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Abstract 
Bacterial growth and replication are dependent upon the expression of cell wall biosynthesis 

genes, many of whom are essential for bacterial viability. The mre/mrd operon is a set of such 

genes which carries out synthesis of the peptidoglycan (PG) sacculus during bacterial 

elongation. The manipulation of the mre/mrd operon in gram-negative bacteria is lethal under 

unmodified growth conditions, resulting in them being classified as essential for bacterial 

viability. However, this does not appear to be the case in B. pertussis 

In B. pertussis the mre/mrd operon is conditionally essential during in vitro plate growth, 

dependent on the activation state of the BVG two component system. This poses the 

questions of: 

- whether mre/mrd mutation induces phenotypic changes in B. pertussis as observed in other 

gram-negative bacteria? 

- how a fastidious bacteria like B. pertussis tolerates the loss of these classically essential cell 

wall biosynthesis genes? 

-whether disruption of the peptidoglycan sacculus in mre/mrd mutants results in increased 

outer membrane vesicle (OMV) production, which have shown promise as vaccine antigens 

against B. pertussis? 

 Analysis of mre/mrd mutant strains growth phenotypes displayed that essentiality was only 

observed during in vitro plate growth under BVG- modulating conditions. Conversely the 

mre/mrd operon was non-essential during bacterial growth in in vitro liquid culture 

independent of BVG activation state. Interestingly, this was despite the change in bacterial 

morphology, which was observed upon mutation of mre/mrd in other gram-negative bacteria, 

being present in B. pertussis.   

Utilising transcriptomic profiling of BP536 wildtype B. pertussis during growth in plate and 

liquid culture mediums, I investigated how B. pertussis could tolerate the loss of classically 

essential cell wall biosynthesis genes. This analysis identified genes involved in glycine 

betaine transport, a well characterised osmoprotectant, to be significantly upregulated during 
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BVG- broth growth, where mutants are viable, when compared to BVG- plate growth, where 

mutants are non-viable. This analysis suggests that the bacteria’s ability to regulate 

osmolarity, through betaine uptake, facilitates tolerance of mre/mrd mutations. This finding 

was validated by betaine supplementation rescuing BP536ΔmreB BVG- plate viability. 

However, BP536ΔmreB broth viability was not altered upon loss of the ATPase of the betaine 

glycine uptake system, suggesting conditional viability dependent upon BVG- growth 

medium is multifactorial.  

Characterisation of the vesiculation phenotype of mre/mrd mutants displayed 

hypervesiculation was induced upon loss of elongasome peptidoglycan biosynthesis, with 

comparable levels of vesiculation to other hypervesiculating B. pertussis strains. 

Characterisation of OMV phenotypes displayed mre/mrd mutants OMVs had antigen profiles 

like that of OMVs produced by wildtype strains. Promisingly, the average size of OMVs 

produced by mutant strains were in the optimum range for uptake by immune cells. Overall, 

this analysis suggests that mre/mrd mutant strains are promising for OMV production to be 

utilised as vaccine antigens. 
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Chapter 1-Introduction 

1.1-The gram-negative bacterial cell envelope- 

The gram-negative bacterial cell envelope is a multifunctional barrier which shields the 

bacterium from the external milieu. The cell envelope can facilitate bacterial survival in 

hostile and rapidly changing environments through the maintenance of cellular 

physiochemical conditions. Therefore, it is not surprising that gram-negative bacteria have 

complex envelope architecture, facilitating the balance of protection and interaction with the 

external environment.  

The gram-negative bacterial envelope consists of three layers; the outer membrane (OM), the 

inner membrane (IM) and situated between the two in the periplasmic space the 

peptidoglycan (PG) layer  (Figure 1.1) (Glauert and Thornley, 1969, Silhavy et al., 2010). 

 

Figure 1.1- Architecture of the gram-negative bacterial cell envelope. The envelope of gram-negative bacteria is 

made up of two membranes, the outer and the cytoplasmic/inner membrane between which there is a layer of 

peptidoglycan (PG). Protein crosslinks between the PG layer and the two bacterial envelope membranes are 

depicted. Figure from Schwechheimer et al., 2015 (Schwechheimer et al., 2015). 

1.1.1-The bacterial IM- 

The IM consists of a bilayer of phospholipids (PL) (Miura and Mizushima, 1968, Osborn et 

al., 1972). As this membrane is the interface between the bacterial cytoplasm and the 

periplasmic space, numerous membrane associated transport systems span the PL bilayer 

important in nutrient transport, energy production and protein secretion.  
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1.1.2-The bacterial OM- 

The bacterial OM also displays a bilayer architecture with the inner leaf of the membrane 

consisting of PL (Osborn et al., 1972, Miura and Mizushima, 1968). However, unlike the IM, 

the outer leaf is made up of a glycolipid called lipopolysaccharide (LPS). LPS acts as a 

barrier to the entry of both hydrophilic and hydrophobic molecules due to its amphipathic 

nature (Nikaido, 2003, Carpenter et al., 2016). The selective permeability of the OM is 

therefore highly reliant on outer membrane porins, which allow the controlled diffusion of 

environmental hydrophilic molecules into the bacterium. 

1.1.3-The PG sacculus- 

To maintain the structure and stability of both the IM and OM, gram negative bacteria 

assemble a large polymer of PG in the periplasmic space (Nanninga, 1998, Mengin-Lecreulx 

and Lemaitre, 2005). This structure is made up of glycan chains of disaccharide subunits; N-

acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc), and peptide chains 

(Figure 1.2). Peptide chains are composed of amino acid residues of L-alanine (L-ala), D-

glutamic acid (D-glu), meso-diaminopimelic acid (mDAP) and D-alanine (D-ala). 

Interactions between mDAP residues and D-ala allow for peptide bridge formation between 

peptide chains of neighbouring glycan strands, facilitating the formation of a large 

glycoprotein.(Vollmer, 2008).  

 

Figure 1.2- PG sacculus composition in gram-negative bacteria. Glycan chains are made up on repetitive units 

of GlcNAc and MurNAc bound together by glycosidic bonds. Peptide chains composed of L-ala, D-glu, mDAP 

and D-ala protrude from the MurNAc subunit of the glycan chain. Peptide bonds between the peptide chains 

form between D-ala and the D-ala or mDAP of neighbouring glycan strands allowing the formation of a 

sacculus. Figure from Garde et al., 2021 (Garde et al., 2021). 
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The PG sacculus functions to allow bacteria to maintain cellular integrity against variations in 

environmental osmolarity which can induce bacterial turgor or swelling. Due to the important 

role in bacterial viability, PG biosynthesis mechanisms are highly conserved in gram-

negative bacteria (Schneider and Sahl, 2010). 

PG biosynthesis begins in the bacterial cytoplasm where a complex cascade of enzymatic 

reactions occurs, changing UDP-GlcNAC to UDP-MurNAc and attaching the pentapeptide 

chain. UDP-MurNAc is attached to the IM by binding to undecaprenyl phosphate (UDP) 

(Figure 1.3) (Garde et al., 2021).  The bound UDP-MurNAc-pentapeptide is called Lipid I, 

which then undergoes the addition of a GlcNAC molecule by the murG family of enzyme’s 

forming the PG precursor Lipid II. (Kotnik et al., 2007, Walsh, 1989, Neuhaus and Hammes, 

1981). Lipid II is then flipped across the IM into the periplasmic space by flippase enzymatic 

activity (Heijenoort, 2001). In the periplasmic space lipid II is then incorporated into the 

growing PG sacculus by penicillin binding protein transpeptidase and transglycosylase 

activity (Figure 1.3) (Den Blaauwen et al., 2008).  

  

Figure 1.3- The PG biosynthesis pathway. Cytoplasmic stage of PG biosynthesis where UDP-MurNAc-

pentapeptide is produced by a series of enzymatic reactions converting UDP-GlcNAc to UDP-MurNAc-

pentapeptide catalysed by the Mur family of enzymes. The Inner membrane associated stage of PG biosynthesis 

where UDP-MurNAc-pentapeptide is converted to Lipid I then Lipid II. After this Lipid II is translocated across 

the inner membrane into the periplasm by a transmembrane Lipid II flippase. The periplasmic stage of PG 
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biosynthesis where class I and II penicillin binding proteins polymerise lipid II precursors into the exiting PG 

sacculus by transglycosylation (TGase) and transpeptidation (Tpase). Figure from Garde et al., 2021 (Garde et 

al., 2021). 

The PG structure is constantly modified by the bacterium via the hydrolysis of existing 

glycans and the replacement of these with newly synthesised strands (Egan et al., 2020). 

These processes occur in tandem to limit the effect on neighbouring PG strands stability. 

Mismanagement of this process can result in cracks in the PG sacculus. This rigid structure 

determines both the membrane stability and the morphology of the bacterium and is key in 

bacterial survival and viability. 

In rod shaped gram-negative bacteria, two PG biosynthesis pathways have been identified 

linked to bacterial division during replication and to bacterial elongation, named the divisome 

and elongasome respectively. These two pathways are highly conserved across gram-negative 

bacterium with their functions key in bacterial viability (Suzuki et al., 1978a, Denome et al., 

1999, Meberg et al., 2001). 

1.1.4-Divisome PG biosynthesis- 

The bacterial divisome regulates the division of the parent bacterium into the two daughter 

cells during binary fission (Angert, 2005). During this process, PG synthesis is necessary to 

form a divisive barrier between the two daughter cells. This barrier is the PG septum 

(Szwedziak et al., 2014, Chen and Erickson, 2005). At the site of bacterial division, PG 

synthesis occurs in an inwards direction, forming a ring of PG which enables the bacterium to 

split into two daughter cells (Gamba et al., 2009, Ma et al., 1996). This process is regulated 

by the Fts protein family which encodes the divisome apparatus. FtsZ is one such protein that 

is highly conserved across bacteria. FtsZ is a homolog to tubulin which regulates the location 

of the septum by associating with the mid-cell cytoplasmic membrane. This association is 

facilitated by FtsZ interacting with the actin homolog FtsA, which enables the formation of a 

dynamic structure  consisting of proteins related to cytokinesis and the synthesis of PG, 

named the Z-ring (Ma et al., 1997). When all components have been recruited to the bacterial 

mid-cell, the Z-ring tightens, pinching the parent bacterium into two identical daughter cells 

(Bisson-Filho et al., 2017). This tightening process is due to FtsZ treadmilling, where the 

FtsAZ complex travels around the circumference of the Z-ring, allowing progressive 

synthesis and incorporation of new PG into the sacculus until the ring is closed. 

1.1.5-Elongasome PG biosynthesis- 
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In rod-shaped gram-negative bacteria, another set of proteins synthesise PG during bacterial 

elongation. This process is dependent on a  five gene operon encoding MreB, MreC, MreD, 

MrdA (PBP2) and MrdB (RodA) proteins, named the mre/mrd operon (Figure 1.4) (Varma 

and Young, 2009, White et al., 2010). Lipid II is transported to the cytoplasmic side of the IM 

by MreB. MreB functions as bacterial actin, transporting and coordinating the PG precursors 

and the PG elongation enzyme complex at the bacterial IM (Colavin et al., 2018). Lipid II is 

then translocated across the IM into the periplasmic space. This translocation is carried out by 

MrdB (RodA) via its flippase activity (Tamaki et al., 1980, Sieger et al., 2013). Lipid II 

precursors are polymerised into a nascent PG chain which is incorporated into the PG 

sacculus by the transpeptidase activity of MrdA (PBP2) (Figure 1.4) (Den Blaauwen et al., 

2003). The precise roles of MreC and MreD are less well defined but they are important in 

cell wall synthesis in E. coli, with MreB failing to form filaments upon depletion of MreC or 

MreD (White et al., 2010).  

 

Figure 1.4- The Mre/Mrd protein complex. Function of mre/mrd proteins transporting lipid II precursors across 

the IM and incorporating it into the PG sacculus. Figure inspired by White and Gober, 2012 (White et al., 2010). 

Created with BioRender.com 

1.1.6- The relationship between PG crosslinking and bacterial viability- 
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For the PG sacculus to facilitate the bacterium’s ability to tolerate osmotic pressures it must 

provide stability to the OM. This stabilisation is due to PG-protein interactions that link the 

PG sacculus to both the IM and OM in gram-negative bacteria. Three proteins that are highly 

conserved in gram-negative bacteria with their interactions with the PG sacculus being key in 

cell wall stability are; Brauns lipoprotein (Lpp), the Tol-Pal complex and outer membrane 

porin A (OmpA) (Braun, 1975, Huang et al., 1983, Cascales et al., 2002, Wang, 2002). The 

importance of these interactions in maintaining bacterial physiology is highlighted by the 

drastic effect of the knockout of the genes encoding these proteins. Mutation of Lpp, Tol-Pal 

or OmpA induces OM instability, reducing the bacteria’s ability to tolerate OM stress and 

altering OM morphology (Sonntag et al., 1978, Yeh et al., 2010, Cascales et al., 2002). 

Mutants displayed an increased sensitivity to detergents and the hydrophobic antibiotic 

vancomycin, had perturbed growth phenotypes and  displayed cell division defects, 

illustrating the importance of these proteins in the cell envelope structure (Sonntag et al., 

1978, Yeh et al., 2010, Cascales et al., 2002). 

1.1.7-The relationship between PG biosynthesis and bacterial viability- 

With the importance of protein-PG interactions being well characterised, it is not surprising 

that PG biosynthesis mechanisms are also highly important in maintaining bacterial 

physiology. FtsZ, the key protein in the organisation of the divisome PG biosynthesis 

machinery, is essential for bacterial viability (De Boer et al., 1992).  

The elongasome on the other hand has been displayed to be more tractable in comparison to 

the divisome in gram-negative bacteria. The function of MreB has been probed by 

introduction of point mutations into its coding sequence in both E. coli and B. subtilis, with a 

variety of effects on cell morphology depending on the region targeted being observed. 

Mutants displayed alterations in the width, branching and bending of the bacteria (Shi et al., 

2017, Morgenstein et al., 2017, Morgenstein et al., 2015, Ouzounov et al., 2016, Kawazura et 

al., 2017). Interestingly, the growth rate of some of these point mutants was comparable to 

wildtype, suggesting point mutagenesis by amino acid replacement was not inducing a 

detrimental phenotype (Shi et al., 2017). However, this is not the case when mreB is knocked 

out in gram-negative bacteria. 

In studies looking at the effect of mreB mutation in B. subtilis, C. crescentus and E. coli it 

was observed that mutation of mreB  in B. subtilis and C. crescentus was lethal, whereas in E. 

coli lethality was dependent upon growth conditions (Wachi et al., 1987, Kruse et al., 2003, 
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Soufo and Graumann, 2003, Lee and Stewart, 2003, Kobayashi et al., 2003, Bendezú and de 

Boer, 2008).  

