C Motif Chemokine Ligand; CCL3L1: 
CCL3 Like Protein 1; CCR: CCL Receptor; CCRl: CCR like. Heatmaps were generated using 
Morpheus.   
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5.6.7. The roles of interleukin signalling in 
Bdellovibrio macrophage interactions 

5.6.7.1. Proinflammatory signalling. 

The cytokine response to Bdellovibrio was briefly characterised by Raghunathan 

and co-workers (2), where they found that Bdellovibrio uptake and occupation 

within U937 cells causes upregulation of the pro-inflammatory cytokines IL-6, IL-8, 

and IL-1b, with protein levels at their highest later in Bdellovibrio occupation at 24-

hours or 48-hours post-uptake.  Upregulation of the anti-inflammatory cytokine IL-

10 steadily increases throughout Bdellovibrio occupation. TNFa protein levels 

peak earlier in Bdellovibrio occupation (between 4- and 8- hours post-uptake) and 

decrease later in Bdellovibrio occupation (24- and 48- hours post-uptake). Of note 

is that expression of these cytokines was several folds lower than the cytokine 

response induced by Salmonella Typhimurium LT2 and Klebsiella pneumoniae 

(2).  

IL-6 is a proinflammatory cytokine upregulated in acute phases of infection. In our 

dataset, the gene encoding IL-6 is upregulated throughout Bdellovibrio 

occupation, with gene expression being highest at 4 hours. IL-6 receptor gene 

expression is not differentially expressed throughout Bdellovibrio occupation 

(Figure 5.6.13). The differences between il-6 gene expression seen in our study 

and IL-6 protein expression seen by Raghunathan and co-workers is likely due to 

post-transcriptional or post-translational regulation of IL-6 mRNA translation. 

Expression of IL-8 at the mRNA/transcriptional level is not captured in our dataset 

(Figure 5.6.13). This may be due to IL-8 mRNA transcripts being highly labile, or a 

small number of transcriptional events translating to a large IL-8 protein amount.  

In our dataset, IL-1α gene expression is highly upregulated throughout 

Bdellovibrio occupation, with expression levels highest at 4 hours post-uptake and 

lowest at 8 hours post-uptake (Figure 5.6.13).   
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In our dataset, IL-1β gene expression is highly upregulated throughout 

Bdellovibrio occupation (Figure 5.6.13).  IL-1 receptor 1 (IL-1R1) gene expression 

is upregulated at 2-, 4- and 8-hours post-uptake. (Figure 5.6.13) IL-1R accessory 

protein gene expression is upregulated at 8 hours post-uptake (Figure 5.6.13). IL-

1R like 2 gene expression is upregulated throughout Bdellovibrio occupation, with 

levels significantly higher at 2 hours post-uptake (Figure 5.6.13). However, IL-

1RL2 cannot bind IL-1a or IL-1b, instead acting as a receptor for IL-36 (764).  

Expression of the gene encoding IL-1R antagonist (IL-1RA), a decoy protein that 

binds to IL-1R1 and doesn’t initiate signalling, hence reducing inflammation, is 

upregulated throughout Bdellovibrio occupancy, especially at 8 hours post-uptake. 

IL-1R2 gene expression (encoding a non-signalling IL-1 receptor) is upregulated 

at 4- and 24-hours post-uptake (Figure 5.6.13).  

Overall, this suggests that IL-1 signalling plays an important but highly controlled 

role in the Bdellovibrio macrophage response.  

Notably, tnfa transcriptional expression was absent from our dataset, despite 

TNF-a (protein) being upregulated by B. bacteriovorus in work performed by 

Raghunathan and co-workers (2). The reason for this is unknown and is under 

further investigation within our lab. 

5.6.7.2. Anti-inflammatory Signalling 

A subset of anti-inflammatory cytokines are also differentially regulated at the 

transcriptional level throughout Bdellovibrio occupancy.  

IL-10 is an anti-inflammatory cytokine. il10 expression is upregulated at 4 hours 

and downregulated later in infection (8 and 24 hours < 2- and 4-hours post-

uptake). Expression of the genes encoding IL-10α and β receptors are not 

differentially expressed throughout Bdellovibrio occupation (Figure 5.6.13).  U937 

cells have been documented to secrete IL-10 following PMA differentiation (765).  

The differences between il-10 gene expression seen in our study and IL-10 

protein expression seen by Raghunathan and co-workers, where they see higher 

IL-10 protein expression later in Bdellovibrio occupation is likely due to post-

transcriptional or post-translational regulation of IL-10 mRNA translation. 
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In our dataset, il-4 expression was upregulated throughout Bdellovibrio 

occupancy, with IL-4 Receptor gene expression remaining unchanged (Figure 

5.6.13). IL-13, an anti-inflammatory cytokine that skews macrophage towards an 

alternative/M2 activation phenotype (766) was not differentially expressed 

throughout Bdellovibrio occupation (Figure 5.6.13). IL-20 is another anti-

inflammatory cytokine (767). Expression of the gene encoding an IL-20 receptor β 

subunit was downregulated at 8 hours post-uptake (Figure 5.6.13). IL-30 

Receptor α subunit gene expression was not differentially expressed throughout 

Bdellovibrio occupation (Figure 5.6.13).   

IL-37 inhibits M1 activation and NFκB pathways, reducing proinflammatory gene 

expression and inflammation (768, 769). In our dataset, il-37 gene expression is 

downregulated at 2 hours post-uptake, de-repressing the proinflammatory 

response upon Bdellovibrio uptake, and subsequently upregulated at 24 hours 

post-uptake, suppressing the proinflammatory immune response (Figure 5.6.13).  

IL-19 enhances proinflammatory cytokine production (IL-6 and TNFα) in response 

to LPS (770, 771). In our dataset, expression of the gene encoding IL-19 is not 

differentially expressed throughout Bdellovibrio occupancy, suggesting that 

Bdellovibrio LPS does not activate typical LPS detection pathways (Figure 

5.6.13). 

Overall, this suggests that no significant anti-inflammatory signalling is initiated in 

response to Bdellovibrio in this scenario.  

Many proinflammatory cytokines are expressed in response to Bdellovibrio, more 

of which are detailed in Figure 5.6.13. The general trend is a proinflammatory 

cytokine response which begins at earlier timepoints and peaks at 8 hours post-

uptake, beginning to subside at 24 hours where significant bacterial killing is seen. 
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Figure 5.6.13: A heatmap visualising the expression of genes related to the Interleukin expression 
throughout Bdellovibrio bacteriovorus occupation within PMA-differentiated U937 macrophage-like 
cells. Values shown represent the Log2 function of the ratio of gene expression values of Bdellovibrio-
containing U937 cells, compared to cell-only controls, at 4 timepoints across a 24-hour period (left). Values 
shown represent the Log2 function of the ratio of gene expression values of Bdellovibrio-containing U937 cells 
at each chosen timepoint, relative to each of the other 3 timepoints within this study (right). IL: Interleukin; 
IL_R: Interleukin _ Receptor; IL_RAP: Interleukin _ Receptor Accessory Protein; IL1RL: Interleukin 1 
Receptor Like Protein; IL4I1: Interleukin 4 Interacting Protein 1; IL_ST: Interleukin _ Signal Transducer; ILF: 
Interleukin Enhancer Binding Factor; IRAK: Interleukin 1 Receptor Associated Kinase; IRAK_BP: IRAK 
Binding Protein; LIF: LIF Interleukin 6 Family Cytokine. Heatmaps were generated using Morpheus.   
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5.6.8. How does macrophage activation vary in 
response to Bdellovibrio occupation? 

As mentioned in Section 1.4.5, macrophage activation is a complex and dynamic 

spectrum, therefore assessing how macrophage activation varies in response to 

Bdellovibrio occupation is not straightforward. As I am interested in whether 

Bdellovibrio induce an inflammatory immune response akin to the immune 

response towards other Gram-negative bacteria, I will predominantly focus on 

probing my transcriptional dataset for the key metabolic, cytokine and chemokine 

markers that are indicative of an inflammatory or anti-inflammatory/alternative 

activation response, taking a broad view of inflammatory macrophage activation 

and drawing mostly on data that I have presented so far. 

The majority of the transcriptional changes highlighted relate to large changes in 

cytokine and interferon signalling, therefore I will use these data to help answer 

interrogate this question. 

Chemokines 

Chemokine gene expression is highly upregulated throughout Bdellovibrio 

occupation, indicative of a proinflammatory response and signalling to amplify the 

immune response further. For example, cxcl10 and cxcl11 are upregulated at 4-, 

8- and 24-hours post-uptake (Figure 5.6.11). ccl2, an alternative activation 

associated chemokine ligand, is transcriptionally upregulated at 8 and 24-hours 

post-uptake (Figure 5.6.12), suggesting that some less inflammatory signalling is 

also occurring, later in Bdellovibrio occupation. Within a (live) host, large changes 

in chemokine gene expression will lead to an increase in monocyte, neutrophil 

and macrophage recruitment to the site, increasing the proinflammatory response 

towards Bdellovibrio and activating the immune cells further. 

CCL20, which is associated with TLR-5 activation by flagellin, is highly 

upregulated throughout, reinforcing that detection of Bdellovibrio flagellin is one of 

the main ligands that initiates the proinflammatory immune response towards 

Bdellovibrio.
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Cytokines 

Cytokine signalling is another key subset in macrophage activation. Genes 

encoding the key proinflammatory cytokines in inflammatory activation (IL-1a, IL-

1b, and IL-6) are all upregulated at a transcriptional level throughout Bdellovibrio 

occupation (Figure 5.6.13). This is supported by data from Raghunathan and co-

workers (2), which also showed high induction of IL-6 and IL-1b protein 

expression by Bdellovibrio at 24 hours post-uptake. 

Contrastingly, the alternative activation associated cytokine, il4i1 gene 

expression, is upregulated throughout Bdellovibrio occupation (Figure 5.6.13).  

IL4l1 drives the expression of alternative activation markers and inhibits the 

expression of proinflammatory cytokines (772). il1ra gene expression is also 

upregulated throughout Bdellovibrio occupation, especially at 8 hours, with il1r2 

gene expression also being upregulated at 4- and 24-hours post-uptake (Figure 

5.6.13). The anti-inflammatory cytokine IL-10 is not significantly differentially 

expressed (at the transcriptional level) throughout Bdellovibrio occupation (Figure 

5.6.13). 

Metabolism  

A shift between metabolic states is indicative of differential macrophage activation 

profiles. In proinflammatory macrophage activation, a shift towards glycolysis fuels 

this energetically expensive process, providing ATP and metabolites required for 

phagocytosis and proinflammatory cytokine production, amongst other processes 

(773, 774). ACOD1 is a key marker in the immunometabolic switch between 

inflammatory and alternative activation states (775). acod1 gene expression is 

induced by LPS, PAMPs and other inflammatory signalling cues, prompting 

itaconate synthesis and mitochondrial ROS production. acod1 is strongly 

upregulated at the transcriptional level at 2, 4 and 8 hours, and is within the 

highest 0.1% of transcriptionally upregulated genes at 2, 4 and 8 hours, then 

returns to pre-exposure levels at 24 hours (Figure 5.6.14). This suggests that the 

proinflammatory activation state dominates at 2-, 4- and 8-hours post-uptake, 

before shifting towards a less inflammatory activation state at 24 hours post-

uptake.  
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Fbp1 represents the key metabolic switch in alternative/ less inflammatory 

activation, enhancing gluconeogenesis. Glycolysis and oxidative phosphorylation 

do not dominate in human macrophage alternative activation, unlike in murine 

macrophage, thus gluconeogenesis is the dominant metabolic cue of alternative 

activation (776). In our dataset, fbp1 gene expression is downregulated at 8 

hours, at the suggested peak of proinflammatory signalling and inflammatory 

activation and upregulated at 24 hours indicative of a switch towards alternative 

activation and gluconeogenesis (Figure 5.6.14). 

 

 

 

 

 

In conclusion, there is no finite switch between inflammatory and alternative 
activation throughout Bdellovibrio occupation. However, the expression of 

key metabolic switches, including fbp1 and acod1, and general trends in cytokine 

and chemokine expression seem to suggest a proinflammatory response up until 

8 hours post-uptake, prior to a shift towards a less inflammatory milieu at 24 hours 

post-uptake, with cell signalling and recruitment still dominating at this latter 

timepoint. The majority of gene expression represents a balance/countering the 

proinflammatory activation nature against a less inflammatory scenario, rather 

than fitting into distinct activation profiles. However, Bdellovibrio does induce a 

proinflammatory immune response akin to that of a typical Gram-negative 

bacterium. 