In E. coli, upon the knockout of mreB, mreC or mreD expression, cells became turgid spheres 

prone to lysis. This was independent of whether genes were knocked out individually, or as 

an operon, displaying that all three genes are essential in E. coli (Bendezú and de Boer, 

2008). However, despite the dramatic effect of the knockout of these genes on bacterial 

physiology, tolerance mechanisms were identified. It was found that mutant viability was 

dependent on the rate of biomass production, with growth in highly nutrient limited 

conditions allowing mutants to remain viable. Interestingly the overexpression of the 

divisome genes ftsQ, ftsA and ftsZ resulted in a restoration of viability, most likely due to the 

resulting increased levels of divisome PG biosynthesis. Recently a previously uncharacterised 

mechanism of tolerance to mreB disruption in E. coli was identified utilising the MreB 

depolymerisation drug A22. Removal of malate dehydrogenase by mutagenesis resulted in 

increased tolerance to A22 (Barton et al., 2021).  Malate dehydrogenase mutants had an 

increased level of the PG precursor UDP-GlcNAc when compared to wildtype. This suggests 

that increased PG biosynthesis due to high concentrations of PG precursors may facilitate 

tolerance of the loss of elongasome PG biosynthesis.  

Overall, this displays that the elongasome is tractable in several bacteria. However, the 

manipulation of this highly conserved mechanism has a detrimental effect on bacterial 

physiology, introducing osmotic instability. There have been mechanisms identified that 

allow bacteria to tolerate the loss of PG biosynthesis during bacterial elongation, namely the 

upregulation of alternate PG biosynthesis mechanisms or increased availability of PG 

precursors. 

1.2-Bordetella pertussis- 

B. pertussis is a gram-negative bacteria which colonises the upper respiratory tract of humans 

and is the main causative pathogen of whooping cough;  (Bordet and Gengou, 1906, de 

Greeff et al., 2010). B. pertussis is part of the genus Bordetella from which only a handful of 

species have adapted to cause disease in humans; B. pertussis, B. parapertussis, B. 

bronchiseptica, and B. holmesii. Of these species, B. pertussis is by far the most prevalent 

human pathogen, causing the majority of the disease burden in human populations, with other 

species limited to opportunistic infections (Hamidou Soumana et al., 2017, Mattoo and 

Cherry, 2005). Human infections are key in the lifecycle of  B. pertussis as it is an obligate 
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pathogen of humans, reliant on effective colonisation and persistence in the upper respiratory 

tract with humans being the only known reservoir for pertussis (Cotter and Miller, 2001, 

Mattoo et al., 2001).  

1.2.1-Clinical manifestation of B. pertussis infections- 

B. pertussis transmission is thought to occur via aerosol droplets mechanism, with infection 

of the upper respiratory tract occurring upon inhalation of droplets released by an infected 

individual (Warfel et al., 2012). Pertussis, the disease caused upon B. pertussis infection, is a 

disease of four phases.  

The initial incubation phase where infection is asymptomatic can occur for 1-2 weeks, during 

which B. pertussis colonises and replicates in the upper respiratory tract of the infected 

individual. Symptom onset occurs after this incubation period with the patient entering the 

catarrhal phase of disease (Mattoo and Cherry, 2005). This phase is characterised by fever, a 

progressive cough and rhinorrhoea. After this the patient enters the spasmodic/paroxysmal 

phase of disease characterised by the development of a persistent and severe paroxysm, 

during which serious complications can occur. These complications include acute 

encephalopathy and pneumonia which can be fatal. This phase can vary greatly in longevity, 

lasting 1-3 months, after which the individual will enter the convalescents phase of disease.  

1.2.2-Pathogenesis of B. pertussis infections- 

The pathogenesis of B. pertussis is dependent on key virulence factors that facilitate bacterial 

attachment to the upper respiratory tract, modulate the host immune responses and induce 

damage both at the site of infection and systemically (Mattoo and Cherry, 2005).  

Bacterial attachment- 

One of the most dominant adhesins for Bordetella attachment is Filamentous hemagglutinin 

(FHA), a hairpin shaped protein which can be presented on the bacterial surface or secreted 

from the bacterial membrane by the cleavage of the tethering C terminus by a protease, 

SphB1 (Relman et al., 1989, Coutte et al., 2001, Mazar and Cotter, 2006). OM bound FHA 

attaches to the host upper respiratory tract through a RGD (Arg-Gly-Asp triplet) domain 

contained at the proximal portion of the hairpin structure (Saukkonen et al., 1991, Relman et 

al., 1990, Ishibashi et al., 1994). This domain facilitates bacterial attachment by binding of 

mammalian OM receptors and protein complexes; complement receptor type 3 (CR3) and the 
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leukocyte response integrin/integrin associated protein complex (LRI/IAP) (Ishibashi et al., 

2002, Ishibashi and Nishikawa, 2002, Van Strijp et al., 1993).  

Fimbriae have also been identified to play a role in adhesion to the host epithelium. B. 

pertussis encodes a type 1 pili in the fimBCD operon with the major fimbrial subunits 

encoded by fim2 and fim3 (Willems et al., 1992). Analysis of the FimD tip component of the 

B. pertussis fimbriae, displayed an ability to bind heparin, a sugar ubiquitous in the upper 

respiratory tract (Geuijen et al., 1997). This and the fact that ΔfimD strains had a decreased 

ability to colonise murine respiratory tracts, highlights that B. pertussis fimbriae play a role in 

bacterial attachment during colonisation. 

Pertactin (PRN), an autotransporter with a surface exposed β-helix domain, has also been 

highlighted to play a role in attachment as it contains a RGD motif, the same observed in 

FHA, suggesting an ability to bind to CR3 and LRI/IAP on the epithelial surface (Emsley et 

al., 1994).  

Modulation of host immune response- 

To persist in the upper respiratory tract of humans, B. pertussis modulates the host immune 

response to prevent immune killing. To do this B. pertussis exports bacterial toxins which 

modulate the host cells. Two toxins observed to function in this manner are pertussis toxin 

(PT) and adenylate cyclase toxin (ACT). 

PT is made up of two subunits named A and B. The A subunit is the catalytic part of the toxin 

with subunit B consisting of membrane binding subunits important in toxin transport (Stein et 

al., 1994a). PT is assembled in the bacterial cytoplasm, after which it is secreted by the ptl 

type IV secretion system (Kotob et al., 1995).  PT binds a broad variety of host receptors 

through its affinity with sialic acid containing glycoproteins. Upon binding to these receptors, 

PT is internalised into the host cell by receptor mediated endocytosis (Locht et al., 2011, 

Stein et al., 1994b). Internalised PT is trafficked through the host cell by a retrograde 

transport pathway, eventually reaching the host endoplasmic reticulum (ER) (el Bayâ et al., 

1999, Plaut et al., 2016). PT is cleaved in the host ER and the A-subunit exits into the host 

cell cytoplasm (Worthington and Carbonetti, 2007). PT subunit A displays catalytic activity, 

increasing rate of transfer of an ADP-ribose groups to the internal α-subunit of G proteins 

(Graf et al., 1992, Katada, 2012, Mangmool and Kurose, 2011). The modification of G 

proteins has a pleiotropic effect on cellular pathways, meaning the precise roles it plays in 

facilitating B. pertussis infection are difficult to distinguish. However, PT effectively reduces 
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the production of cytokines and chemokines, reducing the recruitment of immune cells to the 

site of infection, through modulation of host G protein signalling (Carbonetti et al., 2007, 

Kirimanjeswara et al., 2005, Andreasen and Carbonetti, 2008, Spangrude et al., 1985).  

ACT is made up of two functional domains. The C-terminus of the protein binds to the host 

cell and generates a cation-selective pore through its haemolysin moiety (Sakamoto et al., 

1992, El-Azami-El-Idrissi et al., 2003). The N- terminus is the enzymatic domain, displaying 

adenylate-cyclase activity facilitating the conversion of ATP to cyclic-AMP (Glaser et al., 

1989, Ladant et al., 1989). ACT binds preferentially to CR3 which is highly expressed on 

phagocytic immune cells (Guermonprez et al., 2001). ACT multimers integrate into the host 

cells membrane through their C-terminus, forming a pore through which the N terminal 

domain is translocated (Osicková et al., 1999, Fiser et al., 2012). The ability of ACT to 

disrupt immune cell’s responses is via the adenylate-cyclase activity of its N- terminus, 

resulting in the elevation intracellular cyclic-AMP concentrations. Through this activity ACT 

perturbs fundamental immune processes such as oxidative burst, chemotaxis, and 

phagocytosis (Eby et al., 2014, Paccani et al., 2008, Kamanova et al., 2008, Cerny et al., 

2015). ACT multimers have also been observed to play a role in altering the host immune 

response by inducing immune cell death through apoptosis (Basler et al., 2006). This process 

is mediated by the formation the ACT cation-selective pores in immune cell membranes. Pore 

formation results in potassium ion efflux triggering apoptosis. However, this process is of 

secondary importance in vivo, with N-terminus adenylate cyclase activity essential for B. 

pertussis colonisation of murine models but C-terminal haemolysin activity non-essential 

(Skopova et al., 2017). 

Localised damage- 

Virulence factors secreted by B. pertussis during colonisation and growth in the upper 

respiratory tract result in damage to the host airways, contributing to disease pathogenesis. 

The classical symptom of paroxysmal cough if predicted to be due to this damage.  

One such toxin is tracheal cytotoxin (TCT). TCT is a by-product of PG biosynthesis that is 

produced during the remodelling of  the bacterial cell  (Cookson et al., 1989).  This molecule 

is inefficiently recycled in B. pertussis, meaning large quantities are released extracellularly 

during B. pertussis growth and replication (Park, 1993, Mielcarek et al., 2006). TCT is 

internalised into host cells and induces a proinflammatory response against these cells by 

binding and activation of the cytosolic pattern recognition receptor NOD1 (Magalhaes et al., 
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2005). This inflammatory response results in damage to the airway epithelium by immune 

killing of host cells that is thought to aggravate disease pathogenesis. This is supported by 

strains with perturbation of TCT recycling, by the mutation of the permease AmpG, causing 

significantly increased damage to murine lungs upon infection (Skerry et al., 2019). 

PT induced damage to the lung epithelium is also thought to play a role in the pathogenesis of 

pertussis. Despite the well characterised immunomodulatory effects of PT previously 

discussed, at the height of infection PT is observed to have a proinflammatory effect 

(Connelly et al., 2012). The proinflammatory response induced by high levels of PT is 

characterised by the induction of proinflammatory cytokines IFNγ, TNFα and IL-17 in 

murine models (Petersen et al., 1992, Andreasen et al., 2009). A study which analysed the 

transcriptional alterations upon challenge with wildtype and PT deficient B, pertussis strains 

in mice highlighted this further. The majority of differentially expressed gene identified in 

this study were associated with inflammatory and immune signalling pathways, as well as 

genes associated with known pulmonary disorders  (Connelly et al., 2012). The contribution 

of these mechanisms to pathogenesis was further displayed in baboon infection studies, 

where coughing was only induced upon infection with a PT+ strains, with a PT- isogenic 

strain failing to induce coughing (Warfel et al., 2012).  

Systemic effects- 

Secreted virulence factors contribution to disease pathogenesis are not restricted to the site of 

infection, with systemic effects significantly contributing to the pathogenesis of pertussis. 

PT has also been displayed to have a robust systemic effect in vivo,  one of which is the 

induction of leucocytosis, a term used to describe the presence of high numbers of circulating 

white blood cells (Hinds et al., 1996). Leucocytosis is inherently linked with poor prognosis 

of B. pertussis infections, with it being a hallmark symptom in fatal cases (Winter et al., 

2015). PT is thought to induce leucocytosis through its modulation of G protein signalling, 

inducing perturbation of chemokine mediated trafficking of leucocytes and reducing 

leucocyte specific adhesin expression (Hodge et al., 2003, Beck et al., 2014).  Other effects of 

PT have been observed across a broad range of organs in murine models upon administration 

of purified PT, displayed by its use in the induction of autoimmune diseases in murine 

models (Su et al., 2001). However, the relevance of these findings to clinical pathogenesis is 

unknown. 

 



19 
 

1.2.3- Regulation of gene expression in B. pertussis and its contribution to disease- 

A common mechanism of gene expression regulation in bacteria is two component 

phosphorelay systems (Appleby et al., 1996). These systems are primarily involved in the 

control of gene responses to environmental stimuli, such as the induction of virulence factor 

expression during colonisation of hosts (Gross, 1993). Two component systems utilise 

histidine kinase (HK) enzymatic activity to transfer a phosphate group from a sensory 

component to a response regulator domain, activating expression of controlled genes.  

In B. pertussis a two-component system has been identified to be a master regulator of gene 

expression, with more than 550 genes of the 3456 encoded being controlled by this two-

component system in the Tohama I  strain (Moon et al., 2017). Therefore, there are large 

scale biological and phenotypic changes in B. pertussis dependent on the activation state of 

the BVG two component system. 

The BVG two component system is made up of the BvgS sensory component, displaying HK 

activity, and the BvgA response regulator component (Figure 1.5) (Hot et al., 2003, 

Cummings et al., 2006). The gene expression phenotype is regulated by the cellular levels of 

phosphorylated BvgA, with differing levels resulting in either a highly activated (BVG+), 

inactivated (BVG-) or intermediately activated (BVGi) phase of gene expression (Boulanger 

et al., 2013, Williams et al., 2005). The shift between these conditions seems to be due to a 

conformational change in the BvgS’s venus fly trap domains (VFT1&2) initiating the 

phosphorelay (Dupre et al., 2015). Under unmodulated growth conditions, BvgA is highly 

phosphorylated with B. pertussis being in the BVG+ growth phase (Uhl and Miller, 1996). In 

this growth phase 245 genes are upregulated including well known virulence associated genes 

key in B. pertussis colonisation of  humans, such as PT, ACT, FHA, and FIM (Moon et al., 

2017). Therefore, it is well accepted that this growth phase is the virulence phase of B. 

pertussis. 
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Figure 1.5- The BVG two component system. Conformational changes in VFT1&2 contained in the periplasmic 

portion of the BvgS sensory kinase results in activation of the HK contained in the cytoplasmic region of BvgS. 

This activation results in a phosphate group being translocated down BvgS to the Histidine phosphotransferase 

domain (Hpt). Upon phosphorylation of Hpt its transferase activity shuttles the phosphate group onto the BvgA 

response regulator. High levels of BvgA phosphorylation initiates expression of virulence associated genes 

(vag) and represses expression of virulence repressed genes (vrg). Upon low levels of phosphorylation, the 

opposite occurs. The role of REC and PAS domains in this process are less well defined. Figure from Bone et 

al., 2017 (Bone et al., 2017). 

The BVG- and BVGi phases are less well understood. In the BVG- phase 326 genes are 

upregulated with genes involved in metabolic mechanisms enriched such as LPS and capsule 

biosynthesis genes (Moon et al., 2017). In B. bronchiseptica, a closely related species to 

pertussis, the BVG- growth phase has been suggested to be important in the survival of the 

bacteria out with the host due to the bacteria’s ability to survive in nutrient limited conditions 

(Yuk et al., 1996, Cotter and Miller, 1994). However, this is yet to be proven with the fact 

that both B. bronchiseptica and B. pertussis have never been isolated environmentally, 

casting doubt on this hypothesis. There is also a body of evidence that suggests that the BVG- 

phase is important in latter stages of infection, where persistence and transmission occurs, 
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with enrichment of B. pertussis BVG- bacterial cells observed in the nasopharynx in rhesus 

monkey infection models (Karataev et al., 2016). 