Figure 5.6.14: A heatmap visualising the expression of genes related to the 
immunometabolism throughout Bdellovibrio bacteriovorus occupation within PMA-
differentiated U937 macrophage-like cells. Values shown represent the Log2 function of 
the ratio of gene expression values of Bdellovibrio-containing U937 cells, compared to cell-
only controls, at 4 timepoints across a 24-hour period (left). Values shown represent the 
Log2 function of the ratio of gene expression values of Bdellovibrio-containing U937 cells at 
each chosen timepoint, relative to each of the other 3 timepoints within this study (right). 
Acod1: Aconitate decarboxylase 1; fbp1: fructose biphosphatase-1. Heatmaps were 
generated using Morpheus.   



 
443 

5.6.9. Post-transcriptional and post-translational 
modification of protein expression 

The host immune response is a tightly controlled, highly orchestrated process, 

therefore the differential expression of the proteins that contribute to the global 

immune response will also be tightly controlled. A balance between allowing for a 

rapid response to infection, and the timely shut down of the immune response is 

also important to prevent harm. These dynamic changes in protein expression are 

achieved through regulation at multiple levels: at the gene promoter level, post-

transcriptionally (e.g., alternative splicing, mRNA export, mRNA stability/lability) 

and post-translationally (protein inhibitors or degradation).  

Macrophage activation and response to bacterial stimuli is a combination of two 

subsets of regulation of protein expression and activity. Some proteins are always 

present, and then are modified, such as being phosphorylated or activated in 

other ways, such as by changes in pH, in response to stimuli, but won’t show a 

large change in gene transcription in our RNASeq data. Other genes are actively 

transcribed only when needed and sent to the necessary location (these will show 

up as large changes in expression/transcription in RNASeq). This means that in 

some scenarios, the correlation between mRNA and protein abundance is less 

clear and that this difference is largely reliant on translational efficiency (777) 

(778, 779). 

To untangle the wider response of macrophage to Bdellovibrio occupation, we 

need to be able to differentiate between genes that show no significant changes 

in expression because they are not involved in this specific response, from those 

that are not differentially expressed because they are constitutively expressed in a 

non-active state. To investigate this, I looked in the literature at known inhibitors 

and activators of certain proteins, to determine if their interaction partners may 

play a role in the immune response, despite not being differentiated at the level of 

gene expression.  
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Microarray analysis of U937 cells differentiated by the addition of PMA revealed 

that only 0.7% of genes were post-transcriptionally regulated, suggesting that 

post-translational regulation plays an important role in regulating gene expression 

in differentiation, and by extension, infection (780). 

However, my focus is on transcription, therefore I can only study transcriptional 

modifications of activators/regulators in my dataset. I will explore NFkB regulation, 

as one example of this. However, other examples exist, and the roles of post-

transcriptional and post-translational regulation are important considerations in the 

interpretation of the data in this chapter.  

5.6.9.1. NFkB inhibition regulation 

One common mode of regulating macrophage protein expression is translational 

de-repression, a process that does however involve key inducible genes (781). 

Activation of the NFκB pathway is repressed by a NFκBIA (NFκB inhibitor alpha) 

or IκBα that retains NFκB dimers in the cytoplasm. Derepression occurs when 

this/these inhibitor(s) are proteosomally degraded, activating NFκB and allowing 

for translocation to the nucleus where it activates downstream transcription 

pathways (782, 783). This also activates the transcription of nfkbia which then 

binds to NFκB and prevents further activation, shutting down the immune 

response and proinflammatory gene transcription (783). nfkbia gene expression is 

highly upregulated throughout occupation but is lowest at 8 hours post-uptake, 

where we see the peak of proinflammatory cytokine signalling and expression 

(Figure 5.6.15).  

Nfkbid, another NFkB inhibitor, is significantly upregulated throughout occupation, 

except at 4 hours post-uptake. nfkbie is significantly upregulated throughout 

occupation, except at 8 hours post-uptake. nfkbiz is highly upregulated throughout 

occupation. Nr4a1 gene expression not significantly altered throughout. Nfkbi 

inhibitors all most highly upregulated at 2 hours post-uptake, nfkbia and nfkbiz by 

a large margin (Figure 5.6.15), with nfbiz transcription being within the highest 

0.1% of transcriptionally upregulated genes at 2 hours. The upregulation of these 

NFkB inhibitors signifies a downregulation of NFkB signalling.  
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Figure 5.6.15: A heatmap visualising the expression of genes related to 
Transcription Factor Regulation throughout Bdellovibrio bacteriovorus occupation 
within PMA-differentiated U937 macrophage-like cells. Values shown represent the 
Log2 function of the ratio of gene expression values of Bdellovibrio-containing U937 cells, 
compared to cell-only controls, at 4 timepoints across a 24-hour period (left). Values 
shown represent the Log2 function of the ratio of gene expression values of Bdellovibrio-
containing U937 cells at each chosen timepoint, relative to each of the other 3 timepoints 
within this study (right). NFKBA/D/E/Z: Nuclear Factor Kappa Beta Inhibitor Alpha/ Delta/ 
Epsilon/ Zeta; NR4A1: Nuclear Receptor Subfamily 4 Group A Member 1; DUSP1: Dual 
Specificity Phosphatase 1; ZFP36: Zinc Finger Protein 36; ZC3H12A: Zinc Finger CCCH-
Type Containing 12A; IER3: Immediate Early Response 3; BCL2L1: BCL2 Like 1; 
HNRNPK: Heterogeneous Nuclear Ribonucleoprotein K. Heatmaps were generated using 
Morpheus.   
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5.6.10. Could complement pathway activation play an 
important role in the processing of Bdellovibrio by 
the immune response? 

Previously, in this Chapter, I have mostly focused on the occupation and 

processing of Bdellovibrio by macrophage. The complement system is an 

important part of the non-cellular arm of the innate immune response, therefore I 

asked whether it played an important part in the processing and recognition of 

Bdellovibrio within the host. The complement activation pathways happen outside 

of a host cell, however many of the key components of the complement cascade 

can be produced by, or act as signals to, activated macrophage, therefore 

activation of the complement cascade is important in the wider host response to 

Bdellovibrio, along with the cellular/macrophage response. The complement 

activation pathways, along with how bacteria evade complement activation, are 

detailed in Chapter 1, Section 1.4.4.2. 

5.6.10.1. Can macrophage initiate the complement activation 

pathway? 

The complement system is comprised of a network of several soluble and 

membrane bound proteins. Most soluble complement proteins are produced by 

hepatocytes in the liver, whereas a wide range of cell types produce membrane-

bound and a subset of soluble complement proteins outside of the liver, including 

C1q, FP (Factor Properdin) and Factor D (143, 784, 785). It was initially thought 

that the key components of the complement system (C3, C4 and MBL), were only 

produced by hepatocytes (786, 787). However, recent studies have shown that 

stimulated PMNs (Polymorphonuclear Leukocytes) can secrete complement 

proteins C3, C6 and C7, and complement factors FP and FB, along with 

membrane bound receptors CR1, CR3, CR4, C3aR and C5aR (784).  
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Macrophage produce C1q, C1r and Cls, which initiate the classical pathway of 

complement activation, along with C2 and C4. Macrophage also produce C3, FB, 

FD, FP and C5 of the alternative pathway. Notably, macrophage do not produce 

C6, C7, C8 or C9 that are required for the terminal steps of the complement 

activation pathway, MAC formation and bacterial lysis (784). This may mean that, 

unlike monocytes and dendritic cells which can produce C5-9, macrophage may 

be unable to complete the complement activation pathway in isolation. Membrane 

bound receptors that macrophage express include CR1, CR3, CR4, CRIg, C3aR, 

C5aR1 and C5aR2. Macrophage also express a range of soluble (C1INH, FH, FI) 

and membrane bound (CD46, CD55, CD59) receptors (784). The expression of 

complement and receptors by macrophage is highly conserved across the 

different types of immune cell, including dendritic cells, PMNs, monocytes, B 

lymphocytes and T lymphocytes, with only a few minor differences. This contrasts 

with the expression of complement activation proteins, of which there is a large 

variation between different immune cell types (143). Different macrophage 

activation profiles may express different complement protein activation profiles, 

although how this may differ remains largely unknown.  

The proteins produced by each cell type are summarised in Table 5.6.1. and 

5.6.2.
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Table 5.6.1: Summary of Complement Pathway Proteins expressed by various immune 
cells. Table taken from Lubbers et al., 2017 Clinical and Experimental Immunology. PMN: 
Polymorphonuclear; FB: Factor B; FD: Factor D; FP: Factor Properdin. 

Table 5.6.2: Summary of Complement pathway regulators and receptors expressed by 
various immune cells. Table taken from Lubbers et al., 2017 Clinical and Experimental 
Immunology. C1INH: C1 Inhibitor; C4BP: C4 Binding Protein; FH: Factor H; FH: Factor I; CR: 
Complement Receptor.  

 

 Classical Lectin Alternative Terminal 
PMN  Ficolin-1 C3, FB, FP C6, C7 

Mast Cell C1q   C3 C5 

Monocyte C1q, C1r, C1s, 
C4, C2  

 C3, FB, FD, FP C5, C6, C7, 
C8, C9 

Macrophage C1q, C1r, C1s, 
C4, C2 

 C3, FB, FD, FP C5 

Dendritic Cell C1q, C1r, C1s, 
C4, C2  

 C3, FB, FD, FP C5, C7, C8, 
C9 

Natural Killer Cell     

B Lymphocyte    C5 

T Lymphocyte   C3, FB, FD, FP C5 

 Regulators (Soluble) Regulators (Membrane 
Bound) 

Receptors 

PMN  CD46, CD55, CD59 CR1, CR3, CR4, C3aR, 
C5aR1 

Mast Cell  CD46, CD55, CD59 CR1, CR4, C3aR, 
C5aR1 

Monocyte C1INH, C4BP, FH, FI CD46, CD55, CD59 CR1, CR3, CR4, C3aR, 
C5aR1 

Macrophage C1INH, FH, FI CD46, CD55, CD59 CR1, CR3], CR4, CRIg, 
C3aR, C5aR1, C5aR2 

Dendritic 
Cell 

C4BP, FH, FI CD46, CD55, CD59 CR1, CR3, CR4, CRIg, 
C3aR, C5aR1 

Natural Killer 
Cell 

 CD46, CD55, CD59 CR3, CR4, C3aR, 
C5aR1, C5aR2 

B 
Lymphocyte 

 CD46, CD55, CD59 CR1, CR2, CR4, C5aR1 

T 
Lymphocyte 

 CD46, CD55, CD59 CR1, C3aR, C5aR1 
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5.6.10.2. Complement protein expression in our dataset. 

In our RNASeq dataset, which is from cultured PMA-differentiated macrophages, 

various complement proteins are differentially transcribed throughout Bdellovibrio 

occupation, whereas the expression of other genes related to the complement 

pathways remain unchanged.  

Expression of c1s, which encodes one of the first proteins in the classical 

complement pathway is upregulated at 4- and 24-hours post-uptake, whereas c1rl 

is downregulated at 8 hours (Figure 5.6.16). The genes encoding C1qA and ClqB 

(two component chains of C1q protein) are upregulated at 2- and 24-hours post-

uptake respectively, whereas the genes encoding the third C1q component chain 

(clqc) and the C1q Binding Protein are not differentially expressed throughout 

Bdellovibrio occupation (Figure 5.6.16).  

Some complement proteins later in the classical activation pathway, that are also 

part of the alternative activation pathway, are also differentially expressed 

throughout Bdellovibrio occupation. Complement protein C3, one of the main 

complement proteins involved in both the classical and alternative activation 

pathways, is transcriptionally upregulated at 4-, 8- and 24-hours post-uptake 

(Figure 5.6.16). The gene encoding C3a receptor 1 (c3ar1) is not differentially 

expressed throughout Bdellovibrio occupation, whilst the gene encoding C3b 

receptor 1 (cr1) is downregulated at 24 hours post-uptake (Figure 5.6.16). 

Expression of the gene encoding CFD, the protein which cleaves CFB prior to C3 

convertase generation, is downregulated at 2 hours post-uptake. The genes 

encoding complement protein 5 (C5) and C5 receptors 1 and 2 are not 

differentially expressed. The expression of the gene encoding CFP, which 

stabilises C3 and C5 convertase recruitment and MAC formation, is not 

differentially expressed throughout Bdellovibrio occupation (Figure 5.6.16).   

Complement protein 7 (C7) is transcriptionally upregulated at 24 hours post-

uptake. Complement protein 8 (C8) alpha chain gene expression is upregulated at 

2-, 4- and 8-hours post-uptake, whereas C8 beta chain gene expression is 

upregulated at 2 and 24 hours but is downregulated at 8 hours post-uptake 

(Figure 5.6.16). 
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Both C8a and C8b are involved in MAC formation. C8γ gene expression is 

unchanged throughout Bdellovibrio occupation, but C8γ is not required for the 

bactericidal activity of C8/MAC. This is surprising, as macrophage are not thought 

to produce C7 or C8. However, as the cells used in this study are derived from a 

monocyte cell line, of which monocytes can express C7 and C8, that may explain 

why we see expression of C7 and C8 (at the transcriptional level) in our dataset. 

Other studies of Bdellovibrio interactions with serum and complement factors 

demonstrate that Bdellovibrio are susceptible to the actions of complement, 

showing a 33% drop in viability when exposed to serum (376) and that 

Bdellovibrio are susceptible, but not eradicated, by exposure to complement, in 

which classical complement proteins are depleted (shown by haemolysis 

assay)(383). 

In conclusion, the genes encoding certain proteins involved in the 
alternative pathway of complement activation, especially C3, are 
differentially expressed by macrophages throughout Bdellovibrio 
occupation whereas other genes encoding key proteins are not differentially 

expressed. This leaves the potential role of complement in response to 

Bdellovibrio as unresolved. Some proteins may be constitutively present within 

host cells, meaning no significant changes in gene expression are captured by 

our mRNA sampling. Conversely, expression of some genes may be in response 

to bacterial uptake or detection of bacterial ligands, rather than direct activation of 

the complement pathways. I suggest that complement activation occurs in 

response to Bdellovibrio, but the complement activation does not reach its 

terminal stages and culminate in significant bacterial killing, instead potentially 

contributing to the enhancement of the proinflammatory immune response and 

relying on other immune cells to produce the terminal components of the 

complement activation pathway that ultimately result in membrane attack complex 

formation and bacterial killing (Figure 5.6.17). 
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Figure 5.6.16: A heatmap visualising the expression of genes related to the Complement 
Activation pathway throughout Bdellovibrio bacteriovorus occupation within PMA-
differentiated U937 macrophage-like cells. Values shown represent the Log2 function of the ratio 
of gene expression values of Bdellovibrio-containing U937 cells, compared to cell-only controls, at 4 
timepoints across a 24-hour period (left). Values shown represent the Log2 function of the ratio of 
gene expression values of Bdellovibrio-containing U937 cells at each chosen timepoint, relative to 
each of the other 3 timepoints within this study (right). C1qA: Complement C1q A chain; C1qL1/3: 
Complement Component 1, q subcomponent-like 1/3. C3aR/C5aR: Complement component 3/5 a 
subunit Receptor; C3P1: Complement Component 3 Precursor Pseudogene; CFD: Complement 
Factor D; CFP: Complement Factor Properdin. Heatmaps were generated using Morpheus.   
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Figure 5.6.17: A whole-system view of the Complement Activating pathway, detailing where the 
various complement proteins involved in the system originate from. Macrophages secrete C1 (a 
complex of C1q, C1r and C1s), C2, C3, C4 and C5, initiating the complement activation pathway, but 
cannot progress to form MACs (Membrane Attack Complexes) in isolation. Neutrophils secrete C6 and C7 
complement proteins from the terminal pathway. Monocytes secrete C5-C9 but cannot initiate the 
complement pathway. Dendritic cells secrete C5, C7, C8 and C9 but not the proteins involved in the 
initiation of the complement activation pathway. The implications of this are that both macrophage and 
another cell (monocyte or dendritic cell) are required for the initiation and completion of the complement 
activation pathway. 
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Table 5.6.3: A summary of the findings of Chapter 5b. A summary of the main biological questions interrogated in Chapter 5b, with preliminary findings detailed. 
Some subsections have been omitted due to inconclusive results. 

 

 

Biological question Summary 
How is Bdellovibrio recognised throughout macrophage 
occupation? 

Peptidoglycan and triacylated lipoproteins are recognised from 4 hours post-uptake, continuing at 8- 
and 24-hours post-uptake (tlr2 and tlr1 upregulation at 4-, 8- and 24-hours). 
Recognition of Bdellovibrio peptidoglycan by NOD1 and NOD2 is not significant throughout 
Bdellovibrio occupation. 
LPS is not recognised (absence of change in tlr4 and lpb expression) 
Flagellin is recognised at 2-, 4- and 8-hours post-uptake (tlr5 upregulation and ccl20 upregulation) 
Recognition of bacterial nucleic acids throughout, especially early on in occupation (tlr3, tlr7, tlr8 and 
tlr9 upregulation). 

What oxidative stresses are Bdellovibrio, and the host 
exposed to during macrophage occupation? 

Predominant oxidative stress is due to superoxide generation (indicated by upregulation of sod2 
throughout occupation). 
Some peroxide stress evident at later stages of occupation (catalase expression unchanged; 
myeloperoxidase expression downregulated throughout; lactoperoxidase and thioredoxin reductase 
expression upregulated at 24 hours, and 4-, 8- and 24-hours respectively). 

What is the role of interferon signalling in Bdellovibrio 
macrophage occupation? 

Biological effect is unclear, although differential regulation of interferon genes throughout. 

What is the role of chemokine signalling in Bdellovibrio 
macrophage occupation? 

Chemokine expression is strongly upregulated throughout Bdellovibrio occupancy, leading to 
enhanced monocyte and neutrophil chemotaxis and proinflammatory cell activation. 

What is the role of cytokine signalling in Bdellovibrio 
macrophage occupation? 

Cytokine expression is strongly upregulated throughout Bdellovibrio occupancy, leading to enhanced 
proinflammatory cell activation. 

How does macrophage activation vary in response to 
Bdellovibrio occupation? 

Macrophages are initially strongly pro-inflammatory (acod1 expression high between 2 and 8 hours; 
fbp1 expression strongly downregulated at 8 hours), followed by a slight curtailment of 
proinflammatory activation at 24 hours (acod1 expression downregulated; fbp1 expression 
upregulated), where a less inflammatory activation profile takes hold. 
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6. Chapter 6: Final Discussion 
In my PhD, I aimed to understand and further characterise the interactions 

between Bdellovibrio bacteriovorus and the eukaryotic immune response. 

Bdellovibrio bacteriovorus represents a potential, novel antimicrobial therapy for 

the treatment of (Gram-negative) bacterial infection. However, despite animal 

studies showing successful treatment of bacterial infection by Bdellovibrio, we still 

do not understand how host immune factors, such as immune cell interactions, 

antimicrobial proteins or complement protein deposition, may impact the efficacy 

of predation within a host. We know that Bdellovibrio is taken up by host 

leukocytes and survives for 24 hours before significant bacterial killing. What is 

happening during this 24-hour window, whether Bdellovibrio is prolonging its 

survival within the phagosome and whether it is still able to prey upon other 

bacteria, are all unknown. The aim of my PhD was to further characterise how 

host immune factors may impact the efficacy of predation (Chapter 3) and to 

further characterise the 24-hour window during which Bdellovibrio is live within the 

phagosome, using transcriptional data to assess host and bacterial actions within 

this period (Chapters 4 and 5).  

Pathogen recognition within the host. I demonstrated that host environmental 

factors, such as antimicrobial proteins and complement within serum, modify the 

susceptibility of Gram-negative pathogens to predation by B. bacteriovorus, with 

the combination of host environmental factors and predation stress inducing large 

changes to the outer surface components of pathogenic prey, culminating in 

resistance to predation through the addition of a L-Ara(4)N Lipid A modification, 

within the context of other large surface modifications in response to predation 

and host factors. Consideration of how cell surface modifications, in response to 

host factors, will be an important step in considering whether Bdellovibrio is an 

appropriate antimicrobial therapy to treat bacterial infection in the future. 
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Bdellovibrio recognition and processing within the host. The mechanisms 

through which Bdellovibrio is recognised by host macrophage and how this 

correlates to the reduced levels of proinflammatory cytokine release seen in 

response to Bdellovibrio (compared to other, more typical Gram-negative 

bacteria) have never been characterised. Bdellovibrio is recognised initially 

through activation of TLR-5 receptors by flagellin, and TLRs -7, -8 and -9 by 

bacterial nucleic acids. Peptidoglycan and triacylated lipoprotein recognition, by 

TLRs -2 and -6, also contribute to Bdellovibrio recognition from 4 hours onwards. 

However, recognition of LPS by TLR-4 is not seen in Bdellovibrio recognition, in 

stark contrast to recognition of other Gram-negative bacteria, where LPS 

recognition is a cornerstone of Gram-negative bacterial infection. As LPS 

recognition significantly upregulates the proinflammatory activation of 

macrophage in response to Gram-negative bacteria, and we do not see this in 

response to Bdellovibrio, this may explain why we see a lower induction of 

proinflammatory cytokines, such as IL-6, IL-1b and TNFa, in Bdellovibrio infection, 

compared to other Gram-negative bacteria. 

However, a proinflammatory response is still mounted against Bdellovibrio, with 

the majority of gene expression relating to cytokine and chemokine signalling, 

most of which encourages the recruitment and proinflammatory activation of 

monocytes and other immune cells. These data suggest that a strong 

proinflammatory response is mounted in response to Bdellovibrio, which peaks at 

8 hours post-uptake, followed by a slight curtailment in proinflammatory activation 

but an enhancement of cell signalling at 24 hours. 

Taking a wider view of the Bdellovibrio transcriptional response, the majority of 

bacterial gene expression occurs at 24 hours post-uptake, where Bdellovibrio is 

under high levels of nutrient starvation, oxidative stress and outer membrane and 

cell wall insult, due to the presence of reactive species, antimicrobial proteins and 

hydrolytic enzymes. Responses related to stress, nutrient starvation, multidrug 

tolerance, anaerobic respiration and outer membrane and cell wall modification 

are all highly upregulated at this timepoint, representing a last attempt to combat 

bacterial killing. 
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Drawing parallels between Bdellovibrio invasion of pathogenic bacteria, and how 

Bdellovibrio temporarily survives and tolerates phagosomal conditions within a 

macrophage, I aimed to investigate whether a subset of oxidative stress genes, 

which were transcriptionally upregulated within zebrafish infection, aided the 

survival of Bdellovibrio against phagosomal conditions, namely oxidative species. 

I proposed that these genes played a dual purpose within Bdellovibrio, conferring 

resistance to the oxidative stresses experienced throughout predation, where 

entry into a Gram-negative bacterium’s periplasm and degradation of prey cell 

contents generates high levels of proton and reactive species stress. These 

proteins may also benefit Bdellovibrio in temporarily surviving within the 

phagosome of macrophage, where predation may still be possible. 

Oxidative stress within predation. Upon entry into a Gram-negative prey cell, 

Bdellovibrio enters the periplasm, a highly reducing environment with a steep 

proton gradient, and resides within. It then kills the prey cell, leading to 

dysfunction of the electron transport chain and further oxidative stress. I found 

that Bd2517 and Bd2518, alkyl hydroperoxide reductase proteins C and F 

respectively, were essential for Bdellovibrio viability. They were highly expressed 

in attack phase Bdellovibrio and subsequently downregulated throughout 

predation. I suggest that these proteins detoxify reactive peroxide species upon 

entry into the prey cell periplasm, combatting the initial oxidative insult, therefore 

explaining why they are essential for bacterial survival.  

A SurA chaperone protein homolog (Bd0017) is also highly expressed in attack 

phase and downregulated throughout predation, with its function also being 

indispensable for bacterial viability. As the predator surface is key to predation 

and initial prey recognition and entry, I suggest that Bd0017 regulates protein 

folding and function in response to oxidative insult, making it crucial for predation 

also.  
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During intraperiplasmic growth, Bdellovibrio metabolises prey cell 

macromolecules to re-purpose them for its own progeny growth. This involves 

degrading proteins and stripping the metal ions from their enzymatic active sites, 

generating superoxide radicals which would react with bacterial DNA and proteins 

and induce mutation and damage. Bd1401, a superoxide dismutase, is highly 

expressed during intraperiplasmic growth, with deletion resulting in a loss of 

predator fitness and a reduction in predation efficiency. I suggest that the function 

of Bd1401 is important for predation and predator fitness, neutralising superoxide 

radicals generated through intraperiplasmic growth and improving the fitness of 

progeny Bdellovibrio which go on to invade further bacterial prey cells.  