However, conversely in B. bronchiseptica and B. pertussis, BVG+ gene expression is 

necessary and sufficient for efficient colonisation in rabbit and murine models of infection 

respectively (Martinez de Tejada et al., 1998, Yuk et al., 1996, Cotter and Miller, 1994). 

These studies utilised BVG+ locked mutants, where they are unable to express BVG- genes, 

which displayed comparable infection efficiency and persistence as wildtype strains.  BVG- 

locked mutants in these studies displayed decreased levels of infection (Martinez de Tejada et 

al., 1998, Yuk et al., 1996, Cotter and Miller, 1994). These findings suggests that the BVG- 

phase is not relevant to the disease caused upon B. pertussis infection.  

1.2.4-Vaccines against B. pertussis- 

In the 1940s the Diphtheria Tetanus Pertussis whole cell vaccine (WCV), composed of 

suspensions of inactivated B. pertussis bacteria alongside toxins purified from 

Corynebacteriym diptheriae and Clostridium tetani, was introduced (Kuchar et al., 2016, 

Leslie and Gardner, 1931). WCV introduction significantly reduce pertussis related morbidity 

and mortality in the following decades (Cherry et al., 1988). 

In the 1980s, despite the success of the vaccination scheme and the dramatic reduction in 

cases, focus shifted to WCV safety. WCV vaccination was associated with localised adverse 

events at injection sites, such as swelling as well as mild systemic events such as drowsiness 

(Reyes et al., 2011). However, it was suggested that the vaccine caused severe systemic 

events in a small subset of infants reported as neurological adverse events such as hypnotic-

hyperresponsiveness and convulsions (Reyes et al., 2011).  Despite no strong correlation of 

vaccination to these adverse event significant damage to the WCVs reputation occurred, 

resulting in increased public vaccine scepticism. These adverse events were later determined 

to be unrelated to vaccination and linked to a rare epileptic encephalopathy, caused by a 

mutation in a gene encoding a sodium channel in neurons (Depienne et al., 2009).  

Due to reputational damage of the WCV, to maintain vaccine confidence acellular vaccines 

(ACV) were developed, with many countries switching to these in the late-1980s/early-1990s 

(WHO, 2015). The pertussis antigens utilised in these vaccines consist of 5 B. pertussis 

proteins key in bacterial virulence, the adhesins PRN, FHA, FIM2  and FIM3, and a 

detoxified version of the immunomodulatory toxin PT (Liang et al., 2018). These pertussis 

antigens have been utilised in multivalent vaccines against a number or childhood diseases 
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(CDC, 2012). Vaccination composition and immunization schedules vary country by country 

as well concentrations of pertussis vaccine antigens vary by vaccine type (Table 1.1 & 1.2). 

ACVs used for primary immunization, such as the Diphtheria Tetanus acellular-Pertussis 

(DTaP) contain the highest concentration of antigens (Table 1.2). ACVs utilised for booster 

immunisations, such as the Tetanus Diphtheria acellular-Pertussis (Tdap) have lower 

concentrations of diphtheria and pertussis vaccine components. 

Table 1.1 - Immunisation schedules in the USA and UK 

 USA UK 

Maternal 

vaccination 

27-36 weeks of gestation. Tdap 

(Adacel (Sanofi Pasteur.,Ltd.), Boostrix (GlaxoSmithKline 

Biologicals,.plc)) 

27-36 weeks of gestation. 

Boostrix-IPV(GlaxoSmithKline 

Biologicals,. plc) 

Primary 

immunisation 

2, 4, 6 months. DTap 

(DAPTACEL (Sanofi Pasteur.,Ltd.), Infanrix 

(GlaxoSmithKline Biologicals,. plc), Kinrix 

(GlaxoSmithKline Biologicals,. plc), Pediarix 

(GlaxoSmithKline Biologicals,. plc), Pentacel (Sanofi 

Pasteur.,Ltd.), Quadracel (Sanofi Pasteur.,Ltd.), Vaxelis 

(Merck and Sanofi Pasteur Vaccine Company)) 

2, 3, 4 months. 6-in-1 vaccine 

(Infranix hexa 6-in-1 

(GlaxoSmithKline Biologicals,. plc), 

Vaxelis 6-in-1(Merck and Sanofi 

Pasteur Vaccine Company)) 

Primary Booster 

immunisation 

series 

15-18 months, 4-6 years. DTaP 

(DAPTACEL (Sanofi Pasteur.,Ltd.), Infanrix 

(GlaxoSmithKline Biologicals,. Plc), Kinrix 

(GlaxoSmithKline Biologicals,. Plc), Pediarix 

(GlaxoSmithKline Biologicals,. Plc), Pentacel (Sanofi 

Pasteur.,Ltd.), Quadracel (Sanofi Pasteur.,Ltd.), Vaxelis 

(Merck and Sanofi Pasteur Vaccine Company)) 

3 years 4 months. 4-in-1 vaccine 

(REPEVAX (Sanofi Pasteur.,Ltd.)) 

Adolescence 

Booster series 

11-18 years. Tdap (Adacel (Sanofi Pasteur.,Ltd.), Boostrix 

(GlaxoSmithKline Biologicals,. plc)) 
NA 
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Table 1.2- Vaccine composition in the USA and UK 

Vaccine Multivalent protection Use PRN 

(µg) 

FHA 

(µg) 

PT 

(µg) 

FIM 

(µg) 

Adacel (Sanofi Pasteur.,Ltd.) Diphtheria, Tetanus, 

Pertussis 

Maternal and adolescent 

booster USA 

3 5 2.5 5 

Boostrix (GlaxoSmithKline 

Biologicals,. plc) 

Diphtheria, Tetanus, 

Pertussis 

Maternal and adolescent 

booster USA 

2.5 8 8 NA 

Boostrix-IPV 

(GlaxoSmithKline Biologicals,. 

plc) 

Diphtheria, Tetanus, 

Pertussis, Polio 

Maternal booster UK 2.5 8 8 NA 

DAPTACEL (Sanofi 

Pasteur.,Ltd.) 

Diphtheria, Tetanus, 

Pertussis 

Primary immunisation 

and primary booster 

series USA 

3 5 10 5 

Infanrix (GlaxoSmithKline 

Biologicals,. plc) 

Diphtheria, Tetanus, 

Pertussis 

Primary immunisation 

and primary booster 

series USA 

8 25 25 NA 

Kinrix (GlaxoSmithKline 

Biologicals,. plc) 

Diphtheria, Tetanus, 

Pertussis, Polio 

Primary immunisation 

and primary booster 

series USA 

8 25 25 NA 

Pediarix (GlaxoSmithKline 

Biologicals,. plc) 

Diphtheria, Tetanus, 

Pertussis, Polio, Hepatitis B 

Primary immunisation 

and primary booster 

series USA 

8 25 25 NA 

Pentacel (Sanofi Pasteur.,Ltd.) Diphtheria, Tetanus, 

Pertussis, Polio, H. 

influenzae type B 

Primary immunisation 

and primary booster 

series USA 

3 20 20 5 

Quadracel (Sanofi Pasteur.,Ltd.) Diphtheria, Tetanus, 

Pertussis, Polio 

Primary immunisation 

and primary booster 

series USA 

3 20 20 5 

Vaxelis (Merck and Sanofi 

Pasteur Vaccine Company) 

Diphtheria, Tetanus, 

Pertussis, Polio, H. 

influenzae type B, N. 

meningitidis serogroup B 

Primary immunisation 

and primary booster 

series USA 

3 20 20 5 

Infranix hexa 6-in-1 

(GlaxoSmithKline Biologicals,. 

plc) 

 

Diphtheria, Tetanus, 

Pertussis, Polio, H. 

influenzae type B 

Primary immunisation 

UK 

8 25 25 NA 

Vaxelis 6-in-1 (Merck and 

Sanofi Pasteur Vaccine 

Company) 

Diphtheria, Tetanus, 

Pertussis, Polio, H. 

influenzae type B 

Primary immunisation 

UK 

3 20 20 5 

REPEVAX (Sanofi 

Pasteur.,Ltd.) 

Diphtheria, Tetanus, 

Pertussis, Polio 

Primary booster series 3 5 2.5 5 
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1.2.5-Epidemiology of B. pertussis in the pre and post vaccine era- 

Pertussis is classically a disease of young children, with whooping cough being a prevalent 

respiratory pathogen in the early 1900s, causing significant morbidity and mortality in infants 

in the pre-vaccine era. This is depicted by around 1.7 million cases reported in the USA 

between 1922 and 1931 resulting in 73,000 deaths (Cherry, 1999).  

Since the 1940s, vaccines have dramatically reduced the number of cases and mortality of 

pertussis (Figure 1.6) (Cherry et al., 1988). The WCV introduced in the 1940s resulted in 

around a 150-fold reduction in pertussis incidence (Welsby, 1985, Madsen, 1933).  

However, due to reputational damage the WCV was replaced by ACVs in the 1990s in many 

countries. Despite showing effective initial protection in countries who participated in the 

switch from WCV to ACV, a resurgence in pertussis is now being observed. Cases peak 

every 2-5 years characteristic of B. pertussis spread in the pre-vaccine era (Figure 1.6) 

(Cherry, 2015). In part due to this resurgence there has been increased research into B. 

pertussis to develop our understanding of the fundamental biology of B. pertussis. 

 

Figure 1.6 - B. pertussis cases reported to the CDC between 1922-2019. DTP- Whole cell vaccine introduced. 

DTaP- Acellular vaccine introduced. Tdap- Booster immunisation introduced. Figure from CDC, 2019 (CDC, 

2019) 

1.2.6- Resurgence of B. pertussis- 

Increased research into the resurgence of B. pertussis has suggested that it is a multifactorial 

phenomenon. Factors such as waning immunity in the population, adults acting as reservoirs 
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of B. pertussis, vaccine escape mutants, and sub-optimal vaccine induced immunity have all 

been highlighted for their contribution.  

Waning Immunity post-vaccination – 

The waning of anti-B. pertussis immunity in vaccinated populations is thought to be of key 

importance in disease resurgence. Immunity induced by vaccination is noticeably shorter than 

that post natural infection. WCV induces immunity for 4-12 years, whereas natural infections 

induce immunity for 7-20 years, with the ACV only inducing immunity for 5-7 years after 3 

doses (Wendelboe et al., 2005, Gustafsson et al., 2006). This waning means there is an 

increased reliance on boosters to maintain protective immunity within populations, increasing 

the burden on health care systems. Therefore, there is a requirement for improvement of the 

current vaccine regimen to facilitate a more durable and protective immune response if we 

wish to halt the spread of B. pertussis through the population. 

Adult reservoirs for B. pertussis- 

In recent years, research into pertussis epidemiology has displayed a shift in infected 

populations. Pertussis is classically thought of as a disease of the young with most of the 

disease burden occurring in children too young to be vaccinated, or children who have not 

completed the full booster regimen. However, it has recently become apparent that pertussis 

is not limited to infections in naïve populations and can occur in vaccinated adolescent and 

adults. These older populations may be important in the recent resurgence of disease due to 

waning immunity allowing the asymptomatic spread of B. pertussis. This is supported by data 

from China, where 5% of 897 serum samples taken randomly from 20-39-year olds, were 

found to have high levels of antiPtx IgG antibodies displaying recent infection(Chen et al., 

2016). 

 This is worrying due to the fact that B. pertussis is highly transmittable during the early 

stages of infection, where one infected individual can cause up to 17 cases in naïve 

populations (Kilgore et al., 2016). Control of disease spread in these populations is therefore 

essential in decreasing pertussis cases. One strategy for protecting these populations is 

cocooning immunisation, which aims to protect naïve individuals by immunising adults in 

close contact with children, such as health care givers and parents. Therefore, reducing the 

risk of contact with asymptomatic carriers of pertussis (Rowe et al., 2018). However, it has 

been realised that the scale of vaccination required to have adequate protection of infants is 

unrealistic out with family units. Therefore, a more promising approach that has been 
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implemented in several countries is maternal vaccination. This strategy relies on the 

transplacental transfer of anti-B. pertussis maternal antibodies from mother to infant upon 

vaccination of the mother during pregnancy with Tdap. This approach has displayed promise, 

with studies showing high titres of protective maternal antibodies in infants born from 

maternally vaccinated mothers, reducing the risk of infection prior to primary vaccination of 

the child (Switzer et al., 2019).  

However, one potential drawback of this approach is an observed blunting of the child’s anti-

B. pertussis immune response upon primary vaccination in childhood. The effect of this on 

potency and longevity of vaccine induced protection against B. pertussis is yet to be 

determined (Hardy-Fairbanks et al., 2013, Kent et al., 2016). Another potential issue is that 

studied cohorts of mothers have been primarily WCV primed in their childhood. WCV 

priming is known to induce a broader immune response upon ACV boosters than ACV 

primed individuals. Due to the swap to ACV in many countries, studies into the effectiveness 

of maternal vaccination in ACV primed mothers are essential to validate the maternal 

vaccination strategies effectiveness for the coming generations. 

Vaccine escape mutants- 

Another factor that may be important in disease resurgence is the development of vaccine 

escape mutants strains through the loss of  the expression of proteins contained in the ACV 

(Jadhav and Gairola, 1999). One key vaccine antigen, PRN, appears to not be essential for 

bacterial survival inside the human host as strains deficient in PRN have been in circulation 

since the introduction of the ACV. 

In Australia, during a prolonged pertussis epidemic between 2008-2012, PRN deficient strain 

numbers increased dramatically (Safarchi et al., 2016).  Recent in vivo work utilising BALB/c 

mouse models, displayed that PRN negative strains were more effective at colonising mice 

vaccinated with the ACV than PRN positive strains in a mixed infection models (Safarchi et 

al., 2015). This is further supported by analysis of US clinical isolates taken from individuals 

with at least one vaccine dose, where 85% of isolates were PRN negative (Martin et al., 

2015). Therefore, vaccines reliant on PRN as a key antigen may not be suitable for the next 

generation of B. pertussis vaccination strategies. However, the absence of PRN comes with a 

fitness cost, with infection efficiency of naïve mice found to be reduced (Safarchi et al., 

2015). This suggests that strains infecting naïve and vaccinated populations may be different 

due to the fitness cost of PRN loss limiting it to infecting vaccinated populations. Therefore, 
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novel vaccines may have to be effective at inducing immunity against both PRN positive and 

negative strains to protect all susceptible populations. 

Interpretation of the antibody profiles induced upon ACV vaccination provides insight into 

why PRN deficient strains have evolved through selection pressure. Upon comparative 

analysis of convalescent and post-ACV vaccination serum, the vast majority of bactericidal 

antibodies generated upon ACV vaccination target PRN (Lesne et al., 2020). Conversely, 

convalescent serum displayed a broader range antigenic targets for bactericidal antibodies. 

This displays that populations vaccinated with the ACV display robust humoral response 

targeting PRN which may have been the key driver for PRN deficient strains to evolve. 