Oxidative stress within the host. Phagocytosis and uptake into the developing 

phagosome of macrophage also represents a shift towards high levels of oxidative 

stress, along with membrane and cell wall attack by antimicrobial proteins and 

hydrolytic enzymes as the phagolysosome matures. The majority of oxidative 

stress within the phagosome occurs at 24 hours post-uptake, demonstrated by 

upregulation of oxidative stress genes, such as host sod2, which is also the time 

at which significant bacterial killing occurs. Bdellovibrio transcription reflects this, 

where genes related to the oxidative stress response are highly expressed at 24 

hours post-uptake, including bd0177 and bd0456, which are related to acidic pH 

tolerance, bd1002 and bd1401 superoxide response genes, and bd0298, bd0909 

and bd1805, all of which are linked to peroxide tolerance.  

As Bd2517/AhpC and Bd2518/AhpF were essential for bacterial viability, I was not 

able to test their role within intramacrophage survival through gene deletion. 

However, owing to their high levels of expression at 8- and 24-hours within 

macrophage, I would argue that they are likely important in combatting peroxide 

stress within the macrophage phagosome. Bd0017/SurA, an outer membrane 

chaperone, was also vital for bacterial viability, making its role in intramacrophage 

survival unable to be tested. As it regulates protein function on the outer surface, 

where the majority of bactericidal insults will occur, and is upregulated at 24 hours 

post-uptake, Bd0017 also likely contributes to tolerating stresses within the 

macrophage phagosome.  
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Bd1401/sodC was highly expressed at 24 hours within the macrophage 

phagosome, and deletion of Bd1401 reduced bacterial viability at 2 hours post-

uptake, suggesting that Bd1401 may play a role in tolerating superoxide stress 

either at 2 hours, in response to initial oxidative stresses present immediately after 

phagocytic uptake, or at 24 hours, where the majority of oxidative stress and 

bacterial killing is occurring.  

Nutrient availability. Another contrast between predation and intramacrophage 

survival is that nutrients are abundant within the prey cell, therefore Bdellovibrio is 

actively growing. There is an absence of nutrient starvation responses within 

predation, compared to intramacrophage survival where nutrient starvation and 

stress responses, including the iron acquisition genes bd1454, bd1455 and 

bd2648, are upregulated. This shows that nutrient restriction is ongoing within the 

macrophage phagosome, consistent with bacterial infection, with iron acquisition 

known to be critical for intraphagosomal survival. As Bdellovibrio is actively 

growing, the Dps protein Bd2620, which protects the bacterial chromosome from 

oxidative and nutrient starvation associated damage, is downregulated throughout 

predation to allow for gene transcription, protein expression and active growth. 

Removal of Bd2620 function decreases predation efficiency, likely due to 

oxidative stress induced damage to the chromosome upon prey cell entry, where 

DNA is usually compacted and protected from oxidative damage by Bd2620. 

Within the phagosome, Bdellovibrio is not actively growing and is undergoing 

extreme nutrient restriction, therefore the function of Bd2620 is likely important, 

hence why expression is high throughout intramacrophage survival. However, 

deletion of bd2620 did not impact bacterial survival, suggesting that the function 

of Bd2620 may benefit Bdellovibrio in the short-term, but is a futile response as 

bacterial killing still proceeds regardless.  

This highlights a disconnect between genes that are important for macrophage 

survival (iron acquisition genes: bd1454, bd1455, bd2648) and genes that are 

important for predation (bd2620/dps, bd3203) only, or some that likely contribute 

to both scenarios (bd1401/sodC, bd2517/ahpC, bd2518/ahpF, bd0017/surA), 

owing to the similar nature of oxidative stresses being tolerated in both. 
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The majority of the genes investigated in this study (bd0295/sodC, bd0798/catA, 

bd0799/ankB, bd1154/katA, bd1155/ankB and bd1815) do not significantly 

contribute to predation, or their functions are redundant to other proteins within 

the Bdellovibrio proteome. Oxidative stress tolerance is a key function within 

bacterial cells but is more important still in bacteria that enter other bacteria and 

prey upon them, or in bacteria that cause bacterial infection and encounter host 

immune cells. With this in mind, it is not surprising that a level of functional 

redundancy exists within the oxidative stress responses of Bdellovibrio. However, 

I have shown that oxidative stress tolerance contributes to survival and fitness of 

Bdellovibrio throughout predation and within the macrophage phagosome. 

The actions of the immune response will impact the efficacy of Bdellovibrio 

predation, through the phagocytosis and spatial separation of predator and prey, 

and through the induction of modifications to the surface of pathogenic prey. 

These actions do not impede predation entirely, making the characterisation and 

understanding of the interactions between the host immune response, predator 

and prey all the more important, before Bdellovibrio can be utilised as a novel, 

antimicrobial therapy.  

In these ways in this thesis, I have further characterised the interactions between 

Bdellovibrio bacteriovorus and the eukaryotic immune response. Taken together, 

my work has further characterised the interactions between predator, pathogenic 

prey and host macrophage, with the aim of informing us on how predation may 

proceed or be impeded within a host environment.  
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Figure 6.1: A summary of the findings of this PhD project.  
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Table 1.6.1: A summary of the main published animal studies interrogating Bdellovibrio bacteriovorus safety and efficacy in vivo 
 
Main Conclusions References 
Bdellovibrio is able to prey on a range of multidrug resistant clinical isolates (polymicrobial; multidrug resistant; biofilms) (364-367) 
Bdellovibrio reduced severity and occurrence of Shigella flexneri induced keratoconjunctivitis on the rabbit ocular surface (385) 
Bdellovibrio was successfully used for the treatment of Aeromonas Hydrophila infection in fishponds (788) 
Periodontal pathogens targeted by Bdellovibrio in an ex-vivo periodontal model (364, 393) 

 
Treatment of Salmonella infection in chicks through oral administration of Bdellovibrio First warm-blooded animal 
study 
Decreased Salmonella colonisation of gut, adverse caecal morphology, and inflammation 
No impact on gut microbiota diversity 
No impact on chick growth or wellbeing 
No spread between birds through water or faecal matter 
 

Atterbury et al., 2011 

Bdellovibrio was non-cytotoxic 
Successful treatment of infective bovine keratoconjunctivitis mock infection on bovine kidney cells 
B. bacteriovorus 109J was not effective at treating infective bovine keratoconjunctivitis, although this required further 
investigation  

(400, 409) 

Looked at impact of Bdellovibrio on the intestinal microbiota (355) 
Serratia marcescens and Pseudomonas aeruginosa infection of Galleria and corneal epithelial cells 
Bdellovibrio preyed upon isolates of S. marcescens and P. aeruginosa successfully 
Non-cytotoxic to human corneal epithelial cells, with no increase in IL-8 or TNFa expression  
No adverse effects in a Galleria model of infection.  
 

(368) 

Bdellovibrio used to target Pseudomonas tolasi mushroom blight successfully (397) 
Bdellovibrio does affect overall ecology of the oral microbiome 
Predation efficiency decreases with increased complexity of ex-vivo oral models 
Bdellovibrio successfully targeted two oral pathogens in ex-vivo models. 

(354) 

Intranasal and intravenous introduction of Bdellovibrio showed no effect on viability or histopathology in murine mode 
IL-1b, IL-23 and TNFa levels in lung rose post 1 hour but decreased at 24- and 48-hour timepoints 
Neutrophil levels rose in blood after intravenous injection but fell again by 18 hours 
Increase in IL-1b, IL-23, CXCL-1, IFNg and TNF seen but not sustained and milder than Klebsiella pneumoniae response. 
 

(390) 

Preharvest intervention in cattle prevented Salmonella and E. coli contamination from rumen and faeces (396) 
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Bdellovibrio was non-toxic to rabbit ocular surface 
IL-8 but not IL-1b production initiated in response to Bdellovibrio 
Bdellovibrio did not inhibit wound healing 

(386) 

Bdellovibrio is non-toxic to human cell lines  
No significant elevation of proinflammatory cytokines (GM-CSF, IFN-γ, IL-10, IL-12p70, IL1β, IL-2, IL-6, IL-8 and TNF-α) 
 

(370) 

Characterised the response of human epithelial cells to Bdellovibrio (369) 
No adverse effects on histopathology 
Slight increase in cytokines (TNFa, CXCL1, IL-6, IL-13 and IL-1b) at 24 hrs but not sustained 
No dissemination/cleared after 10 days 
Intranasal administration of Bdellovibrio reduced Klebsiella pneumoniae bacterial burden in rat lung 
 

(388) 

Minimal shift in taxonomic diversity in gut microbiota, upon intrarectal inoculation of Bdellovibrio in rats 
 

(353) 

Injection of Bdellovibrio systemically into rats  
No adverse effects on mortality or pathology, except rise in proinflammatory cytokines (IL-1b, IL-5, IL-6, TNFa)  in blood 2hrs 
post infection] 
Did not decrease Klebsiella pneumoniae burden in blood or dissemination suggesting Bdellovibrio is not appropriate for acute 
blood infections… 
Bdellovibrio dissemination is quickly and efficiently cleared by the host 
 

(387) 

Successful treatment of Yersinia pestis in mice lung model (391) 
Subcutaneous challenge with Yersinia pestis followed by intraperitoneal injection of Bdellovibrio  
Bdellovibrio treatment was protective in some mice, not others thus dependent on immune status of host 
Bdellovibrio controls spread and enhances clearance of Y. pestis  
Differential protection seen may be linked to host response to the predator in the context of prey 
Bdellovibrio survived in macrophages for a period in phagosome 
Bdellovibrio does not persist alone in vivo 
 

(392) 

Topical use of Bdellovibrio to treat periodontitis in rats (389) 
Mixed effects on the treatment of potato soft rot (399) 
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Shigella flexneri hindbrain infection in zebrafish larvae 
Bdellovibrio reduces S. flexneri numbers, with immune system proving important to eradicate infection.  
Bdellovibrio had a strong effect on improving zebrafish survival.  
Bd alone had no impact on zebrafish survival 
Bd treatment improved survival against S. flexneri infection due to pathogen killing 
First visualisation of active predation in vivo 
Bd are engulfed and cleared by macrophage and/or neutrophils but have sufficient dwell time to prey on pathogens 
Immune depletion shows maximum benefit comes from synergistic effect of bd with immune response, with 
Bdellovibrio contributing strongly 
Interactions with leukocytes in vivo had not previously been characterised 
Clearance was not due to enhanced immune activation of Bdellovibrio being present 
 

Willis et al, 2016 

Quantified the interactions of live Bdellovibrio with human phagocytic U937 cells, determining the uptake 
mechanisms, persistence, cytokine responses and intracellular trafficking 
Bdellovibrio is engulfed and persists (alive) for 24hrs without affecting macrophage viability 
Bdellovibrio is trafficked via the phagolysosomal pathway of degradation via F-actin and microtubule dependent 
methods 
Cytokine levels compared (IL-1b, TNFa, IL-6, IL-10, IL-8) to S. typhimurium and K. pneumoniae 
Antibody prevalence in population is high but at low levels (IgG/A: 90% but low, IgM: 50% but low) 
 

Raghunathan et al., 2019 
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Table 2.1.1: Bacterial strains used in the work detailed in Chapter 3 

Strain Description Source 

B. bacteriovorus HD100 Wild-type B. bacteriovorus Type strain 
NCBI Taxonomy ID: 264462 
GenBank Accession: GCA_000196175.1 

(281) 

E. coli S17-1 Strain used as prey for B. bacteriovorus 
NCBI Taxonomy ID: 1227813 
GenBank Accession: GCA_000340255.1 

(789) 

E. coli S17-1 l-Pir Strain for conjugation of mobilizable 
plasmids into S. marcescens #42 
E. coli S17-1 with an additional donor l-PIR 
plasmid, to increase conjugation efficiency 
owing to the suicide donor plasmid having a 
R6K origin of replication and low copy 
number. 

(790) 

S. marcescens #42 Clinical isolate of S. marcescens used for 
gene knockout strain generation  
Tetracycline (15 µg/ml) Resistant 
Ampicillin (500 µg/ml) Resistant 

Clinical isolate obtained 
from Dr Mathew Diggle 
(Previously of EMPATH 
Pathology Services, 
Queens Medical Centre, 
Nottingham) 

S. marcescens DarnA S. marcescens #42 with the arnA lipid 
modification gene removed 

This study 

S. marcescens DarnT S. marcescens #42 with the arnT lipid 
modification gene removed 

This study 

S. marcescens Dwza S. marcescens #42 with the wza capsule 
exporter gene removed 

This study 

S. marcescens 
DFim3795-7 

S. marcescens #42 with the Fim3795, 
Fim3796 and Fim3797 genes removed 

This study 

S. marcescens 
DFim4264-6 

S. marcescens #42 with the Fim4264, 
Fim4265 and Fim4266 genes removed 

This study 
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Table 2.1.2: Bacterial strains used in Chapter 4 & 5. CC: Callum Clark; LH: Laura Hollis (MSci Student 2021); RT: Mr Rob Till. Strains with the initials RT were kindly 
made by Mr Rob Till, at the request of CC. Strains with the initials “LH with CC” were made by Laura Hollis, under the supervision of CC.  
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Strain Description Source 

B. bacteriovorus HD100 
Wild-type B. bacteriovorus Type strain.  Genome sequenced.  
NCBI Taxonomy ID: 264462 
GenBank Accession: GCA_000196175.1 

(278, 281) 

E. coli NEB5a E. coli DH5a cloning strain. Endonuclease negative.  (789) 

E. coli S17-1  
Strain used as prey for B. bacteriovorus 
Strain used for conjugation of mobilizable plasmids into B. bacteriovorus HD100.  
NCBI Taxonomy ID: 1227813 
GenBank Accession: GCA_000340255.1 

(789, 790) 

E. coli S17-1 pZMR100  An E. coli S17-1 strain used as prey for B. bacteriovorus exconjugants containing the pZMR100 plasmid 
conferring kanamycin resistance.  (791)  

B. bacteriovorus HD100 
bd0064mCerulean B. bacteriovorus containing a 3’ tagged, homologous integrated mCerulean3 tagged bd0064 gene. Raghunathan et al., 

2019 
B. bacteriovorus HD100 
bd0064mCherry B. bacteriovorus containing a 3’ tagged, homologous integrated mCherry tagged bd0064 gene. Willis et al., 2016 

B. bacteriovorus HD100 
bd0017mCerulean B. bacteriovorus HD100 containing an mCerulean3 3’- tagged bd0017 gene. Kanamycin resistant. This study (LH with 

CC) 
B. bacteriovorus HD100 
bd0017mCherry  

B. bacteriovorus HD100 containing an mCherry 3’- tagged bd0017 gene. Kanamycin resistant. Kanamycin 
resistant. 

This study (LH with 
CC) 

B. bacteriovorus HD100 
bd0295mCerulean B. bacteriovorus HD100 containing an mCerulean3 3’- tagged bd0295 gene. Kanamycin resistant. This study 

B. bacteriovorus HD100 
bd0295mCherry B. bacteriovorus HD100 containing an mCherry 3’- tagged bd0295 gene. Kanamycin resistant. This study 

B. bacteriovorus HD100 
bd0798mCerulean B. bacteriovorus HD100 containing an mCerulean3 3’- tagged bd0798 gene. Kanamycin resistant.  This study 

B. bacteriovorus HD100 
bd0798mCherry B. bacteriovorus HD100 containing an mCherry 3’-  tagged bd0798 gene. Kanamycin resistant. This study 

B. bacteriovorus HD100 
bd0799mCerulean B. bacteriovorus HD100 containing an mCerulean3 3’- tagged bd0799 gene. Kanamycin resistant. This study 

B. bacteriovorus HD100 
bd0799mCherry B. bacteriovorus HD100 containing an mCherry 3’-  tagged bd0799 gene. Kanamycin resistant. This study (RT) 

B. bacteriovorus HD100 
bd1154mCerulean B. bacteriovorus HD100 containing an mCerulean3 3’- tagged bd1154 gene. Kanamycin resistant. This study 
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B. bacteriovorus HD100 
bd1154mCherry B. bacteriovorus HD100 containing an mCherry 3’-  tagged bd1154 gene. Kanamycin resistant. This study (RT) 

B. bacteriovorus HD100 
bd1155mCerulean B. bacteriovorus HD100 containing an mCerulean3 3’- tagged bd1155 gene. Kanamycin resistant. This study 

B. bacteriovorus HD100 
bd1155mCherry B. bacteriovorus HD100 containing an mCherry 3’-  tagged bd1155 gene. Kanamycin resistant. This study (RT) 

B. bacteriovorus HD100 
bd1401mCherry B. bacteriovorus HD100 containing an mCherry 3’-  tagged bd1401 gene. Kanamycin resistant. This study (RT) 

B. bacteriovorus HD100 
bd1815mCerulean B. bacteriovorus HD100 containing an mCerulean3 3’- tagged bd1815 gene. Kanamycin resistant. This study 

B. bacteriovorus HD100 
bd1815mCherry B. bacteriovorus HD100 containing an mCherry 3’-  tagged bd1815 gene. Kanamycin resistant. This study 

B. bacteriovorus HD100 
bd2517mCerulean B. bacteriovorus HD100 containing an mCerulean3 3’- tagged bd2517 gene. Kanamycin resistant. This study 

B. bacteriovorus HD100 
bd2518mCerulean B. bacteriovorus HD100 containing an mCerulean3 3’- tagged bd2518 gene. Kanamycin resistant. This study 

B. bacteriovorus HD100 
bd2620mCerulean B. bacteriovorus HD100 containing an mCerulean3 3’- tagged bd2620 gene. Kanamycin resistant. This study 

B. bacteriovorus HD100 
bd3203mCerulean B. bacteriovorus HD100 containing an mCerulean3 3’- tagged bd3203 gene. Kanamycin resistant. This study 

B. bacteriovorus HD100 Dbd0295 B. bacteriovorus HD100 with the Dbd0295 gene removed  This study 
B. bacteriovorus HD100 Dbd0798 B. bacteriovorus HD100 with the Dbd0798 gene removed This study 
B. bacteriovorus HD100 Dbd0799 B. bacteriovorus HD100 with the Dbd0799 gene removed This study (RT) 
B. bacteriovorus HD100 Dbd1154 B. bacteriovorus HD100 with the Dbd1154 gene removed This study (RT) 
B. bacteriovorus HD100 Dbd1155 B. bacteriovorus HD100 with the Dbd1155 gene removed This study (RT) 
B. bacteriovorus HD100 
Dbd0798Dbd1154 B. bacteriovorus HD100 with the Dbd0798 and Dbd1154 genes removed This study 

B. bacteriovorus HD100 
Dbd0799Dbd1155 B. bacteriovorus HD100 with the Dbd0799 and Dbd1155 genes removed This study (RT) 

B. bacteriovorus HD100 Dbd1401 B. bacteriovorus HD100 with the Dbd1401 gene removed This study (RT) 
B. bacteriovorus HD100 Dbd1815 B. bacteriovorus HD100 with the Dbd1815 gene removed This study 
B. bacteriovorus HD100 Dbd2620 B. bacteriovorus HD100 with the Dbd2620 gene removed This study 
B. bacteriovorus HD100 Dbd3203 B. bacteriovorus HD100 with the Dbd3203 gene removed This study 
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Table 2.3.1: Primers used for gene knockout construction and validation in Chapter 3 
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Reference Description Primer sequence 
arnA_UpFl_F  Gibson assembly primers for the generation of the upstream 

fragment of the gene knockout construct of arnA 
tcatgtccccccccccccctgcaggGTCTTCTGTTGTGGAGTCTTTAC 

arnA_UpFl_R aagtagtccagcgCATCATTCTTCTTCCTGAGTATTG 
arnA_DwFl_F   Gibson assembly primers for the generation of the 

downstream fragment of the gene knockout construct of 
arnA 

aagaagaatgatgCGCTGGACTACTTCCTGCG 
arnA_DwFl_R      gttgctgcttctacttatggtacccgggCTCATCCGGCTGCCACAG 

arnA-Fl Seq F Primer for sequencing the inserted construct (and 
surrounding genome) to confirm gene removal 

CGCAGCTTTCTTTGCCGAAT 
arnA-Fl Seq R TTTTCGCCAAACAGCCACTG 
arnT_UpFl_F1    Gibson assembly primers for the generation of the upstream 

fragment of the gene knockout construct of arnT 
tcatgtccccccccccccctgcaggtacgctggactacttcctg 

arnT_UpFl_R1      ttcatgcgatccacttcatgtaacgtccttac 
arnT_DwFl_F     Gibson assembly primers for the generation of the 

downstream fragment of the gene knockout construct of 
arnT 

acgttacatgaagTGGATCGCATGAACCGCC 
arnT_DwFl_R      gttgctgcttctacttatggtacccgggTAGAGTCCGCCAGGCGGC 

arnT-Fl Seq F  Primer for sequencing the inserted construct (and 
surrounding genome) to confirm gene removal 

CTTCAACAACCATCCGCTGC 
arnT-Fl Seq R  TGCATGTCAAAACGATCGCG 
Wza_UpFL_F Gibson assembly primers for the generation of the upstream 

fragment of the gene knockout construct of wza 
tcatgtccccccccccccctgcaggACATATTCCGCTGGTCGG 

Wza_UpFL_R ggagttaccagttCGGCATCAAAAGAGGCAAATG 
Wza_DwFL_F Gibson assembly primers for the generation of the 

downstream fragment of the gene knockout construct of 
wza 

tcttttgatgccgAACTGGTAACTCCGCAGG 
Wza_DwFL_R gttgctgcttctacttatggtacccgggAGGTCAGCTCATTGAGCTG 

Wza-Fl Seq F  Primer for sequencing the inserted construct (and 
surrounding genome) to confirm gene removal 

CGTGCTTATTCGCTGGAGGA 
Wza-Fl Seq R  GCATTTTCGGTAGCGTCTGC 
Fim_3795-97_UpFl_F   Gibson assembly primers for the generation of the upstream 

fragment of the gene knockout construct of fim3795-7 
tcatgtccccccccccccctgcaggTTGAAAAACGGCGGCAAATC 

Fim_3795-97_UpFl_R cgtattagtcgtaAAGCATAATAAAGTCCTTTCAATAACGAATTAAC 
 

Fim_3795-97_DwFl_F   Gibson assembly primers for the generation of the 
downstream fragment of the gene knockout construct of 
fim3795-7 

ctttattatgcttTACGACTAATACGCCGCTTGC 
Fim_3795-97_DwFl_R    gttgctgcttctacttatggtacccgggACCCCGGCGCACAGATAG 

Fim 3795-97-Fl Seq F  
 

Primer for sequencing the inserted construct (and 
surrounding genome) to confirm gene removal 

CGATCAGGGACACGGTAAGG 

Fim 3795-97-Fl Seq R  TGAACAGCAGAGCGACACAG 
Fim_4264-66_UpFl_F  t
   

Gibson assembly primers for the generation of the upstream 
fragment of the gene knockout construct of fim4264-6 

catgtccccccccccccctgcaggGATTCCTTCCACAGCTTTC 

Fim_4264-66_UpFl_R   
 

cccatggccgcttATTCATAAGGCCCCTCTTG 

Fim_4264-66_DwFl_F   
 

gggccttatgaatAAGCGGCCATGGGATATC  
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Fim_4264-66_DwFl_R  
 

Gibson assembly primers for the generation of the 
downstream fragment of the gene knockout construct of 
fim4264-6 

gttgctgcttctacttatggtacccgggATAAAGGTCTCTTTCACTTCGTTC 

Fim 4264-66-Fl Seq F  Primer for sequencing the inserted construct (and 
surrounding genome) to confirm gene removal 

ATATCGTACGCGCCGTAGTG 
Fim 4264-66-Fl Seq R CGCTGATAAACGCGGCATAA 
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Table 2.3.2: Plasmids used in the work detailed in Chapter 3. Strains initialed with DR were 
made by Dr Dhaarini Raghunathan as part of a previous project in the lab.  