PRN is not the only ACV protein found to be deficient in B. pertussis clinical isolates. A 

small number of strains have been observed to be deficient in the expression of FHA. One 

isolate was detected during the 2013-2017 Australian pertussis outbreak which was both PRN 

and FHA deficient, with two other strains being isolated in Iran which were solely FHA 

deficient (Xu et al., 2019, Saedi et al., 2021).  In both studies absence of FHA was 

determined by immunoblotting of whole cell lysates for FhaB protein, with initial findings 

further elucidated by Illumina sequencing. The Australian isolate was further analysed by 

liquid chromatography tandem mass spectroscopy (LC-MS). Sequencing displayed an 

alteration in the fhaB coding sequence of all three mutants. The Iranian strains, named IR34 

and IR178, displayed a large 330bp deletion and a single base deletion in fhaB respectively 

(Saedi et al., 2021). Interestingly the Australian clinical isolate displayed the addition of a 

guanine residue, resulting in a premature stop codon in the fhaB coding sequence in a 

proportion of its bacterial population with some displaying the wildtype sequence (Xu et al., 

2019). LC-MC analysis of the Australian isolate verified FhaB expression was indeed altered, 

with 2.3% expressed as peptides in the FHA- isolate compared to 30.7% in an FHA+ isolate. 

Interestingly, this displays that the Australian FHA- isolate is not totally deficient in FHA 

expression, a phenotype attributed to the mixed population of mutated and unmutated fhaB in 

the clinical isolate upon in vitro culturing.  

These findings suggest that there may be further potential for vaccine escape by circulating B. 

pertussis strains reinforcing the need for new vaccine strategies. However, the relevance of 

FHA- strains to clinical infections needs to be further elucidated. This is due to the low 

numbers of FHA deficient strains isolated, suggesting a high fitness cost despite high 

selection pressure for FHA loss. It is also noteworthy that it has not been verified that these 
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strains are not a result of spontaneous FHA mutations arising during sampling and culturing 

from patients. 

Sub-optimal vaccines induced immunity- 

Due to B. pertussis resurgence, there has been an increased interest in what immune 

responses confers protection during infection to elaborate how vaccine induced immunity 

may not be optimal for protection. During infection bacterial antigens presented on dendritic 

cells activate a CD4+ T helper cell mediated response, which has been characterised to be 

important in immune protection.  

T helper 1 cell response to bacterial pathogens- 

CD4+ T helper 1 cell (Th1) responses are characterised by the release of cytokines that 

stimulate a strong phagocytic response during infection, such as interferon-γ (IFNγ) 

(Romagnani, 2000).  IFNγ signalling is thought to be key in the development of antimicrobial 

immunity during infections, and has been shown to induce the recruitment and activation of 

macrophages and natural killer cells to the site of infection, inducing increased levels of 

antigen presentation by myeloid cells (Tau and Rothman, 1999, den Hartog et al., 2022). 

Recruitment and activation of these cells results in a bactericidal environment at the site of 

infection. The importance of this is highlighted by the significance of IFNγ in the immune 

response against B. pertussis infection in murine models. Using a lethal dose challenge model 

it was observed that the lethal dose of B. pertussis is reduced in IFNγ receptor null mice 

(Mahon et al., 1997). The role of Th1 T cells in immunity against B. pertussis was further 

displayed in immunosuppressed mice models, where adoptive transfer of CD4+ T cells from 

convalescent mice facilitated clearance upon B, pertussis challenge (Mills et al., 1993). 

T helper 17 cell response to bacterial pathogens- 

CD4+T helper 17 cells (Th17) are a subset of CD4 positive T cells that secrete IL-17 upon 

activation. These cells have been identified as being important in the protective immune 

response against extracellular pathogens, especially at mucosal sites (Peck and Mellins, 

2010). The Th17 response occurs early during infection, with  IL-17 detected within the first 

24 hours (Chung et al., 2003). This suggests that Th17 cells are involved in immune 

surveillance at mucosal sites and therefore will be important in detection and clearance of 

mucosal pathogens such as B. pertussis. Th17 cell activation results in the induction of 

antimicrobial peptide expression from epithelial cells at the site of infections, such as B-
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defensin-2, as well as stimulation of the recruitment of immune cells via the induction of the 

expression of chemotactic factors, such as macrophage inflammatory proteins (Kao et al., 

2004, Miyamoto et al., 2003). The importance of the Th17 response during B. pertussis 

infection has been highlighted in mouse infection models, where the addition of anti-IL17 

antibodies to mice vaccinated with the WCV resulted in failure to clear infection (Higgins et 

al., 2006).  

The importance of the Th17 response appears to be due to the populations ability to readily 

recruit neutrophils to the site of nasal colonisation, through the production of the cytokine IL-

17. This is highlighted by the fact that Il17A−/− mice displayed defects in their ability to 

clear B. pertussis infection from their nasal cavity. A particular subset of neutrophils has been 

characterised as important in this clearance process (Borkner et al., 2021). Neutrophil anti-

bacterial functions are well characterised in the literature with the secretion of antimicrobial 

peptides (AMPs), opsonisation of bacteria in an antibody-dependent manner, and 

extracellular trap formation being key in the management of bacterial infections. In B. 

pertussis infections phagocytosis of bacteria by antibody and complement does not appear to 

be the primary mechanism of neutrophil mediated killing. Alternatively, there seems to be a 

clear importance in the neutrophil extracellular trap (NET) mediated killing of bacteria. This 

is displayed by the enrichment of Siglec-F+ neutrophils in B. pertussis infected airways 

(Borkner et al., 2021). Siglec-F+ neutrophils have greatly increased NET activity compared 

to other neutrophil populations. 

Tissue resident memory cells- 

Protective immunity to B. pertussis induced by primary infection appears to not solely be 

reliant on recruitment of peripheral T cells upon infection, with tissue resident memory T 

cells (TRM) being observed to be enriched at mucosal sites and activated upon B. pertussis 

colonisation (Wilk et al., 2017, Misiak et al., 2017). TRM are a subset of memory T-cells 

which can reside in a broad range of barrier tissues (Mueller and Mackay, 2016). They play a 

key role in the protection of these sites from infection, due to their ability to induce rapid 

effector functions, facilitating the TRMs to sense infection and alarm the immune system, 

recruiting other immune cells, and proliferate at the site of activation (Iijima and Iwasaki, 

2014, Turner and Farber, 2014). These findings display that TRMs can play a key protective 

role upon reinfection with bacterial pathogens.  
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Unsurprisingly this is the case in B. pertussis where TRMs are found to accumulate in the 

respiratory tract of mice upon primary infection where they persist (Misiak et al., 2017, Wilk 

et al., 2017, Borkner et al., 2021). Upon reinfection these populations proliferate, secreting 

IFNγ and IL-17. The importance of TRMs has been highlighted experimentally, where 

treatment with a receptor agonist which prevents T and B cell migration from the lymph 

nodes resulted in a exacerbated primary infection, but had no effect during secondary 

infection in murine models (Wilk et al., 2017). This study further displayed the critical role of 

TRMs in protection against B. pertussis infection through adoptive transfer of TRM 

populations from convalescent mice to naïve mice. This displayed naïve mice were as 

protected against B. pertussis infection as convalescent mice upon the presence of TRM 

populations. 

WCV and ACV induced immune responses- 

The immune response induced by the current vaccines has been of increased interest due to 

the recent resurgence of disease. Understanding the response stimulated by vaccination and 

how they correlate to protective immunity allows a greater insight into vaccine failure, and 

how future vaccines can be improved. Studies have displayed that immune responses induced 

upon B. pertussis challenge in vaccinated individuals vary dependent on vaccine type used 

for primary immunisation (Ryan et al., 1998). The importance of this primary immunisation 

inducing a robust, protective response is highlighted by the fact that boosting immunisations 

are unable to alter the initial skewing of the immune response (Van der Lee et al., 2018a, van 

der Lee et al., 2018b). 

WCV immunisation induces immunity like that induced during wildtype infection in baboon 

models with a robust TRM and Th1/Th17 cellular response observed upon pertussis 

challenge (Warfel et al., 2016). 

Cellular immune response induced upon ACV vaccination vary between animal models, with 

a Th2/Th17 response induced in murine models and a predominantly Th2 with low Th1 

response in non-human primates (Ross et al., 2013, Brummelman et al., 2015, Warfel et al., 

2014). Analysis of cytokine profiles of children post ACV priming and booster vaccinations 

reinforced the finding that ACV immunisation induced a primarily Th2 cellular immune 

response, with high levels of IL5 (Th2) and low levels of IFNγ (Th1) cytokines (Mascart et 

al., 2007). 
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A robust Th2 response directs the immune system towards humoral immunity, a response not 

optimal for protection against B. pertussis infection where cellular immune responses have 

been characterised to be critical (Wilk et al., 2019). This is further highlighted by vaccination 

with ACV failing to induce TRM accumulation at mucosal sites (Wilk et al., 2019). The 

suboptimal immune response induced by the ACV is emphasised by the fact that vaccination 

with the ACV failed to prevent colonisation or transmission of B. pertussis in baboon 

infection models (Warfel et al., 2014).  

In summary these results display ACV primary immunisations direct the anti-B. pertussis 

immune response in a sub-optimal direction, contrasting to the protective responses induced 

upon WCV immunisation. Therefore, adaption of the current vaccine regimens to induce a 

WCV-like response is an area of increasing research. 

1.2.7-Bacterial outer membrane vesicles (OMVs) as vaccine antigens- 

Bacterial OMVs- 

A characteristic of gram-negative bacteria is the release of vesicles composed of bacterial 

OM proteins and lipids via blebbing from the bacterial surface. It was initially believed this 

was a spontaneously occurring process during bacterial cell growth and replication. However 

recent findings have begun to suggest that OMV release is a highly regulated process 

controlled by genetic factors (Volgers et al., 2018).  

Improved understanding of genetic factors in OMV release has resulted in an increased 

interest into utilising vesicles as vaccines against bacterial pathogens. This is a promising 

strategy as it will allow the presentation of bacterial OM antigens to the host immune cells in 

the same orientation as seen on whole bacterium. It also has the added advantage that these 

OM proteins are expressed alongside highly immunogenic compounds, such as LPS, which 

may boost epitope antigenicity. For this to be a feasible strategy for vaccine development, the 

mechanisms for OMV biogenesis will have to be elucidated, allowing the genetic 

modification of bacteria to produce high numbers of OMVs in vitro. 

Promise of OMVs as vaccine antigens- 

Bacterial OMVs have been utilised successfully in a vaccine against Meningococcal group B 

pathogens: a group of gram-negative bacterial pathogens which cause bacterial meningitis 

(Petousis-Harris, 2018). OMV vaccines were utilised due to difficulties in the development of 

an effective acellular vaccine: the classical strategy of combining bacterial polysaccharide 
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with an antigenic carrier displayed poor antigenicity and had potential of stimulating 

autoimmune reactions against foetal neural tissues (Finne et al., 1983). Two OMV-based 

vaccines have had high uptake in Cuba, Norway and New Zealand, Bexsero 

(GlaxoSmithKline Biologicals,. plc) and VA-MENGOC-BC (Novartis, AG), which have 

effectively protected adolescents from disease by inducing bactericidal activities upon 

challenge (Petousis-Harris, 2018). These findings suggest that OMV based vaccines are a 

feasible strategy for the control of diseases caused by gram negative bacterial pathogens such 

as B. pertussis. 

B. pertussis OMVs have been analysed as vaccine candidates in murine models, effectively 

protecting against colonisation by PRN positive and negative strains, inhibiting infection 2 

weeks post vaccination and inducing populations of CD4+ TRMs against B. pertussis (Zurita 

et al., 2019). These findings suggest that an OMV vaccine could tackle the challenges 

currently seen in B. pertussis control, as immune responses induced upon OMV vaccination 

effectively inhibit infection with vaccine escape mutants, displays efficient induction of 

immune memory and successfully clears B. pertussis infections in murine models. 

Proposed mechanisms for OMV biogenesis- 

Recent studies have hypothesised three main mechanisms for OMV biogenesis: changes in 

envelope stability via depletion of protein crosslinks, as a response to stress, and finally due 

to an increased membrane fluidity.  

Envelope stability- 

It is thought that a reduction in envelope stability may be important in the release of OMVs 

from the bacterial OM. Envelope stability occurs due to protein cross linking between the PG 

layer and the OM. As previously discussed, multiple proteins have been found to form 

crosslinks with the PG layer, the most common being Braun’s lipoprotein (Lpp) (Braun, 

1975). Covalent interactions have also been found to contribute to membrane stability, such 

as interactions between the PG and the OM protein OmpA as well as the membrane spanning 

Tol-pal complex (Wang, 2002, Cascales et al., 2002). 

It is thought that these crosslinks are depleted during OMV release, allowing a region of 

membrane instability. This decreased stability would aid OMV release as it would allow the 

membrane to contort to form vesicles more easily.  



33 
 

The role of envelope crosslinking interactions in OMV release has been analysed in gram-

negative bacterial systems. In E. coli systems the absence of OmpA expression results in an 

increase in OMV production when compared to wildtype (Sonntag et al., 1978). This trend 

was further supported in another gram negative bacteria, Pseudomonas aeruginosa, where 

knock out of the OmpA homologue OprF resulted a marked increase in vesicle production 

(Wessel et al., 2013). Studies looking at the importance of the Tol/Pal system in OMV 

biogenesis displayed similar results, where gene knock out dramatically increased OMV 

yields (Bernadac et al., 1998).  

The role of Lpp in OMV release has been more difficult to elucidate using mutational 

techniques. This is due to the absence of Lpp-PG crosslinks causing membrane stability 

issues, resulting in membrane leakage and bacterial death (Sonntag et al., 1978). However, 

correlations have been found between Lpp-PG bonds and OMV synthesis. In ΔnlpI E. coli, a 

hyper vesiculating mutant, it has been found that Lpp-PG interactions occur at a much lower 

level than in wildtype E. coli (Schwechheimer et al., 2015).  

Extra cytoplasmic stress response- 

The bacterial envelope is important in protecting the bacterium from environmental stress, 

allowing the bacteria to survive in challenging conditions. However, cellular stress can also 

occur due to malfunctions in cellular processes.  Bacterial envelope stress is sensed by a 

system called the extra-cytoplasmic stress response, of which three mechanisms have been 

linked to OMV biogenesis (Ruiz et al., 2006) 

Two of these mechanisms, the sigma factor E response and the two-component regulator Cpx 

response, become active when they sense the presence of misfolded proteins at the bacterial 

outer membrane (Rowley et al., 2006). These systems, control genes important in peptide 

degradation and folding as well as LPS biosynthesis. Investigation into the role of this system 

in E. coli OMV biogenesis by mutation of the sensory protease of the sigma factor E response 

(DegS), displayed significantly increased  OMV production (McBroom et al., 2006). This 

suggests that extra cytoplasmic stress responses have an inhibitory role in OMV biogenesis 

through the sensing and management of periplasmic protein accumulation.  

Another stress response linked to OMV synthesis is the phage shock response, which is 

responsible for sensing and protecting the bacterium from external noxious stimuli, such as 

phage infections and temperature fluctuations. This response has been displayed to promote 
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OMV release in E. coli where treatment with stimuli, such as increased temperature, resulted 

in greater OMV release (McBroom and Kuehn, 2007, Rowley et al., 2006).  

Membrane fluidity and curvature- 

Membrane fluidity and curvature is believed to be an important factor in OMV release, with 

increased fluidity allowing the bacterial membrane to bulge, promoting vesicle formation. 

Outer membrane lipid composition and characteristics are thought to be key determinants of 

membrane fluidity. 