Plasmid Description Source 
pSC2301 A suicide vector used to 

introduce gene knockout 
constructs into S. marcescens. 
Contains an apramycin 
resistance cassette 

Gift from Dr Sarah 
Coulthurst (University of 
Dundee) 

pSC2301DarnA pSC2301 plasmid containing 
an arnA gene knockout 
construct for conjugation into 
S. marcescens and 
subsequent gene removal  

This study (DR) 

pSC2301DarnT pSC2301 plasmid containing 
an arnT gene knockout 
construct for conjugation into 
S. marcescens and 
subsequent gene removal  

This study (DR) 

pSC2301Dwza pSC2301 plasmid containing a 
wza gene knockout construct 
for conjugation into S. 
marcescens and subsequent 
gene removal  

This study (DR) 

pSC2301DFim3795-7 pSC2301 plasmid containing a 
Fim3795, Fim3796 and 
Fim3797 gene knockout 
construct for conjugation into 
S. marcescens and 
subsequent gene removal  

This study (DR) 

pSC2301DFim4264-6 pSC2301 plasmid containing a 
Fim4264, Fim4265 and 
Fim4266 gene knockout 
construct for conjugation into 
S. marcescens and 
subsequent gene removal  

This study (DR) 
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Table 2.4.1: Primers used for fluorescent tagging of candidate genes in Chapter 4. * The same primers were used to generate mCherry tagged 
equivalents, using the mCherry plasmid pAKF26 as a template in place of pmCerulean3-N1. 
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Primer name Description Sequence 
Bd0295mCer_F* Gibson assembly primers for the generation of an mCerulean3 tagged 

bd0295, amplifying the bd0295 and mCerulean3 genes respectively. 
 

cgttgtaaaacgacggccagtgccaATGAAAAGAATGTTGCTTGT
C 

Bd0295mCer_R* ccttgctcaccatAAGGGCCTGAATCACTCC 
Bd0295mCerulean_F* gattcaggcccttATGGTGAGCAAGGGCGAG 
Bd0295mCerulean_R* ggaaacagctatgaccatgattacgTTACTTGTACAGCTCGTCCAT

G 
Bd0798mCer_F* Gibson assembly primers for the generation of an mCerulean3 tagged 

bd0798, amplifying the bd0798 and mCerulean3 genes respectively. 
 

cgttgtaaaacgacggccagtgccaATGAAAAAGACACTCACAAC
ATC 

Bd0798mCer_R* ccttgctcaccatGTCTAATCCCAATTTGGC 
Bd0798mCerulean_F* attgggattagacATGGTGAGCAAGGGCGAG 
Bd0798mCerulean_R* ggaaacagctatgaccatgattacgTTACTTGTACAGCTCGTCCAT

G 
Bd0799mCer_F* Gibson assembly primers for the generation of an mCerulean3 tagged 

bd0799, amplifying the bd0799 and mCerulean3 genes respectively. 
 

cgttgtaaaacgacggccagtgccaATGAGAACGTGGGCAGACTA
TCTTAAG 

Bd0799mCer_R* ccttgctcaccatACCTCGTGCGGGGATGAAG 
Bd0799mCerulean_F* ccccgcacgaggtATGGTGAGCAAGGGCGAG 
Bd0799mCerulean_R* ggaaacagctatgaccatgattacgTTACTTGTACAGCTCGTCCAT

G 
Bd0799mCh_F Gibson assembly primers for the generation of an mCherry tagged bd0799 

with a flexible peptide linker inbetween (as tag forced a mutation), 
amplifying the bd0799 and mCherry gene and a flexible peptide linker. 

CGTTGTAAAACGACGGCCAGTGCCAATGAGAACGTGG
GCAGACTATCTTAAG 

Bd0799mCh_R CCGCCGCTACCGCCACCTCGTGCGGGGATGAAG 
Bd0799mCherry_F CCCCGCACGAGGTGGCGGTAGCGGCGGCGGT 
Bd0799mCherry_R GGAAACAGCTATGACCATGATTACGTTACTTGTACAGC

TCGTCCATG 
Bd1154mCer_F* Gibson assembly primers for the generation of an mCerulean3 tagged 

bd1154, amplifying the bd1154 and mCerulean3 genes respectively. 
 

cgttgtaaaacgacggccagtgccaATGCTTAAGGGGTCGTTCAA
AATTC 

Bd1154mCer_R* ccttgctcaccatATGATGGGCACTGCCACTTTC 
Bd1154mCerulean_F* cagtgcccatcatATGGTGAGCAAGGGCGAG 
Bd1154mCerulean_R* ggaaacagctatgaccatgattacgTTACTTGTACAGCTCGTCCAT

G 
Bd1155mCer_F* Gibson assembly primers for the generation of an mCerulean3 tagged 

bd1155, amplifying the bd1155 and mCerulean3 genes respectively. 
 

cgttgtaaaacgacggccagtgccaATGGCGACCTGGGAAGAATA
TAAAAAG 

Bd1155mCer_R* ccttgctcaccatAGCTTCCGGTGTTGGCCG 
Bd1155mCerulean_F* aacaccggaagctATGGTGAGCAAGGGCGAG 
Bd1155mCerulean_R* ggaaacagctatgaccatgattacgTTACTTGTACAGCTCGTCCAT

G 
Bd1401mCh_F* taaaacgacggccagtgccaATGTACAAAGCCCTTAGTAAAG 
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Bd1401mCh_R* Gibson assembly primers for the generation of an mCherry tagged bd1401, 
amplifying the bd1401 and mCherry genes respectively. 
 

tgctcaccatCTTGATCACAGGCTTTGAC 
Bd1401mCherry_F* tgtgatcaagATGGTGAGCAAGGGCGAG 
Bd1401mCherry_R* cagctatgaccatgattacgTTACTTGTACAGCTCGTCCATG 
Bd1815mCer_R* Gibson assembly primers for the generation of an mCerulean3 tagged 

bd1815, amplifying the bd1815 and mCerulean3 genes respectively. 
 

cgttgtaaaacgacggccagtgccaATGAGTAAAAAGATTCTGGC
TTTG 

Bd1815mCer_R* ccttgctcaccatGAAAATAAATCCGACCGTC 
Bd1815mCerulean_F* cggatttattttcATGGTGAGCAAGGGCGAG 
Bd1815mCerulean_R* ggaaacagctatgaccatgattacgTTACTTGTACAGCTCGTCCAT

G 
Bd2517mCer_F Gibson assembly primers for the generation of an mCerulean3 tagged 

bd2517, amplifying the bd2517 and mCerulean3 genes respectively. 
 

cgttgtaaaacgacggccagtgccaATGCAAACTATCATCAACAC
G 

Bd2517mCer_R  ccttgctcaccatGATTTTACCAACCAGATCAAG 
Bd2517mCerulean_F ggttggtaaaatcATGGTGAGCAAGGGCGAG 
Bd2517mCerulean_R  ggaaacagctatgaccatgattacgTTACTTGTACAGCTCGTCCAT

G  
Bd2518mCer_F Gibson assembly primers for the generation of an mCerulean3 tagged 

bd2518, amplifying the bd2518 and mCerulean3 genes respectively. 
 

cctgcaggtcgactctagagATGCTAGACTCTTCTCTTCTTG 
Bd2518mCer_F tgctcaccatAGAGTGATACATACGGTCTTC 
Bd2518mCerulean_F gtatcactctATGGTGAGCAAGGGCGAG 
Bd2518mCerulean_R cagctatgaccatgattacgTTACTTGTACAGCTCGTCCATG 
Bd2620mCer_F Gibson assembly primers for the generation of an mCerulean3 tagged 

bd2620, amplifying the bd2620 and mCerulean3 genes respectively. 
 

cctgcaggtcgactctagagTCCCTGTGCCGCAACAAAAAAG 
Bd2620mCer_R GGATTTATGACTGCGGATCATCC 
Bd2620mCerulean_F tgatccgcagtcataaatccATGGTGAGCAAGGGCGAG 
Bd2620mCerulean_R cagctatgaccatgattacgTTACTTGTACAGCTCGTCCATG 
Bd3203mCer_F Gibson assembly primers for the generation of an mCerulean3 tagged 

bd3203, amplifying the bd3203 and mCerulean3 genes respectively. 
 

cctgcaggtcgactctagagTCAAGCCGAAGCCCCAAG 
Bd3203mCer_R tgctcaccatGACGCCGGCTTGGCCTAC 
Bd3203mCerulean_F agccggcgtcATGGTGAGCAAGGGCGAG 
Bd3203mCerulean_R cagctatgaccatgattacgTTACTTGTACAGCTCGTCCATG 
SurAmCh_F Gibson assembly primers for the generation of an mCherry tagged bd0017  taaaacgacggccagtgccaTTGCTAGTGGCTACACCAAG 
SurAmCh_R tgctcaccatCTCATTGATACGGATGAACG 
SurAmCherry_F tatcaatgagATGGTGAGCAAGGGCGAG 
SurAmCherry_R  cagctatgaccatgattacgTTACTTGTACAGCTCGTCCATG 
SurAmCer_F Gibson assembly primers for the generation of an mCerulean3 tagged 

bd0017  
 

taaaacgacggccagtgccaTTGCTAGTGGCTACACCAAG 
SurAmCer_R tgctcaccatCTCATTGATACGGATGAACG 
SurAmCerulean_F tatcaatgagATGGTGAGCAAGGGCGAG 
SurAmCerulean_R  cagctatgaccatgattacgTTACTTGTACAGCTCGTCCATG  

 
SurA_mCh/mCerScrF atacgtcgcatggcttgatg 
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Bd0295_ScrFwd*  Primer for checking construct integration into B. bacteriovorus 
exconjugants, binding approximately 50bp upstream of the target gene 
 

gagcaaaagacaccgtggtt 
 

Bd0798_ScrFwd*  Ggtgttatgagaacgtgggc 
 
 

Bd0799_ScrFwd*  ATCGACGTAAACCTACCGCA 
Bd1154_ScrFwd*  TAGAAAACGCCAGGGTCAGA 
Bd1155_ScrFwd*  GCTGCTGGATAATATCGCCG 
Bd1401mCherry_ScrF
wd*  

catccggtaagagcagcaac 

Bd1815_ScrFwd* gcttgaaatggccgctatca 
Bd2517_ScrFwd  cgtattccagctgcgtcaaa  

 
Bd2518_ScrFwd  aatacatcgctgcaaaccca 
Bd2620_ScrFwd gatcttggcatcgtcgtcac  

 
Bd3202_ScrFwd  
 

ccatgtaaccgatcaagccg  

SurAmCer/mCh_SeqF  Primer for sequencing the inserted construct in B. bacteriovorus 
exconjugants, binding approximately 200bp upstream of the target gene 
and covering the whole introduced region containing the gene and 
fluorescent tag. 
 

GCTCTTTGATGGATGCCGAG  
Bd0295_SeqFwd* GAAACTCTGGTGCGCGTATT  
Bd0798_SeqFwd* CGGAGGAAGACAGGACAACT 
Bd0798_SeqFwdII* TTGCTGAAGTCGAACAAGCC 
Bd0799_SeqFwd* ATCGACGTAAACCTACCGCA 
Bd1154_SeqFwd* ACCAATGATGAAGGGGCAGA 
Bd1155_SeqFwd* CGTACGCCGTCAGATCGAGG 
Bd1401mCherry_SeqF
wd* 

agtgattcatggagccagct 

Bd1815_SeqFwd* TCAGAAACCTTCCCCATGCT 
Bd1815_SeqFwdII* gaacaagagcgcctgtttga 
Bd2517_SeqFwd GGCCGTAACGCTGATGAATT 
Bd2517_SeqFwdII tttcagggtttcaaggctgc 
Bd2518_SeqFwd CGTTGATTCTGGCGATCCTG 
Bd2518_SeqFwdII CACTGTGATGGCCCCTTCTA 
Bd2620_SeqFwd TTGAAAACCAAAGCTCCGGG 
Bd3202_SeqFwd  ctgatcccctgttgtgacct  
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Table 2.4.2: Plasmids used in Chapters 4 & 5. CC: Callum Clark; LH: Laura Hollis (MSci Student 2021); SH: Syawal Hazanan (MSci Student 2022); RT: Mr 
Rob Till; PR: Mr Paul Radford. Strains with the initials RT were kindly made by Mr Rob Till, at the request of CC. Strains with the initials “LH with CC” were 
made by Laura Hollis, under the supervision of CC. Strains with the initials “SH with PR” were made by Syawal Hazanan, under the supervision of Paul 
Radford.  
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Plasmid  Description Source 
pmCerulean3-N1 DNA template containing mCerulean3 gene AddGene (#54730) 
pAKF26 DNA template containing mCherry gene (342) 
pZMR100 Plasmid conferring kanamycin resistance (791) 
pk18mobSacB Suicide vector used for introduction and homologous recombination of mCerulean3 or mCherry tagged 

genes or gene knockout constructs into B. bacteriovorus. Contains a kanamycin resistance cassette. lacza 
for blue-white colony selection. sacB for sucrose counter-selection/curing of plasmid from exconjugants.  