The LPS outer layer of the OM is stabilised by salt bridge interactions between cations in the 

core region of the polysaccharide molecules (Alexander and Rietschel, 2001). Disruption of 

these salt bridges can increase repulsion between LPS, inducing membrane bending and 

bulging (Mashburn‐Warren et al., 2008). The role of these interactions in OMV release has 

been studied using the Pseudomonas quinolone signal (PQS), a quorum sensing molecule 

produced by P. aerginosa, which is observed to induce OMV production in gram-negative 

bacteria. PQS is thought to entrap cations important in salt bridge formation. This entrapment 

would explain PQS stimulation of OMV release due to increased repulsion between LPS 

(Mashburn‐Warren and Whiteley, 2006). 

Creating a B. pertussis hypervesiculating bacteria- 

If OMVs were to be utilised in a vaccine, optimising of OMV production would be beneficial 

to therapeutic development. One strategy of doing this is to develop hypervesiculating 

mutants of B. pertussis, which produce much greater yields of OMVs. To do this the 

processes controlling OMV secretion must be elucidated. As discussed earlier mutational 

studies have identified factors involved in OMV release in other gram-negative bacterial 

species. These findings can be translated into B. pertussis and provide targets for mutagenesis 

to increase OMV production. 

Current hypervesiculating mutants- 

To date two hypervesiculating B. pertussis mutants have been identified (de Jonge et al., 

2022a, de Jonge et al., 2022b). As discussed previously OM stability is a key factor in OMV 

biogenesis, with mutation of Braun’s lipoprotein (Lpp), an envelope stabilising protein in E. 

coli, being observed to induce hypervesiculation (Suzuki et al., 1978b, Weigand et al., 1976). 

However, with no Lpp homolog observed in B. pertussis, research into hypervesiculation 
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phenotypes has targeted another well characterised OM stabilising protein complex, the Tol-

pal system (de Jonge et al., 2022a, Bernadac et al., 1998). 

Mutagenesis of the Pal component of the Tol-Pal system was restricted in this study due to 

essentiality in B. pertussis, with mutation causing a lethal effect (de Jonge et al., 2022a). 

Conditional Δpal strains were successfully generated by deletion of the target genes in strains 

harbouring the wildtype gene on an inducible plasmid, allowing titration of pal expression to 

maintain strain viability. Quantification of OMVs from this studies was carried out indirectly 

by quantification of protein concentrations of purified OMVs from broth culture. Δpal strain 

displayed approximately six-fold increase in protein levels in purified OMVs compared to 

wildtype. 

The second hypervesiculating mutant identified in B. pertussis is a double mutant of genes 

involved in the maintenance of OM lipid asymmetry (de Jonge et al., 2022b). Lipid 

asymmetry is a key factor in the OM barrier function of bacteria, maintaining the balance 

between the inner PL layer and the outer LPS layers of the bacterial OM. Disruption of this 

balance by PL enrichment of the inner leaf of the OM results in increased OMV biogenesis in 

gram-negative bacteria (Roier et al., 2016a). The PL LPS balance is maintained by a PL 

transport system (Mla) in E. coli, which transports PL across the IM into the periplasmic 

space (Malinverni and Silhavy, 2009). In this study they targeted, mlaF, encoding the 

ATPase which fuels the IM complex of the Mla system, and pldA, encoding the OM 

phospholipase A to induce PL accumulation in the periplasmic space (de Jonge et al., 2022b). 

Indirect quantification of purified OMVs by protein quantification displayed an 

approximately 5-fold increase in protein concentration eluding to a hypervesiculating 

phenotype. 

These two mutant strains display that hypervesiculating phenotypes can be induced in B. 

pertussis. However, the indirect quantification method of OMVs utilised means the extent of 

hypervesiculation is uncertain. Protein composition of purified fractions could be skewed by 

proteins secreted by bacteria as well as cellular debris. This is especially relevant to this study 

where inactivation of bacteria was carried out by heat treatment of cultures at 56 ֯ C before 

OMV purification. Direct quantification by nanoparticle tracking analysis (NTA) would be 

beneficial to verify the hypervesiculating phenotypes identified by this body of work. 

PG biosynthesis as a target for manipulation to produce hyper vesiculating mutants- 
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Recent work has identified genes involved in PG synthesis as potential targets for genetic 

manipulation in the hope of increased OMV production by B. pertussis. Interestingly in a 

recent study mre/mrd operon  was found to be conditionally essential dependent on the  

activation state of the BVG two component system (Belcher et al., 2020). Transposon 

directed insertion site sequencing (TraDIS) of B. pertussis transposon mutant libraries plated 

on BVG+ or BVG- modulating conditions, displayed that the mre/mrd operon was essential 

for bacterial viability during BVG- plate growth, but non-essential during BVG+ plate 

growth (Figure 1.7). Therefore, these genes are promising targets for genetic manipulation in 

the hope of increasing OMV production as knockout would effect PG synthesis influencing 

OM stability. 

 

Figure 1.7 - Transposon insertion site frequency aligned to the Mre/mrd operon during BVG+ or BVG- plate 

growth conditions. Orientation of insertion depicted by red and green and height of peak displays frequency at 

the specific site. Figure from Belcher et al., 2020 (Belcher et al., 2020). 

High throughput screening for hypervesiculating mutants- 

With increased interest in inducing hypervesiculating phenotypes into gram-negative bacteria 

along with the development of high throughput mutagenesis studies, broad screening 

approaches have been utilised in the attempt to identify novel hypervesiculating mutants. 

High throughput screening techniques have been revolutionised with the development of 

transposon directed mutagenesis screens allowing for high throughput mutant library 

generation, which can then be screened for phenotypes of interest downstream 
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(Mazurkiewicz et al., 2006, Mei et al., 1997, Chiang and Mekalanos, 1998, Roier et al., 

2016b). Our collaborators at GSK have utilised these approaches to develop a high 

throughput assay to screen for increased secretion of lipid structures into the culture 

supernatant. This assay identified previously uncharacterised hypervesiculating mutants in B. 

pertussis with three of the strains with the highest lipid secretion displaying mutation in the 

same gene, rpsA (Unpublished Data). The protein encoded by rpsA is ribosomal associated 

involved in translation with no obvious link to OM stability and therefore OMV biogenesis 

(Aliprandi et al., 2008). This work highlights the key insight that high throughput screens can 

provide regarding the identification of novel OMV biogenesis mechanisms. 

1.3-Aims and Objectives of PhD- 

The identification of the mre/mrd operon to be conditionally essential during in vitro growth 

on charcoal agar plates, suggested a fundamental difference in the essentiality of the 

elongasome in B. pertussis when compared to other gram-negative bacteria. The fact that B. 

pertussis, a highly fastidious bacteria in in vitro culture, could tolerate the loss of these genes 

where other more robustly growing bacteria could not posed some interesting questions 

requiring further interrogation. My thesis will be divided into three parts in which I have 

addressed these questions. 

Question 1- Does mutation of mre/mrd alter B. pertussis in vitro growth, morphology, and 

OM stability? 

In E. coli mutation of mre/mrd greatly alters the bacteria’s growth, morphology, and OM 

stability where rescue of viability was only achieved upon growth in nutrient limited 

conditions. As the mre/mrd operon was identified to be tractable in B. pertussis I aimed to 

determine whether comparable phenotypic changes were induced in B. pertussis mre/mrd 

mutants as in E. coli. Therefore, I aimed to: 

1. Generate mre/mrd deletion strains of B. pertussis and mre/mrd complementation 

constructs 

2. Analyse that ability of mre/mrd mutant strains ability to grow during plate and broth 

in vitro culture. 

3. Observe morphological changes to external and internal architecture of mre/mrd 

mutant strains. 

4. Assess whether mre/mrd mutant strains have a reduced ability to tolerate OM stress 

due to altered stability of the bacterial cell envelope. 
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Question 2- What are the mechanism by which B. pertussis tolerates the loss of mre/mrd 

expression? 

Mutation of mreB causes detrimental effects on gram-negative bacteria, where deletion is 

lethal in B. subtilis, C. crescentus and conditionally lethal in E. coli dependent on growth 

conditions. In B. pertussis this is not the case with mutants displaying comparable viability to 

wildtype during BVG+ and BVG- broth culture, and BVG+ plate culture. Therefore, B. 

pertussis displays conditional tolerance to mre/mrd mutation dependent on both BVG 

activation state and growth medium. To investigate this, I aimed to: 

1. Characterise the transcriptome of B. pertussis wildtype during broth and plate in vitro 

culture upon BVG+ and BVG- modulation. 

2. Identify and analyse genes differentially expressed between conditions where 

BP536ΔmreB is conditionally essential to identify hypothetical mechanism of tolerance 

to loss of elongasome PG biosynthesis. 

3. Validate identified mechanisms of tolerance by experimental investigation. 

Question 3- Do mre/mrd mutants hypervesiculate at a level comparable to other putative 

hypervesiculating mutant strain? 

OMVs are promising vaccine antigens to bolster the current vaccine regimen against B. 

pertussis, displaying improved breadth and longevity of protection when compared to ACV 

in murine models. The characterisation of mutant B. pertussis strains that hypervesiculate 

would greatly aid vaccine production if OMVs were to be utilised as additional vaccine 

antigens. OMV biogenesis is strongly linked to OM stability, with hypervesiculating strains 

in gram-negative bacteria being produced by mutagenesis of genes encode OM stabilising 

proteins. As the PG sacculus plays a key role in OM stability I hypothesised that mre/mrd 

mutant strains would display a hypervesiculating phenotype when grown in vitro. To verify 

this hypothesis and analyse OMVs produced for feasibility as vaccine antigens I aimed to: 

1. Quantify OMV production from mre/mrd mutant strains. 

2. Analyse key factors in the OMVs feasibility as vaccine antigens   

From high throughput screening of a B. pertussis transposon mutant libraries for increased 

lipid structure secretion, GSK identified putative hypervesiculating strains. In these strains 

the ribosomal protein RpsA is truncated. This poses the question whether the increased lipid 
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secretion from these strains is indeed a vesiculating phenotype and if so how does RpsA 

truncation result in a hypervesiculating phenotype? To answer these questions, I aimed to: 

1. Quantify and characterise OMVs produced by rpsA truncation strains 

2. Investigate transcriptomic alterations in rpsA truncation strains to try an elucidate 

alterations in gene expression induced by the mutation. 

As the mre/mrd mutants were generated in the BP536 strain background, with GSK mutants 

being in the detoxified pertussis toxin B. pertussis strain PTg, to directly compare 

vesiculation phenotypes I aimed to: 

1. Mutate mreB in PTg strain background. 

2. Quantify OMV production and characterise antigen profile of mreB and rpsA mutants 

in parallel. 

Chapter 2 Materials and methods 

2.1-Bacteria, plasmids, and growth conditions- 

B. pertussis strains utilised in this work are  BP536, a streptomycin resistant clone of Tohama 

I and PTg, a clone of Tohama I where PT is detoxified by substitution of Arginine9 with 

Lysine and Glutamic acid129 with Glycine (ArgPT-9K/129G) (Pizza et al., 1989).  Wildtype 

and mutant strains were grown on charcoal agar for 3 days at 37 ֯C. For liquid culture, 

Stainer-Scholte (SS) broth was utilised. SS medium was supplemented with heptakis (1g/l) 

(SSH),  casamino acids (10g/l) (SSC), or both (SSCH).  Media was supplemented with 

50mM MgSO4 for induction of BVG- phase conditions. Conjugation strain ST18 E. coli was 

utilised to transfer plasmid carrying the mutant gene (pSS4940GG) and complementation 

constructs (pBBRTetGG) into BP536 (Table 2.1). ST18 was grown in Luria Bertani broth at 

37 ֯C supplemented with 50mM aminolaevulinic acid for which ST18 is auxotrophic. For 

molecular cloning and amplification of plasmid constructs NEB 5-α E. coli were utilised. 

Carriage of plasmids was selected by supplementation of media with gentamycin (30ug/ml) 

and tetracycline (15ug/ml) for pSS4940GG and pBBRTetGG respectively (Table 2.1). 

Table 2.1- Plasmid information 

Plasmid Selection Purpose Source 
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pSS4940GG Gentamycin Suicide vector for allelic 

exchange adapted for Golden 

Gate cloning 

Preston Lab stock 

pBBRTetGG Tetracycline Shuttle/expression vector used 

for complementation adapted 

for Golden Gate cloning 

Preston Lab stock 

pMMB208 Chloramphenicol 

20ug/ml 

Inducible expression vector (Morales et al., 

1991) 

 

2.2-Mutant generation- 

Regions flanking the genes targeted for mutagenesis were amplified by PCR using Q5 high 

fidelity 2x master mix (NEB) following the manufacturers guidelines, with the only alteration 

being the addition of DMSO to 10% reaction volume (Table 2.2). For mreB, these regions 

were cloned either side of a kanamycin resistance cassette. For all other mutants these regions 

were joined together and introduced into the pSS4940GG suicide vector by golden gate 

cloning to allow for the in-frame deletion of target genes (Table 2.1) (Figure 2.1) (Engler et 

al., 2008).  
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Table 2.2- Primer information 

Primer Sequence Purpose 
ΔmreBLeftFragF aaaaggtctctcgagattcgggggcgttgg mreB deletion/insertion mutant generation 
ΔmreBLeftFraR aaaaggtctccatgtgcatgggagctcagctagattc mreB deletion/insertion mutant generation 

ΔmreBRightFragF aaaaggtctcaggtctgagcctgtctcgcg mreB deletion/insertion mutant generation 
ΔmreBRightFragR aaaaggtctcgaactgggcggctcgtacagc mreB deletion/insertion mutant generation 

KanF aaaaaaggtctccacatgacgtcttgtgtctcaaaatctc mreB deletion/insertion mutant generation 
KanR aaaaaaggtctcagaccttagaaaaattcatccagcatc mreB deletion/insertion mutant generation 

ΔmreCLeftF aaaaggtctctcgagacgccgaactcatcaagaagg mreC deletion mutant generation 
ΔmreCLeftR aaaaggtctcgatgtgcgcttgtcgttgcatggat mreC deletion mutant generation 

ΔmreCRightF aaaaggtctctacatagatgtcgatggagcggacta mreC deletion mutant generation 

ΔmreCRightR aaaaggtctcgaactagatcagacggcggaagattc mreC deletion mutant generation 
ΔmreDLeftF aaaaggtctctcgagatttcaacaagggcgccaaa mreD deletion mutant generation 
ΔmreDLeftR aaaaggtctcgatgtgcgacagcagccagaccag mreD deletion mutant generation 
ΔmreDRightF aaaaggtctctacatagaatcttccgccgtctgatc mreD deletion mutant generation 

ΔmreDRightR aaaaggtctcgaactaggatattcgcgcacccag mreD deletion mutant generation 
ΔmrdALeftF aaaaggtctctcgagaatgcgctgtcctacacctt mrdA deletion mutant generation 

ΔmrdALeftR aaaaggtctcgatgtggttgcggtccaggatctcg mrdA deletion mutant generation 
ΔmrdARightF aaaaggtctctacatagccttgttcatggggttcg mrdA deletion mutant generation 
ΔmrdARightR aaaaggtctcgaactaaagaactccactcccagcag mrdA deletion mutant generation 
ΔmrdBLeftF aaaaggtctctcgagagcgcaccctgttcgataattg mrdB deletion mutant generation 
ΔmrdBLeftR aaaaggtctcgatgtggaagtaccaggccagcatcat mrdB deletion mutant generation 

ΔmrdBRightF aaaaggtctctacatacagacacacctggacttcatc mrdB deletion mutant generation 
ΔmrdBRightR aaaaggtctcgaactagaatacgaggcgatgaaccg mrdB deletion mutant generation 

ΔmreBFval gaatctagctgagctcc Validation of mreB mutants coding sequence 
ΔmreBRval gggcggctcgta Validation of mreB mutants coding sequence 

KanRval ttagaaaaattcatccagcatc Validation of mreB mutant kanamycin cassette 

PromoterF aaaaggtctctcgagccacgtcttgttcgttgagc Generation of mre/mrd promoter for complementation constructs 
PromoterR aaaaggtctcagggagctcagctagattcaggag Amplification of mre/mrd promoter for complementation constructs 

generation 
mreBF aaaaggtctcatcccatgttcggattcctgcgcag Amplification of mreB coding sequence for complementation 

constructs generation 
mreBR aaaaggtctcgaacttcagtcgttgatgaagatgg Amplification of mreB coding sequence for complementation 

constructs generation 
mreCF aaaaggtctcatcccatgcaacgacaagcgacccc Amplification of mreC coding sequence for complementation 

constructs generation 
mreCR aaaaggtctcgaactttagtccgctccatcgacatcgg Amplification of mreC coding sequence for complementation 

constructs generation 
mreDF aaaaggtctcatcccatgtcgatggagcggactaag Amplification of mreD coding sequence for complementation 

constructs generation 
mreDR aaaaggtctcgaacttcagacggcggaagattcgac Amplification of mreD coding sequence for complementation 

constructs generation 
mrdAF aaaaggtctcatcccatgttcgaattcaagaaaacc Amplification of mrdA coding sequence for complementation 

constructs generation 
mrdAR aaaaggtctcgaacttcattggcggcgctcctgcatg Amplification of mrdA coding sequence for complementation 

constructs generation 
mrdBF aaaaggtctcatcccatgaaacgcctgggcctgatc Amplification of mrdB coding sequence for complementation 

constructs generation 
mrdBR aaaaggtctcgaacttcaggccggcgcggggcgg Amplification of mrdB coding sequence for complementation 

constructs generation 
ΔBP2057RightF aaaaggtctctcgaggctgggcgtgctgatg BP2057 mutagenesis 

ΔBP2057RightR aaaaggtctcatcaacgctggcctcccgt BP2057 mutagenesis 

ΔBP2057LeftF aaaaggtctcattgagccggccgccc BP2057 mutagenesis 
ΔBP2057LeftR aaaaggtctcgaactaccgccgctcgcc BP2057 mutagenesis 
BP2057PromF aaaaggtctctcgaggaccccggcgcca Amplification of promoter for BP2057 complementation construct 

generation 
BP2057PromR aaaaggtctcagggaaaacgcattggcttttgcctcc Amplification of promoter for BP2057 complementation construct 

generation 
BP2057F aaaaggtctcatcccatgagcaaaatcgaagtcaag Amplification of BP2057 coding sequence for BP2057 

complementation construct generation 
BP2057R aaaaggtctcgaacttcaggccgcgtc Amplification of BP2057 coding sequence for BP2057 

complementation construct generation 
BP2057ValF aatccgcgccagcag Validation of BP2057 mutagenesis 
BP2057ValR ctttctgctcgtcggtgc Validation of BP2057 mutagenesis 

BetGlyF aagcttcctgacctatggaggcaaaagcc Generation of coding sequences for pMMB208 expression vector 

BetGlyR gaattcggctcaggccgcgtc Generation of coding sequences for pMMB208 expression vector 
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Figure 2.1- Synthesis of truncated genes for gene deletion by allelic exchange. Gene fragments synthesised by 

PCR utilising primers engineered to add on golden gate complementary ends (orange, yellow and purple). Gene 

fragments are ligated together and inserted by digestion with Bsal restriction enzyme into pSS4940 suicide 

vector during golden gate cloning reaction. 

ST18 donor E. coli was transformed with these constructs and introduced into B. pertussis by 

conjugation. Conjugations were done as described in the literature (Allen and Maskell, 1996). 

Conjugants were initially selected by growth on charcoal agar supplemented with gentamycin 

(30ug/ml) and 50mM MgSO4. As the pSS4940 plasmid does not replicate in B. pertussis 

plating on gentamycin selects for recombination events where the plasmid has integrated into 

the B. pertussis chromosome (Table 2.1). The pSS4940 plasmid contains a I-SceI gene 

controlled by a ptx promoter. As ptx is a BVG+ induced gene this promoter is inactive during 

BVG- conditions and active under BVG+ modulating conditions. Initial selection was carried 

out in BVG- modulating conditions due to the presence of 50mM MgSO4. 

 Individual colonies were then secondary selected by passaging on charcoal agar. In the 

absence of 50mM MgSO4 the B. pertussis grows in the BVG+ growth phase. Therefore, the 

ptx promoter is activated expressing the I-SceI gene causing a lethal event if the clones 

contain the integrated plasmid. This selects for clones that do not contain the integrated 

plasmid and have undergone a secondary recombination event. In these clones the wildtype 

or mutant gene have been looped out, resulting in either mutation of the target allele or 

reversion back to wildtype respectively (Figure 2.2). PCR amplification of coding regions to 

verify truncation was carried out using LeftF and RightR primers used for mutagenesis 

(Table 2.2).  



43 
 

 

Figure 2.2- Allelic exchange by homologous recombination. Suicide vector recombined with bacterial genome 

inserting truncated gene alongside wildtype allele. Counter selection against single crossover mutants results in 

either truncated or wildtype gene being removed. Mutants selected by antibiotic resistance gene (red). 

2.3-Complementation- 

Complementation constructs were cloned by the amplification of the endogenous promoter of 

the genes and the wildtype coding sequence of the gene (Table 2.2). These products were 

ligated together and inserted into the pBBRTetGG vector by Golden Gate cloning (Table 2.1 

& Figure 2.3). These constructs were cloned in to pBBRTetGG vector and introduced into 

mutant strains by conjugation as previously described. 

 

Figure 2.3– Complementation construct generation by golden gate cloning. Target genes synthesised with 

golden gate primers producing fragments with complementary ends. Fragments are ligated, digested and 

inserted into expression plasmid by golden gate cloning. 
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2.4-Colony count for viability on plates- 

Plate grown B. pertussis strains were resuspended in sterile PBS. Suspensions were 

standardised to an OD600 of 1 and diluted to 1x10-6-1x10-9, and 100µl plated on charcoal agar 

plates. Modulation for BVG- growth conditions was done by the addition of 50mM MgSO4 to 

the charcoal agar. 

2.5-Liquid culture growth analysis- 

Analysis of growth was carried out by measurement of OD600 values over the time course of 

bacterial growth. B. pertussis strains were grown in 96 well deep well plates (1ml culture 

volume), baffled flasks (50ml culture volume) and 96 well plates (200µl culture volume). 

Cultures were seeded at an OD600 of 0.1 and OD readings were taken across the growth curve 

from 0-72 hours. 

2.6-Detergent susceptibility assay- 

B. pertussis BP536 wildtype and mutant strains were grown in deep well culture plates in 

SSCH medium with and without MgSO4 modulation for BVG- and BVG+ growth 

respectively. SDS was added at a range of concentrations from 0.1mM-1mM to growth 

medium and the ability of the bacteria to grow under these conditions was analysed by 

measuring OD600 after 24 hours of growth. 

2.7- Scanning Electron Microscopy (SEM) of bacteria and Electron Microscopy of 

OMVs- 

2.7.1 SEM imaging of bacteria 

B. pertussis plate grown bacteria were resuspended in PBS to an OD600 of 1. 50µl of this 

suspension was placed onto a Silicon wafer and left to settle for 30mins at room temperature. 

2.5% glutaraldehyde (GDA) in PBS was then added to cover the Silicon wafer and the fixed 

bacteria were stored at 4 ֯C overnight. Wafers were rinsed gently in PBS 3 times for five 

minutes each time. Samples were postfixed in aqueous 1% Osmium Tetroxide for 1hour in 

fume hood at room temp. Samples were then washed in distilled water 2 times for five 

minutes each time, then serially dehydrate in Acetone in glass vials: 50, 70, 90, 100% dry 

Acetone 3 times per concentration for five minutes each time. Sample was then placed in 1:1 

dry Acetone: HMDS (Hexamethyldisilane) for 15 mins. Samples were then washed with 
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100% HMDS 3 times for five minutes. HMDS was removed after which the samples were 

mounted by for SEM analysis. 

Analysis of images was carried out using Image-J software (Rasband, 2011). Cells for 

measurement were determined by division of images into 10 by 10 grid and a random number 

generator was utilised to produce coordinates for squares in which bacterial cells were to be 

measured. Number of bacterial cells measured for morphology analysis n=60. 

2.7.2 EM imaging of OMVS 

5µl of purified OMV samples was applied to a glow discharged copper 200-square mesh 

grids (Quorum Gloqube Plus). Grid was blotted to remove excess solution and negatively 

stained for 30 seconds using NanoW (Nanoprobes). The grid was airdried and then imaged. 

2.8-Transmission electron microscopy (TEM)- 

B. pertussis strains were grown for three days on charcoal agar plates. A 10µl inoculation 

loop was utilised to take biomass from the secondary streak which was placed in 2.5% GDA 

in PBS. Sample preparation was carried out following the same protocol as SEM up to 

HMDS treatment but with cells in suspension not attached to a Silicon wafer. After sequential 

dehydration cells were moulded using Spurrs epoxy resin and oven treatment (70 ֯C for 8 

hours). Moulds were then sectioned for TEM imaging.  

Analysis of images was carried out using Image-J software (Rasband, 2011). Cells for 

measurement were determined by division of images into 10 by 10 grid and random number 

generator was utilised to produce coordinates for squares in which bacterial cells were to be 

measured. Number of bacterial cells measured for internal architecture analysis n=27 

2.9-RNA extraction for BP536 BVG+ and BVG- plate growth analysis- 

BP536 wildtype was grown on charcoal agar plates in triplicate for 72 hours. Biomass from 

each plate was resuspended at an OD600 of 1 in PBS before being pelleted by centrifugation at 

10 000xg for 10 minutes at room temperature. RNA was extracted using TRI Reagent® 

(Invitrogen) following the manufacturers protocol. RNA was treated using the TURBO 

DNA-free Kit (Invitrogen) following the manufacturers protocol.  

2.10-Quality check of BVG+ and BVG- modulation by qPCR- 

Using Protoscript taq RT-PCR kit (NEB) along with NEB random primer mix, cDNA was 

synthesised from RNA samples. cDNA was utilised for qPCR analysis of the amount of the 

transcript of the classical BVG+ gene ptxA when compared to the housekeeping gene recA 
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(Table 2.3). qPCR reaction utilised 1x SYBR Green Universal Master Mix (Applied 

Biosystems) to which 0.4µM primer pairs and 1.25ng of cDNA was added. qPCR reactions 

were carried out using the StepOnePlus Real-Time PCR system with an annealing temp of 

60֯C. 

Table 2.3- qPCR primers 

Primer Sequence 

ptxAF GACCACGACCACGGAGTATT 

ptxAR CGCGATGCTTTCGTAGTACA 

recAF AACCAGATCCGCATGAAGAT 

recAR ACCTTGTTCTTGACCACCTT 

 

2.11-RNA extraction from  BP536, BP536ΔmreC, PTg, BPPTg50D6 and BPPTgC7 during 
BVG+ broth culture - 

B. pertussis strains were grown in SSCH liquid medium at 37 ֯C at 180rpm in a standing 

shaking incubator. Culture volume was 50ml in a 250ml conical flask. Strains were grown to 

mid-log determined by reaching an OD600 of 1.5-2. 5ml of culture was then pipetted onto 5ml 

of frozen SSCH medium to halt transcription and stored at -80 ֯C. Volume for an OD600 of 1 

was removed and pelleted by centrifugation. Pellets were treated with 0.1 mg/ml of lysozyme 

after which RNA was extracted using the RNeasy micro kit (Qiagen) following the 

manufacturers protocol. Extracted RNA was treated with DNase turbo kit (Invitrogen) to 

remove gDNA contamination and quality of RNA extracted was analysed using Agilent 

bioanalyzer with the Agilent RNA 6000 kit (Agilent).  

Library preparation was then carried out using Illumina Stranded Total RNA Prep with Ribo-

Zero Plus (Illumina). For rRNA depletion B. pertussis specific rRNA depletion probes were 

utilised. Library quality was assessed by Agilent Tape (Agilent) deck before sequencing by 

MiSeq (Illumina). 

2.12-RNA sequencing- 

Extracted RNA was utilised for strand specific RNAseq. Sequencing was performed by 

Novogene UK for BP536 plate growth analysis. RNAseq for B. pertussis broth growth 

analysis was carried out using MiSeq. 
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2.13-RNA-seq pseudoalignment- 

The fastQ files generated were then pseudo aligned using kallisto allowing quantification of 

the abundance of transcripts in the extracted RNA (Bray et al., 2016). Samples were aligned 

to the annotated Tohama I reference genome which contains 3,816 B. pertussis genes 

(Parkhill et al., 2003). 

2.14-Differential expression analysis of RNA-seq data- 

Using the output files generated by Kallisto pseudoalignment, gene expression was then 

analysed using DESeq2 to identify differentially expressed genes (Love et al., 2014). Gene 

differential expression was determined by log2 fold change of gene expression between 

conditions. Genes were characterised as differentially expressed if they displayed a log2 fold 

change of >2 or <-2 with a p value of <0.05. P values generated by the Wald test. 

2.15-Cluster of Orthologous Genes (COG) analysis- 

Genes were grouped by functional groups by COG analysis. The reference COG file was 

generated from the Tohama I reference genome using the eggNOG (evolutionary genealogy 

of genes: Non-supervised Orthologous Groups) database (Parkhill et al., 2003, Huerta-Cepas 

et al., 2019). Genes annotated NA or S to illustrate unknown functions in COG database 

where further investigated by manual searching of annotated Tohama I genome using 

Artemis, a genome browser and annotation tool (Carver et al., 2012). If gene function was 

identified by this analysis, they were added to the associated COG categories. Genes with 

unknown function (S) and transposase for highly conserved IS481 elements (L) were 

removed from the analysis.  

2.16-Betaine and Proline supplementation- 

BP536 wildtype and BP536ΔmreB plate grown strains were resuspended in PBS to an OD600  

of 1 and serially dilution to 1x10-6 OD. This dilution was plated on charcoal agar plates 

modulated to the BVG- growth phases with and without betaine/proline supplementation (1-

100mM). 

2.17-Betaine glycine uptake inducible expression system generation and analysis- 

The three gene betaine glycine uptake system was amplified by PCR using Q5 high fidelity 

polymerase (NEB) which was then cloned into pMMB208 expression vector by restriction 

digestion (Table 2.1 & 2.2). The effect of betaine uptake system expression was analysed by 
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colony count analysis of BP536 wildtype and BP536ΔmreB strains with and without IPTG 

induction of expression and with and without betaine supplementation. 