(792) 

pbd0017mCerulean A pk18mobSacB plasmid containing a bd0017 gene with mCerulean3 fused to the 3’ terminus.  This study 
pbd0017mCherry A pk18mobSacB plasmid containing a bd0017 gene with mCherry fused to the 3’ terminus.  This study 
pbd0295mCerulean A pk18mobSacB plasmid containing a bd0295 gene with mCerulean3 fused to the 3’ terminus. This study 
pbd0295mCherry A pk18mobSacB plasmid containing a bd0295 gene with mCherry fused to the 3’ terminus.  This study 
pbd0798mCerulean A pk18mobSacB plasmid containing a bd0798 gene with mCerulean3 fused to the 3’ terminus. This study 
pbd0798mCherry A pk18mobSacB plasmid containing a bd0798 gene with mCherry fused to the 3’ terminus.  This study 
pbd0799mCerulean A pk18mobSacB plasmid containing a bd0799 gene with mCerulean3 fused to the 3’ terminus. This study (SH with PR) 
pbd0799mCherry A pk18mobSacB plasmid containing a bd0799 gene with mCherry fused to the 3’ terminus.  This study (RT) 
pbd1154mCerulean A pk18mobSacB plasmid containing a bd1154 gene with mCerulean3 fused to the 3’ terminus. This study (SH with PR) 
pbd1154mCherry A pk18mobSacB plasmid containing a bd1154 gene with mCherry fused to the 3’ terminus.  This study (SH with PR) 
pbd1155mCerulean A pk18mobSacB plasmid containing a bd1155 gene with mCerulean3 fused to the 3’ terminus. This study (SH with PR) 
pbd1155mCherry A pk18mobSacB plasmid containing a bd1155 gene with mCherry fused to the 3’terminus.  This study (SH with PR) 
pbd1401mCherry A pk18mobSacB plasmid containing a bd1401 gene with mCherry fused to the 3’ terminus.  This study (RT) 
pbd1815mCerulean A pk18mobSacB plasmid containing a bd1815 gene with mCerulean3 fused to the 3’ terminus. This study 
pbd1815mCherry A pk18mobSacB plasmid containing a bd1815 gene with mCherry fused to the 3’ terminus.  This study 
pbd2517mCerulean A pk18mobSacB plasmid containing a bd2517 gene with mCerulean3 fused to the 3’ terminus. This study 
pbd2518mCerulean A pk18mobSacB plasmid containing a bd2518 gene with mCerulean3 fused to the 3’ terminus. This study 
pbd2620mCerulean A pk18mobSacB plasmid containing a bd2620 gene with mCerulean3 fused to the 3’ terminus. This study 
pbd3203mCerulean A pk18mobSacB plasmid containing a bd3203 gene with mCerulean3 fused to the 3’ terminus. This study 
pk18mobSacBDbd0017 A pk18mobSacB plasmid containing a bd0017 gene knockout construct for conjugation into B. bacteriovorus 

HD100 and subsequent gene removal 
This study 

pk18mobSacBDbd0295 A pk18mobSacB plasmid containing a bd0295 gene knockout construct for conjugation into B. bacteriovorus 
HD100 and subsequent gene removal 

This study 

pk18mobSacBDbd0798 A pk18mobSacB plasmid containing a bd0798 gene knockout construct for conjugation into B. bacteriovorus 
HD100 and subsequent gene removal 

This study 

pk18mobSacBDbd0799 A pk18mobSacB plasmid containing a bd0799 gene knockout construct for conjugation into B. bacteriovorus 
HD100 and subsequent gene removal 

Ellie Boardman 
(Unpublished) 

pk18mobSacBDbd1154 A pk18mobSacB plasmid containing a bd1154 gene knockout construct for conjugation into B. bacteriovorus 
HD100 and subsequent gene removal 

This study (SH with PR) 
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pk18mobSacBDbd1155 A pk18mobSacB plasmid containing a bd1155 gene knockout construct for conjugation into B. bacteriovorus 
HD100 and subsequent gene removal 

Ellie Boardman 
(Unpublished) 

pk18mobSacBDbd1401 A pk18mobSacB plasmid containing a bd1401 gene knockout construct for conjugation into B. bacteriovorus 
HD100 and subsequent gene removal 

This study (RT) 

pk18mobSacBDbd1401-
COMP 

A pk18mobSacB plasmid containing a WT copy of the bd1401 gene, along with 1kb of upstream and 
downstream flanking, to complement bd1401 into the Dbd1401 gene deletion strain 

This study (RT) 

pk18mobSacBDbd1815 A pk18mobSacB plasmid containing a bd1815 gene knockout construct for conjugation into B. bacteriovorus 
HD100 and subsequent gene removal 

This study 

pk18mobSacBDbd2517 A pk18mobSacB plasmid containing a bd2517 gene knockout construct for conjugation into B. bacteriovorus 
HD100 and subsequent gene removal 

This study 

pk18mobSacBDbd2518 A pk18mobSacB plasmid containing a bd2518 gene knockout construct for conjugation into B. bacteriovorus 
HD100 and subsequent gene removal 

This study 

pk18mobSacBDbd2620 A pk18mobSacB plasmid containing a bd2620 gene knockout construct for conjugation into B. bacteriovorus 
HD100 and subsequent gene removal 

This study 

pk18mobSacBDbd3203 A pk18mobSacB plasmid containing a bd3203 gene knockout construct for conjugation into B. bacteriovorus 
HD100 and subsequent gene removal 

This study 
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9. Table 2.4.3: Primers used for construction of gene knockout constructs in Chapter 4.  



 
528 

Primer name Description Sequence 
dBd0017Upstream_f
wd 

Gibson assembly primers for the generation of the upstream fragment of the 
gene knockout construct of bd0017 

TAAAACGACGGCCAGTGCCAAAATAAGGATTTG
ATCCGATGAAATTTTC 

dBd0017Upstream_r
ev 

TTTACTCATTGCCACAGTTTTTTCCACAATC 

dBd0017Downstrea
m_fwd 

Gibson assembly primers for the generation of the downstream fragment of the 
gene knockout construct of bd0017 

AAACTGTGGCAATGAGTAAACTTCGAATCGC 

dBd0017Downstrea
m_rev 

CAGCTATGACCATGATTACGGTTGAAACATATA
TCACCTCAATTA 

dBd0017_ScrF Primer for sequencing the inserted construct (and surrounding genome) to 
confirm gene removal 

CTGTCTTTCTCGGAATGGCG 
dBd0017_ScrR GGTGCGAATAAACGGGATCC 
dBd0295Upstream_f
wd 

Gibson assembly primers for the generation of the upstream fragment of the 
gene knockout construct of bd0295 

cctgcaggtcgactctagagAAGAACTCTGCACCGGGG 

dBd0295Upstream_r
ev 

gagtttcctgTTTCATAGGGATCCCCTTTCAG 

dBd0295Downstrea
m_fwd 

Gibson assembly primers for the generation of the downstream fragment of the 
gene knockout construct of bd0295 

ccctatgaaaCAGGAAACTCTGGTGCGC 

dBd0295Downstrea
m_rev 

cagctatgaccatgattacgGGACAGACTTTGAAGGTGA
AG 

dBd0295_ScrF Primer for sequencing the inserted construct (and surrounding genome) to 
confirm gene removal 

CGGCTGAATCCACAAAGACC 
dBd0295_ScrR GTGACTTCCATTCTGCGCTT 
dBd0798Upstream_f
wd 

Gibson assembly primers for the generation of the upstream fragment of the 
gene knockout construct of bd0798 

cctgcaggtcgactctagagTACTATTTGTATTATACCCG
GAAGAC 

dBd0798Upstream_r
ev 

gttagtctaaTTTCATAAATTAACCTCGTGCG 

dBd0798Downstrea
m_fwd 

Gibson assembly primers for the generation of the downstream fragment of the 
gene knockout construct of bd0798 

atttatgaaaTTAGACTAACGAAAGGGCTCG 

dBd0798Downstrea
m_rev 

cagctatgaccatgattacgAAGCGGGTAACGCTTTGTT
G 

dBd0798_ScrF Primer for sequencing the inserted construct (and surrounding genome) to 
confirm gene removal 

cggatggaggactcgacag 
dBd0798_ScrR ggcatctacaaatcctgggc 
dBd0799Upstream_f
wd 

Gibson assembly primers for the generation of the upstream fragment of the 
gene knockout construct of bd0799 

cgttgtaaaacgacggccagtgccaCGAAAGGGCACGAA
TCGC 

dBd0799Upstream_r
ev 

tgcagacggcgccTCTCATAACACCTCTCTTGCTTTC
AC 

dBd0799Downstrea
m_fwd 

Gibson assembly primers for the generation of the downstream fragment of the 
gene knockout construct of bd0799 

aggtgttatgagaGGCGCCGTCTGCAGGCTT 
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dBd0799Downstrea
m_rev 

ggaaacagctatgaccatgattacgGTCGTCCTTGCAGCA
TCTTATCCG 

dBd0799_ScrF Primer for sequencing the inserted construct (and surrounding genome) to 
confirm gene removal 

gggttctttgcggtcatagc 
dBd0799_ScrR agttgtcctgtcttcctccg 
dBd1154Upstream_f
wd 

Gibson assembly primers for the generation of the upstream fragment of the 
gene knockout construct of bd1154 

cgttgtaaaacgacggccagtgccaCACACCGCGATAGCT
CAG 

dBd1154Upstream_r
ev 

cgccctaatgatgAAGCATAAGGACAAAGAATATTCC 

dBd1154Downstrea
m_fwd 

Gibson assembly primers for the generation of the downstream fragment of the 
gene knockout construct of bd1154 

tgtccttatgcttCATCATTAGGGCGGAGGATG 

dBd154Downstream
_rev 

ggaaacagctatgaccatgattacgGGGCTTTCAAGATCG
TCAG 

dBd1154_ScrF Primer for sequencing the inserted construct (and surrounding genome) to 
confirm gene removal 

CAGAACTTGGCACCTTCCTG 
dBd1154_ScrR TGACCCGTGGATGTGATGAT 
dBd1155Upstream_f
wd 

Gibson assembly primers for the generation of the upstream fragment of the 
gene knockout construct of bd1155 

cgttgtaaaacgacggccagtgccaACTAAGTCCCGAGTC
CTGCC 

dBd1155Upstream_r
ev 

gatatcaagcttcCGCCATACATCCTCCGCC 

dBd1155Downstrea
m_fwd 

Gibson assembly primers for the generation of the downstream fragment of the 
gene knockout construct of bd1155 

aggatgtatggcgGAAGCTTGATATCATATATAGAGA
AAG 

dBd1155Downstrea
m_rev 

ggaaacagctatgaccatgattacgATGTCAACCATAGGC
TCTTAAAAG 

dBd1155_ScrF Primer for sequencing the inserted construct (and surrounding genome) to 
confirm gene removal 

tgatttggtcggcaacaaca 
dBd1155_ScrR tcaaagtgaatgacggtgcg 
dBd1401Upstream_f
wd 

Gibson assembly primers for the generation of the upstream fragment of the 
gene knockout construct of bd1401 

taaaacgacggccagtgccaAGTCATACCTTTTAAACTC
CATTTC 

dBd1401Upstream_r
ev 
 

attacttgatCTTGCACCAAGAAGAGTCAG 

dBd1401Downstrea
m_fwd 

Gibson assembly primers for the generation of the downstream fragment of the 
gene knockout construct of bd1401 
 
dBd1401Upstream_fwd and dBd1401Downstream_rev were also used to 
generate the deleted bd1401 gene fragment used to complement the bd1401 
gene back into the Dbd1401 gene deletion strain 

ttggtgcaagATCAAGTAATTACTTGGCAAAGG 

dBd1401Downstrea
m_rev 

cagctatgaccatgattacgGGATGATCAACTCCAAAGC 

dBd1401_ScrF Primer for sequencing the inserted construct (and surrounding genome) to 
confirm gene removal 

tcgttggctcgcatgtaaag 
dBd1401_ScrR cttccggacgacactgagat 
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dBd1815Upstream_f
wd 