2.18-Quantification of lipid content of culture supernatant and purified OMVs using 

lipophilic dye FM4-64- 

B. pertussis cultures was spun down at 10,000g for 20 minutes to pellet bacteria. 45µl of 

bacterial free supernatant was aliquoted into black Greiner 96 well flat bottom plates. FM4-

64 dye (Invitrogen) was resuspended to 10ug/ml final concentration in culture medium and 

5µl was added to each well. Fluorescence units were quantified by measuring emission at 

640nm upon excitation at 515nm. Quantification of purified OMVs lipid content was carried 

out following the protocol above but with 1µl of purified OMVs diluted in 44µl of PBS. 

2.19-OMV purification- 

50ml cultures were grown in 250ml conical flasks. At 72 hours of growth cultures were spun 

down to pellet bacteria with the supernatant then double filtered using 0.22um stericup 

vacuum filter units (Millipore). Filtered supernatant was centrifuged by ultracentrifugation 

using a SW-32 Beckman ultracentrifuge rotor in 38.5ml sterile Ultra-clear thin wall tubes 

(Beckman) spinning at 32,000rpm for 2 hours to pellet OMVs. The culture supernatant was 

poured off and replaced by PBS to wash the OMV pellet and re-spun for 2 hours at 

32,000rpm. OMV pellet was resuspended in 200µl PBS by shaking at 4C overnight and 

treated with 100 units of benzonase enzyme (Abcam) for 1 hour at room temperature. 

2.20-Protein quantification of purified OMVs by DC Assay- 

Purified OMVs protein content was quantified using the DC assay (BioRad) following the 

manufacturers protocol. Bovine serum albumin was used for standard curve production. 

2.21-SDS page analysis of OMV protein content- 

OMV purified samples were run in NuPAGE 4-12% Bis-Tris gels (Invitrogen) after 

denaturation by boiling. Sample volumes were standardised to either protein concentration or 

lipid concentration of OMVs. Gels were stained using Coomassie blue protein stain. 

2.22-Dynamic light scattering (DLS) measurement of OMV samples- 

60µl of purified OMVs in PBS was measured using Malvern high performance DLS with a 

He-Ne laser as an angle of 173 ֯  at 25 ֯C. Three biological replicates per strain were analysed. 
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2.23-Nanoparticle tracking analysis (NTA) of purified OMVs- 

Using NanoSight NS500 OMV particle size and concentration was measured for wildtype 

and mutant strains. Samples were diluted 1:100-1:1000 in PBS and loaded into the sample 

chamber. Four videos were recorded for 60s and the size of individual OMVs and total 

number of OMV particles were measured using the Nanoparticle Tracking Analysis software 

(NanoSight Ltd.). All measurements were taken at room temperature at a flow rate of 20 

units. Three biological replicates were analysed per strain. 

 

2.24-Statistical analysis- 

Students T-test and One way ANOVA using Tukey post hoc analysis was utilised to analyse 

pairwise and multiple comparisons respectively using SigmaPlot Version 14.5. Statistical 

significance was defined as a p value of <0.05. 

2.25-Data handling and plotting- 

Data handling and analysis was carried out using Microsoft Excel Version 2302. Data 

visualisation and plotting was carried out using RStudio Version 4.2+ and ggplot2 

(Wickham, 2016, RStudio, 2020) 
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Chapter 3 Characterisation of the effect of mre/mrd mutation on B. pertussis growth and 

morphology- 

Mutagenesis of the mre/mrd operon reduces bacterial viability due to the induction of a lytic 

phenotype coupled with an alteration in bacterial morphology in other gram-negative 

bacteria. The identification of the mre/mrd operon as conditionally essential in B. pertussis 

suggests that mre/mrd mutation may not have the same phenotypic effects as observed in 

other bacteria. Therefore, I aimed to characterise the effect of mre/mrd mutation on B. 

pertussis growth, morphology, and OM stability. 

3.1-Generation of mre/mrd mutants and complemented strains- 

3.1.1- Generation of mre/mrd mutants- 

Mutagenesis of mre/mrd genes, where the wildtype allele is swapped with a truncated form of 

the gene, was carried out prior to the start of my PhD. Mutagenesis strategy was designed to 

maintain downstream reading frames as to only affect targeted gene’s expression (Table 3.1). 

The flanking regions of the coding sequence were amplified, and these fragments were 

assembled and inserted into the pSS4940GG suicide vector by golden gate cloning. 

Constructs were then verified by Sanger sequencing. Constructs were utilised for allelic 

exchange mutagenesis and mutant strains produced were validated by colony PCR screening. 

Mutagenesis was successful for all 5 mre/mrd genes displaying that they can be deleted in B. 

pertussis. 

Table 3.1- Location of mutation for mre/mrd deletion 

Gene Gene size 

(bp) 

Genome 

position (bp) 

Internal deletion 

genome position 

(bp) 

Deletion size 

(bp) 

Presence of 

Kanamycin 

cassette 

mreB 1,043 375155-376198 375157-376210 1,053 Y (810bp) 

mreC 884 376287-377171 376301-377151 850 N 

mreD 464 377257-377721 377292-377704 412 N 

mrdA 1,952 377735-379687 377953-379288 1,335 N 

mrdB 1,146 379684-380830 380064-380968 904 N 

 

3.1.2-Complementation of mre/mrd knockouts- 

To assess whether phenotypic changes observed in mutant strains were a direct result of the 

single gene deleted, I reintroduced endogenous gene expression of wildtype mre/mrd into 
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mutant strains by complementation. The coding sequence of the wildtype allele was cloned 

downstream of the mre/mrd operons endogenous promoter and introduced into pBBRTetGG 

expression vector. The coding sequence of the promoter and wildtype mre/mrd genes were 

amplified by PCR and verified by gel electrophoresis (Figure 3.1 & Table 3.2). The promoter 

and gene fragments were assembled and inserted into pBBRTetGG by golden gate 

sequencing. Restriction digest of these expression constructs displayed bands of the predicted 

insertion sizes during gel electrophoresis, suggesting that cloning had been successful (Figure 

3.2 & Table 3.2). Successful cloning into expression constructs were then verified by Sanger 

sequencing. mreB complementation constructs were generated and verified prior to the start 

of my PhD. 

 

Figure 3.1– PCR amplification of complementation construct fragments for golden gate cloning. A) Q5 

polymerase amplification of fragments, B) Gradient PCR of mrdA and mrdB fragments. Due to the presence of 

unspecific PCR products fragments for mrdA and mrdB PCR products of correct size were purified by gel 

extraction of specific product (1952bp and 1136bp respectively) 

Table 3.2- Expected fragment size mre/mrd constructs 

Construct Gene size (bp) Promoter size (bp) Expected band size 

(bp) 

MrdA 1952 254 2206 

MrdB 1136 254 1390 

MreC 884 254 1138 

MreD 569 254 823 
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Figure 3.2 - Restriction digest analysis of mre/mrd complementation constructs to evaluate size of inserted 

PCR product. 

3.2-Characterisation of the effects of mre/mrd KO on bacterial physiology 

3.2.1-Do mre/mrd mutations alter the ability of B. pertussis to grow in plate conditions?  

To verify that the conditional essentiality observed during the TraDIS screen was maintained 

when the mre/mrd operon was directly mutated by deletion of the coding sequence, the 

colony forming units (CFU) produced upon plating a 1x10-9 dilution of a 1 OD600 suspension 

on BVG+ and BVG- modulating plates was analysed (Figure 3.3) (Belcher et al., 2020). In 

BVG+ growth conditions, mutant CFUs were reduced but displayed no significant change 

when compared to BP536. Interestingly this was not the case during BVG- growth, with 

mutants displaying a significant change in CFU produced. Mutants were not viable under 

these modulating conditions, with no growth observed until mre/mrd expression was re-

introduced by complementation. It is worth noting that complementation of gene expression 

did not significantly change CFU produced by either BP536 wildtype or mutant strains in the 

BVG+ conditions. This displays that complementation of mre/mrd expression does not 

increase BP536 wildtype or mre/mrd mutant strain growth during BVG+ conditions .  

Overall, this analysis displays that the conditional essentiality observed during the TraDIS 

screen remains upon direct mutagenesis of the mre/mrd operon. These finding also validates 

that the complementation constructs successfully reintroduce gene expression as they 

successfully rescue mutant viability during BVG- growth.  
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Figure 3.3- Conditional essentiality of mre/mrd mutants during plate growth dependent on BVG activation state. 

Colony forming units (CFU) produced upon plating a 1x10-9 dilution of a 1 OD600 suspension of BP536 

wildtype, mre/mrd mutant and complemented strains on BVG+ or BVG- modulated charcoal agar plates were 

counted. Conditional essentiality of the mre/mrd operon was observed with mutants displaying viability during 

BVG+ growth but not BVG- growth. Results are representative of three biological replicates. **=p≤0.01, 

Students T-test. Error bars = Standard error of the mean. 

3.2.2-Do mre/mrd mutations alter the ability of B. pertussis to grow in broth conditions?  

With such a stark difference in bacterial viability during plate growth, dependent on BVG 

activation phase, it was investigated if the same phenotype was observed during broth growth 

of the mutant strains. This analysis was carried out using change in OD600 values of broth 

cultures as a proxy for bacterial growth and viability. All cultures were seeded at an OD600 of 

0.1 and OD values were taken at 48 hours of growth. Quite strikingly the conditional 

essentiality displayed during plate growth was not observed in broth culture (Figure 3.4). In 

both BVG+ and BVG- conditions mutant strains grew comparably to BP536 wildtype, 

suggesting that the conditional essentiality previously described is a plate growth specific 

phenomenon. It is also worthy to note that mutants grew comparably to BP536 wildtype 

independent of culture volume, culturing method or air: volume ratio, with 50ml, 96 well and 

96 deep well culturing techniques displaying consistent mutant growth to wildtype levels. 
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Figure 3.4- Growth of mre/mrd mutant strains in Stainer-Scholte broth conditions. OD600 reading at 48 hours of 

growth in A&B) Deep well plate, C&D) 50ml baffled flask or E&F) 96 well plate. Data representative of three 

biological replicates. No statistical difference between OD600 values were observed when compared to BP536 

wildtype (Students T-test). Mutants grew comparably to wildtype independent of culture method or BVG 

activation state displaying mre/mrd mutations do not negatively effect growth in broth conditions. Error bars = 

Standard error of the mean. 

To assess how different media compositions alter mutants ability to grow during liquid 

culture, BP536ΔmreB growth was assessed in plain SS, SSC, SSH and SSCH medium in 

deepwell plate cultures in parallel with BP536 wildtype (Figure 3.5). Casamino acids is a 

media supplement containing predominantly casein with small amounts of cystine and 

tryptophan, which can be utilised as a nitrogen source by bacteria. In B. pertussis culturing, 

this supplement facilitates high levels of bacterial growth and metabolism. Heptakis is a 

cyclodextrin that sequesters hydrophobic molecules inhibitory to B. pertussis growth released 

during in vitro culturing and enabling B. pertussis to reach higher culture density. 

BP536ΔmreB did not display a significant alteration in growth upon media supplementation 

when compared to BP536. The highest OD600 value was observed in SSCH media for both 
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BP536 and BP536ΔmreB, suggesting the mutants are comparably viable at high growth rates 

(Figure 3.5). SSC media was found to significantly increase BP536 and BP536ΔmreB growth 

at the 24-hour timepoint, but comparable OD600 to SS and SSH was observed after 48-hours 

of growth. Addition of heptakis did not significantly increase BP536 or BP536ΔmreB growth 

rates, with comparable OD600 values to SS at 24- and 48-hours of growth. Heptakis 

supplementation aided growth only when supplemented alongside casamino acids, with 

SSCH reaching significantly higher OD600 values at 24-hour and 48-hour timepoints than 

SSH and SSC. These findings display that deletion of mreB does not alter B. pertussis’s 

ability to grow under differing media conditions.  

The fact that BP536ΔmreB viability is not altered at high rates of biomass production is 

particularly interesting because tolerance of mreB mutation in E. coli was found to be 

induced by reducing bacterial growth rate by nutrient limitation (Bendezú and de Boer, 

2008). I hypothesised that this may be what facilitates tolerance of mreB mutation in B. 

pertussis due to the modest growth rate observed in in vitro culture . However, this analysis 

suggests this is not the case. 

.  

 

Figure 3.5 – Analysis of the effect of media supplementation on BP536ΔmreB  growth in Stainer-Scholte 

medium. Stainer-Scholte (SS) media was supplemented with casamino acids (C.) and/or heptakis (H) and 

utilised for deep well culture growth. OD600 readings were taken at 48-hours for growth as a proxy for mutant 

viability. Data representative of three biological replicates. *=p<0.05, **=p<0.01, ***=p<0.001 One way 

ANOVA, Tukeys post-hoc. Error bars = Standard error of the mean. 



56 
 

3.2.3-Does mreB mutation affect the cell walls ability to tolerate detergent induced 

stress? 

To assess the structural integrity of the mre/mrd mutant strains, I analysed their ability to 

tolerate OM stress induced by introduction of the detergent SDS to the growth medium. SDS 

inhibition of growth was calculated as a percentage of strain growth in the absence of SDS. 

There was no significant change in SDS inhibition of growth in BP536, BP536ΔmreB, and 

complemented (BP536ΔmreB+B ) strains in BVG+ or BVG- growth conditions regardless of 

SDS concentration (Figure 3.6). This suggests that despite mutation of mreB there is no 

alteration in B. pertussis’s ability to tolerate OM stress induced by SDS. 

 

Figure 3.6- SDS susceptibility assay. To assess outer membrane stability of mutants their ability to tolerate a 

range of detergent concentrations during deep well broth growth was analysed. OD600 readings were taken after 

24-hour as a proxy for bacterial viability. Data representative of three biological replicates. Error bars = 

Standard error of the mean. 

3.2.4-Do mre/mrd mutations affect bacterial morphologies? 

To assess the effect of mre/mrd mutations on B. pertussis morphology, SEM images of 

BP536 wildtype, mutant and complemented strains were analysed. These images display 

clear morphological change upon mre/mrd mutation compared to B. pertussis wildtype. The 

classical rod shape of B. pertussis was not observed in mutant strains, with their morphology 
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resembling that of cocci shaped bacteria, with associated decrease in bacterial length and 

increase in bacterial width (Figure 3.7). Upon complementation these changes were reversed, 

with mutants displaying rod morphology.  However, the significant increase in bacterial 

width was maintained in complemented strains with an increase in bacterial length being the 

cause of the reversion back to rod shape. Calculation of bacterial volume displayed that all 

mutants had increased average volume, however, the significant increase was only observed 

in BP536ΔmreB and BP536ΔmreC mutant strains. Interestingly, a significant increase in 

bacterial volume was also observed in all complemented strains apart from BP536ΔmreD+D, 

however this is most likely due to the increased length observed.