Gibson assembly primers for the generation of the upstream fragment of the 
gene knockout construct of bd1815 

cctgcaggtcgactctagagTCCATTTTTTGACCGAGC 

dBd1815Upstream_r
ev 
 

tttagaaaatACTCATTCAACACTCCTTGTTTG 

dBd1815Downstrea
m_fwd 

Gibson assembly primers for the generation of the downstream fragment of the 
gene knockout construct of bd1815 

ttgaatgagtATTTTCTAAATAACAAGCAGCAGGTGA
TTTTAAAGGGC 

dBd1815Downstrea
m_rev 

cagctatgaccatgattacgGCGGCGCTGTCGGCCAGG 

dBd1815_ScrF Primer for sequencing the inserted construct (and surrounding genome) to 
confirm gene removal 

cgtcaggggatttggtgttg 
dBd1815_ScrR atctcccttaccgctttgcc 
dBd1815_SeqF AGTTCAGCCCTTTGATGGTG 
dBd1815_SeqF2 TTTTAAAGGGCTTCCGTGTG 
dBd2517Upstream_f
wd 

Gibson assembly primers for the generation of the upstream fragment of the 
gene knockout construct of bd2517 

cctgcaggtcgactctagagTCAAAAGGAACCAAATGAC 

dBd2517Upstream_r
ev 
 

gatttgcctgAAAGCTTGAACTTTGAAATC 

dBd2517Downstrea
m_fwd 

Gibson assembly primers for the generation of the downstream fragment of the 
gene knockout construct of bd2517 

ttcaagctttCAGGCAAATCCACTCTGAAAC 

dBd2517Downstrea
m_rev 

cagctatgaccatgattacgGGCCTTCGGTGTAAGTCAC 

dBd2517_ScrF Primer for sequencing the inserted construct (and surrounding genome) to 
confirm gene removal 

ggcaaatcacagtcgcaaac 
dBd2517_ScrR ttctttctcaccttccacgc 
dBd2518Upstream_f
wd 

Gibson assembly primers for the generation of the upstream fragment of the 
gene knockout construct of bd2518 

cctgcaggtcgactctagagGCCATAACGTATTCCAGC 

dBd2518Upstream_r
ev 
 

gctttggcgcTAACATGTGACCTCCGTTC 

dBd2518Downstrea
m_fwd 

Gibson assembly primers for the generation of the downstream fragment of the 
gene knockout construct of bd2518 

tcacatgttaGCGCCAAAGCCGCCCTGG 

dBd2518Downstrea
m_rev 

cagctatgaccatgattacgACGAGGCCCACAAAAGCTT
TCCG 

dBd2518_ScrF Primer for sequencing the inserted construct (and surrounding genome) to 
confirm gene removal 

tcccaaatcctcttccagct 
dBd2518_ScrR gaggtcacattcacttcggc 
dBd2620Upstream_f
wd 

Gibson assembly primers for the generation of the upstream fragment of the 
gene knockout construct of bd2620 

cctgcaggtcgactctagagAAGCTGGAAGAGGAACTG 
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dBd2620Upstream_r
ev 
 

tggaagccgaTCTCATAATATTCCTCCTTGTC 

dBd2620Downstrea
m_fwd 

Gibson assembly primers for the generation of the downstream fragment of the 
gene knockout construct of bd2620 

tattatgagaTCGGCTTCCACGAAAAAGC 

dBd2620Downstrea
m_rev 

cagctatgaccatgattacgCCCTTTCACCCTGGTCGTG 

dBd2620_ScrF Primer for sequencing the inserted construct (and surrounding genome) to 
confirm gene removal 

aatacattcttgccgtcgcc 
dBd2620_ScrR ccacttcgttcggactgttc 
dBd2620_ScrFII AAAACTTGTCGATCAGGGCG 
dBd2620_ScrRII GCATCATGGCTGTCACGAAT 
dBd3203Upstream_f
wd 

Gibson assembly primers for the generation of the upstream fragment of the 
gene knockout construct of bd3203 

cctgcaggtcgactctagagCCACGTCCCCCATGAAGA
C 

dBd3203Upstream_r
ev 
 

atcagacgccCTGACAGTGATGAGCTTTCGG 

dBd3203Downstrea
m_fwd 

Gibson assembly primers for the generation of the downstream fragment of the 
gene knockout construct of bd3203 

tcactgtcagGGCGTCTGATTTTTATTGTTTTTC 

dBd3203Downstrea
m_rev 

cagctatgaccatgattacgTAACAATCACTGGGGTGTT
C 

dBd3203_ScrF Primer for sequencing the inserted construct (and surrounding genome) to 
confirm gene removal 

cggcgccattttgaaaactc 
dBd3203_ScrR agacaaagccaccatcctgt 
dBd0295_IntFwd A primer to check (after Sanger sequencing confirmation of gene knockout) for 

gene reintegration in another site of the B. bacteriovorus HD100 genome. 
AGCGGTTCTGAAGACCATCA 

dBd0295_IntRev AATACGCGCACCAGAGTTTC 
dBd0798_IntFwd CCTTCCTGCGCTTTTCAACT 
dBd0798_IntRev GCCATAATCCGGATCGCATC 
dBd0799_IntFwd GCCGTTCGCCAAAATGACTA 
dBd0799_IntRev AGCTCATTGAACAGTCGCAC 
dBd1154_IntFwd GCGCTGAAGTTTTACACCGA 
dBd1154_IntRev CGGCGATATTATCCAGCAGC 
dBd1155_IntFwd GAAATGCGACGCTCACAGAT 
dBd1155_IntRev GATCACAGGCTTTGACTCCG 
Bd1401_InternalFwd GCGGAGGTTTGGAAATTCGT 
Bd1401_InternalRev CCAGATCCAAAGCCGTCATG 
dBd1815_IntFwd CCAATGGTGTGCTGGTGAAT 
dBd1815_IntRev AGCATGGGGAAGGTTTCTGA 
dBd2620_IntFwd AAAACGCCCATTCCCTGAAC 
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dBd2620_IntRev AAAGTCACGGCACTGGTTTC 
dBd3203_IntFwd TCCCGAAAGCTCATCACTGT 
dBd3203_IntRev CAGGAGTGGGTTTGCGAAAA 



 
533 

Table 2.5.1: Details of the samples sent for Dual RNA Sequencing. Agilent Bioanalyser 
analysis of the 20 RNA samples proposed to be sent for Dual (Bacterial and Eukaryotic) RNA 
sequencing, consisting of 2 technical replicates for each of 5 timepoints (2-, 4-, 8-, 24- and 48- 
hours post Bdellovibrio uptake) for U937 Cell only controls and U937 + Bdellovibrio test samples. 
Samples highlighted in Red were excluded from further analysis due to a low RIN quality value. 

Sample Annotation  RNA 
Concentration 
(ng/µl) 

rRNA ratio 
(28s/ 18s) 

RNA 
Integrity 
Number 
(RIN) 

1 (T2C) U937s Only; 2 Hours; 
Replicate 1 

35.0 2.0 9.8 

2 (T2C) U937s Only; 2 Hours; 
Replicate 2 

33.0 2.0 9.0 

3 (T2CBd) U937s + Bdellovibrio; 2 
Hours; Replicate 1 

42.0 1.9 9.1 

4 (T2CBd) U937s + Bdellovibrio; 2 
Hours; Replicate 2 

42.0 2.0 9.8 

5 (T4C) U937s Only; 4 Hours; 
Replicate 1 

22.0 1.8 9.1 

6 (T4C) U937s Only; 4 Hours; 
Replicate 2 

44.0 2.2 9.3 

7 (T4CBd) U937s + Bdellovibrio; 4 
Hours; Replicate 1 

26.0 1.8 9.8 

8 (T4CBd) U937s + Bdellovibrio; 4 
Hours; Replicate 2 

25.0 1.9 9.2 

9 (T8C) U937s Only; 8 Hours; 
Replicate 1 

12.0 1.8 9.9 

10 (T8C) U937s Only; 8 Hours; 
Replicate 2 

41.0 2.1 9.8 

11 (T8CBd) U937s + Bdellovibrio; 8 
Hours; Replicate 1 

23.0 2.0 8.9 

12 (T8CBd) U937s + Bdellovibrio; 8 
Hours; Replicate 2 

56.0 1.9 9.8 

13 (T24C) U937s Only; 24 Hours; 
Replicate 1 

32.0 1.8 9.2 

14 (T24C) U937s Only; 24 Hours; 
Replicate 2 

45.0 1.9 9.4 

15 
(T24CBd) 

U937s + Bdellovibrio; 
24 Hours; Replicate 1 

20.0 1.6 8.2 

16 
(T24CBd) 

U937s + Bdellovibrio; 
24 Hours; Replicate 2 

36.0 1.6 7.5 

17 (T48C) U937s Only; 48 Hours; 
Replicate 1 

24.0 1.8 9.0 

18 (T48C) U937s Only; 48 Hours; 
Replicate 2 

24.0 0.0 2.5 

19 
(T48CBd) 

U937s + Bdellovibrio; 
48 Hours; Replicate 1 

8.0 1.1 N/A 

20 
(T48CBd) 

U937s + Bdellovibrio; 
48 Hours; Replicate 2 

33.0 1.8 9.1 
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Table 2.5.2: Number of reads obtained from each sequencing sample. T2C: PMA-differentiated 
U937 cells only; 2 hours; T2CBd: PMA-differentiated U937 cells with Bdellovibrio; 2 hours post-
uptake; T4C: PMA-differentiated U937 cells only; 4 hours; T4CBd: PMA-differentiated U937 cells with 
Bdellovibrio; 4 hours post-uptake; T8C: PMA-differentiated U937 cells only; 8 hours; T8CBd: PMA-
differentiated U937 cells with Bdellovibrio; 8 hours post-uptake; T24C: PMA-differentiated U937 cells 
only; 24 hours; T24CBd: PMA-differentiated U937 cells with Bdellovibrio; 24 hours post-uptake.  

Sample Name Sequencing File Number of Reads 
T2C  T2C_S3_R1_001.fastq.gz  47,380,238 

T2CBd  T2CBd_S4_R1_001.fastq.gz  49,164,382 

T4C  T4C_S5_R1_001.fastq.gz  45,893,254 

T4CBd  T4CBd_S6_R1_001.fastq.gz  41,364,315 

T8C  T8C_S7_R1_001.fastq.gz  45,209,959 

T8CBd  T8CBd_S8_R1_001.fastq.gz  47,551,618 

T24C  T24C_S9_R1_001.fastq.gz  47,906,541 

T24CBd  T24CBd_S10_R1_001.fastq.gz  50,076,747 

Table 2.5.3: A low number of reads successfully aligned to HD100 genome using Rockhopper 
software. T2C: PMA-differentiated U937 cells only; 2 hours; T2CBd: PMA-differentiated U937 cells 
with Bdellovibrio; 2 hours post-uptake; T4C: PMA-differentiated U937 cells only; 4 hours; T4CBd: 
PMA-differentiated U937 cells with Bdellovibrio; 4 hours post-uptake; T8C: PMA-differentiated U937 
cells only; 8 hours; T8CBd: PMA-differentiated U937 cells with Bdellovibrio; 8 hours post-uptake; 
T24C: PMA-differentiated U937 cells only; 24 hours; T24CBd: PMA-differentiated U937 cells with 
Bdellovibrio; 24 hours post-uptake. 

Sample Name Sequencing File Number of 
Reads 

Reads successfully 
aligned to Bdellovibrio 
HD100 genome 

T2CBd  T2CBd_S4_R1_001.fastq.gz  49,164,382 174448(0.35 %) 

T4CBd  T4CBd_S6_R1_001.fastq.gz  41,364,315 106088 (0.26 %) 

T8CBd  T8CBd_S8_R1_001.fastq.gz  47,551,618 63965 (0.13 %) 

T24CBd  T24CBd_S10_R1_001.fastq.gz  50,076,747 99022 (0.20 %) 
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Table 2.5.4: Low percentage of reads mapping to HD100 genome, aligning to gene subsets. AS 
indicates antisense. 

Sample Percentage of HD100 mapped reads aligned to… 
Protein coding 
genes 

Ribosomal RNAs Transfer RNAs Miscellaneous 
RNAs 

Unannotated 
regions 

Sense AS Sense AS Sense AS Sense AS 

T2CBd 70 1 4 4 0 0 0 0 21 

T4CBd 49 1 4 23 0 0 0 0 23 

T8CBd 60 1 9 8 0 0 0 0 22 

T24CBd 49 6 8 18 0 0 0 0 20 

 

 