 

Strain Length (µm) Width (µm) Volume (µm3) 

BP536 0.875 ±0.162 0.374 ±0.036 0.083 ±0.026 

BP536ΔmrdA 0.649 ±0.097 (***) 0.495 ±0.075 (***) 0.102 ±0.036 (NS) 

BP536ΔmrdB 0.629 ±0.071 (***) 0.519 ±0.077 (***) 0.102 ±0.028 (NS) 

BP536ΔmreB 0.684 ±0.107 (***) 0.584 ±0.049 (***) 0.137 ±0.041 (***) 

BP536ΔmreC 0.673 ±0.071 (***) 0.545 ±0.056 (***) 0.12 ±0.029 (***) 

BP536ΔmreD 0.594 ±0.077 (***) 0.495 ±0.055 (***) 0.087 ±0.025 (NS) 

BP536ΔmrdA+A 0.911 ±0.161 (NS) 0.504 ±0.09 (***) 0.153 ±0.076 (***) 

BP536ΔmrdB+B 0.965 ±0.174 (NS) 0.512 ±0.067 (***) 0.167 ±0.061 (***) 

BP536ΔmreB+B 0.902 ±0.13 (NS) 0.470 ±0.049 (***) 0.132 ±0.038 (***) 

BP536ΔmreC+C 1.034 ±0.355 (NS) 0.391 ±0.157 (**) 0.114 ±0.079 (**) 

BP536ΔmreD+D 0.809 ±0.179 (NS) 0.345 ±0.056 (NS) 0.066 ±0.028 (NS) 
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Figure 3.7- SEM analysis of mre/mrd mutants morphology. Morphology was characterised by measurement of 

strain average length width and volume ± standard deviation of the mean.  One way ANOVA and Tukeys Post-

Hoc. ***=p≤0.001.], **=p≤0.01 n=60 

To analyse whether internal structures were altered in BP536ΔmreB strains compared to 

BP536, transmission electron microscopy (TEM) was utilised to analyse bacterial cross-

sections. Mutant bacteria had altered internal morphology with a decrease in uniformity of 

the bacterial cytoplasm and periplasm when compared to wildtype (Figure 3.8). This change 

in uniformity appeared to be as a result of IM invagination into the cytoplasmic space, 

coupled with decreased association with IM and OM membranes resulting in increased space 

between the two membranes of the bacterial cell wall. This altered morphology was 

characterised by measurement of periplasmic area which displayed a significant increase in 

BP536ΔmreB. 
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Figure 3.8 – TEM analysis of changes in bacterial architecture upon mreB mutation. Changes in structure of 

strains periplasmic was characterised by measurement of area (nm2).  One way ANOVA and Tukeys Post-Hoc. 

***=p≤0.001 n=27 
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3.3-Discussion 

3.3.1-Do mre/mrd mutations result in decreased bacterial viability as seen in other gram-

negative bacteria?- 

One of the novel findings of this research is that B. pertussis displays no significant 

perturbation to its growth or viability during BVG+ plate and broth and BVG- broth growth 

conditions upon mre/mrd mutations. Mutants were observed to only be non-viable during 

BVG- plate culture growth (Figure 3.3 & 3.4). This phenotype has not been observed in other 

gram-negative bacteria, where growth in nutrient limited conditions or the induction of 

overexpression of alternate PG biosynthesis mechanisms was required to tolerate the loss of 

the mre/mrd operon. 

Mutation of mreB in E. coli displayed that growth in minimal media, with low biomass 

doubling rates, facilitated tolerance the loss of elongasome PG biosynthesis. This mechanism 

of tolerance is thought to be due to the low level of bacterial growth allowing the alternate 

PG biosynthesis pathway, the divisome, to produce and incorporate PG at a rate high enough 

to maintain cell wall integrity.  

The identification of a growth rate dependent mechanism of tolerance to loss of the mre/mrd 

in E. coli could relate to B. pertussis’s ability to tolerate mre/mrd knockout. I hypothesised 

that due to the low growth rate of B. pertussis when compared to E. coli during in vitro 

culturing, that B. pertussis may be inherently more tolerant to loss of elongasome expression 

than other gram-negative bacteria.  

However, analysis of the growth of BP536ΔmreB and BP536 B. pertussis strains in different 

supplemented growth mediums displayed that mutant strains had a directly comparable 

growth phenotype to BP536. Growth in SSCH media facilitated significantly increased 

growth after 24- and 48-hours in both BP536 and BP536ΔmreB. This suggests that tolerance 

of mreB mutation in B. pertussis is not dependent on low biomass doubling rates, with high 

doubling rates tolerated comparably to BP536  (Figure 3.5). However, I cannot conclusively 

say growth rate doesn’t play a role in tolerance of mre/mrd mutations in B. pertussis as the 

growth rate in SSCH is still modest in comparison to E. coli. 
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3.3.2-Does the mutation of mreB result in altered cell wall permeability and integrity as 

seen in other cell wall biosynthesis mutants?- 

In previous studies of mutation of mre/mrd, mainly in E. coli, alterations in the elongasome 

resulted in highly osmotically unstable mutants which were prone to lysis. This displayed that 

elongasome PG biosynthesis in E. coli was key to maintenance of cell wall structural 

integrity, with manipulation resulting in osmotic instability. In B. pertussis these trends do 

not appear to be as severe as observed in E. coli. This is highlighted by the ability of B. 

pertussis mre/mrd mutants to grow comparably to wildtype in broth conditions, where 

osmotic pressures on the bacterial cell wall are at its highest (Figure 3.4&3.5).  

Direct analysis of BP536ΔmreB strain membrane integrity was carried out by quantifying their 

ability to tolerate SDS during culture growth (Figure 3.6). SDS sensitivity analysis displayed 

no significant decrease in the ability of BP536ΔmreB to tolerate detergent concentrations 

compared to wildtype in broth in both the BVG- and BVG+ growth phases, suggesting little 

to no compromise of cell wall integrity upon mreB mutation. (Figure 3.6).  

Overall, this analysis displays that despite removal of elongasome PG biosynthesis in B. 

pertussis we do not see the classical lytic-prone phenotype observed in other gram-negative 

bacteria.  

3.3.3-Do mre/mrd mutations result in altered bacterial morphology?- 

Unsurprisingly in previous mutagenesis studies of the mre/mrd operon in gram negative 

bacteria displayed altered cellular morphology, with a switch from the classical rod shape to 

cocci shaped bacterium. Due to the lack of effects of mre/mrd mutagenesis on bacterial 

viability and cell wall characteristics, verification of this change in morphology validated that 

the elongasome was indeed non-functional in the mutant strains (Figure 3.7). The 

characteristic change in morphology was observed with mutagenesis of each gene in the 

operon. This suggests that B. pertussis requires all these genes for functional bacterial 

elongation. Therefore, this displays that the mre/mrd operon encodes the sole mechanism of 

PG biosynthesis for bacterial elongation. This supports previous findings in other gram-

negative bacteria where all 5 genes have been observed to be essential for elongasome 

function and bacterial viability. 

TEM analysis of mreB mutant strain further supported the observation that mutagenesis does 

alter cell wall morphology (Figure 3.8). BP536ΔmreB displayed an obvious alteration in 
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periplasm and cytoplasm uniformity. This morphological change appeared to be a result of 

both IM invagination into the cytoplasmic space, and OM separation from the IM resulting in 

an increased periplasmic area. These findings suggest that cell wall cross linking and stability 

are altered in mutant strains. 

3.4- Conclusions and Future Directions 

Loss of elongasome expression induces a lethal, lytic phenotype in other gram-negative 

bacteria meaning the mre/mrd operon has been thought of as essential. As mre/mrd 

essentiality was observed to be conditional dependent on BVG activation state I aimed to 

determine whether the disruption of bacterial morphology growth and OM stability observed 

in other bacteria were induced upon mre/mrd mutations in B. pertussis. 

Overall, this body of work has displayed that B. pertussis’s viability is not as greatly effected 

by the loss of mre/mrd PG biosynthesis as other gram-negative bacteria. Mre/mrd expression 

was essential during BVG- plate growth with mutant growth not significantly altered in all 

other in vitro growth conditions analysed.  

This tolerance to loss of elongasome PG biosynthesis shown by B. pertussis was furthered by 

the fact that unlike previously characterised mre/mrd mutants in other gram-negative bacteria, 

mutant B. pertussis did not display an osmotically unstable phenotype during broth culture 

growth, despite clear alterations in bacterial morphology and architecture. 

In this body of work, I characterised the effect of deletion of each gene of the mre/mrd 

operon. It would be relevant to also characterise whole operon deletion strains to determine 

whether the phenotypes observed vary in the absence of the whole mre/mrd PG biosynthesis 

machinery. 

From these findings I pose the question how does B. pertussis tolerate to loss of these 

classically essential genes without any obvious detrimental effect on bacterial viability? 
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Chapter 4- How does B. pertussis tolerate mutation of the mre/mrd operon? 

4.1-Results 

It was identified by mutant growth profiling that mre/mrd mutant strains viability was 

dependent on both BVG activation phase, and culture medium. This led me to hypothesise 

that alterations in gene expression, between viable and nonviable growth conditions, 

facilitated tolerance of the loss of elongasome PG biosynthesis. 

To investigate this, I carried out transcriptomic profiling of BP536 during growth in culturing 

conditions where mre/mrd mutants are viable and non-viable. RNA was extracted from plate 

grown BP536 B. pertussis under BVG+ or BVG- modulated conditions and directly 

compared to existing RNAseq data of broth grown BP536 grown under BVG+ and BVG- 

modulation. Transcriptomic profiles of B. pertussis grown under these conditions were then 

compared to identify differentially expressed genes between conditions where mre/mrd 

mutants are viable (BVG+ broth, BVG+ plate and BVG- broth) and non-viable (BVG- plate). 

Through this analysis I aimed to identify specific genes or pathways that could facilitate 

tolerance of mre/mrd knockout which could be investigated further experimentally. 

4.1.1-Quality check of RNAseq data- 

To determine correct BVG modulation of samples, expression of the ptxA a classical BVG+ 

induced gene was analysed by qPCR (Figure 4.1). cDNA was generated from extracted RNA 

and utilised for qPCR analysis. The average CT of ptxA was standardised to the CT value for 

the housekeeping gene recA to calculate -ΔCT to display relative abundance of target mRNA 

(Figure 4.1A). This analysis displayed BVG+ modulated samples had higher ΔCT values 

than BVG- when compared to the housekeeping gene recA.  

The change in ptxA expression between BVG+ and BVG- modulated samples was displayed 

further by quantification of the fold change of gene expression by 2-ΔΔCT analysis using the 

average BVG- CT value as untreated (Figure 4.1B). This displayed a significantly higher fold 

change in ptxA gene expression in all BVG+ modulated samples when compared to BVG- 

modulated sample. Overall, this analysis displays BVG+ and BVG- modulation of the plate 

growth medium was successful. 
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Figure 4.1- qPCR analysis of ptxA expression across BVG+ and BVG- RNA samples. A) Relative abundance of 

ptxA mRNA versus recA housekeeping gene. B) Fold change of ptxA against average expression across BVG- 

samples.  One way ANOVA and Tukeys Post-Hoc. ***=p≤0.001. 
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4.1.2-Does the upregulation of alternate PG biosynthesis mechanisms facilitate B. 

pertussis to tolerate mre/mrd mutations?- 

Initial analysis of RNAseq data was formed from a hypothesis driven screen looking at 

previously characterised tolerance mechanisms. Tolerance of the loss of elongasome PG 

biosynthesis is a novel phenotype with mutation in other bacteria greatly reducing bacterial 

viability.  In previous studies the ability to tolerate the loss of this fundamental pathway was 

introduced by the upregulation of the alternate PG biosynthesis pathway, the divisome. 

Therefore, I hypothesised that upregulation of this alternate PG biosynthesis pathway may be 

what facilitates B. pertussis to tolerate the loss of mre/mrd expression. If this was the case, 

we would expect to see significantly increased level of divisome PG biosynthesis in growth 

conditions where mre/mrd mutants are viable (BVG+ plate, BVG+ broth and BVG-broth) 

when compared to nonviable conditions (BVG- plate). 

I analysed this by looking at the level of expression of divisome genes comparing conditions 

where the mutants are viable or non-viable (BVG+ vs BVG- plate and BVG- broth vs plate) 

(Figure 4.2). This analysis displayed that in BP536 there was no large-scale upregulation of 

the expression of divisome genes during BVG+ plate or BVG- broth growth conditions when 

compared to BVG- plate growth. This analysis displays that despite upregulation of divisome 

PG biosynthesis being a previously characterised mechanism of tolerance to mre/mrd 

knockout, it does not appear to be the mechanism that maintains mre/mrd mutant B. pertussis 

strains viability. However, as this screen is carried out in BP536 wildtype I cannot discount 

that divisome gene expression is upregulated in the mutant strains. 
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Figure 4.2- Heatmap of BP536 wildtype divisome PG synthesis gene expression. Rows= Genes of interest. 

Columns= Growth conditions. Colour density displays Log2 fold change. 

4.1.3-Does analysis of BVG+ vs BVG- plate conditions generate gene targets for further 

experimental investigation?- 

Firstly, I looked at genes differentially expressed between BVG+ and BVG- plate conditions, 

as this was the initial conditional essentiality observed during TraDIS screening. We 

hypothesised that this mechanism of tolerance would be BVG regulated as this is the variable 

on which mre/mrd essentiality has been observed to be dependent upon. 

From this screen 96 genes were upregulated during BVG+ plate conditions with 61 genes 

being down regulated (Figure 4.3). When these differentially expressed genes were grouped 

by function utilising COG analysis it was observed that unsurprisingly many genes 

upregulated during BVG+ or BVG- plate conditions were classical BVG regulated genes.  

I concentrated my analysis on BVG+ upregulated genes. This is due to the fact that mre/mrd 

mutagenesis has been observed to induce uncontrollable OM instability, therefore, it is most 

likely the upregulation of a proteins expression that would facilitate tolerance to membrane 

instability. I further concentrated my analysis on genes that are membrane located as these 

are the most likely candidates for stabilising the OM. COG analysis categories M, N and U 
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were selected as they correspond to cell wall biosynthesis, cell motility and secretion 

respectively which all are membrane localised processes (Figure 4.4, Table 4.1). 

 

 

 

 

 

Figure 4.3 – Distribution of differentially expressed genes in BVG+ plate when compared to BVG- plate 

growth. Red lines depict values of selection for differential expression Log2 Fold change > 2 or <-2, p <0.05 the 

Wald Test. 
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Figure 4.4- Grouping of differentially expressed genes in BVG- vs  BVG+ plate growth conditions by COG 

category. 
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Table 4.1- Table of BVG+ plate differentially expressed genes in COG categories M (Cell 

envelope biogenesis), N (Cell motility), and U (Intracellular trafficking and secretion). 

Gene COG category log2FoldChange p value Description Gene name 

BP3783 M 5.838501 3.35E-148 NAD+ ADP-ribosyl transferase activity ptxA 

BP0762 M 2.694812 4.20E-27 type I secretion membrane fusion protein cyaD 

BP0399 M 2.184208 3.60E-15 Glycosyltransferases involved in Lipid A 

modification 

gtrB 

BP3405 M 3.059509 9.87E-68 outer membrane protein ompQ 

BP3494 MU 6.72707 4.41E-261  Serum resistance protein BrkA brkA 

BP1054 MU 6.504897 0 Pertactin may have a role in bacterial adhesion. Prn 

BP1201 MU 5.348689 4.62E-67 Autotransporter beta-domain tcfA 

BP2667 MU 4.317725 6.93E-236 haemagglutination activity domain fhaS 

BP1879 MU 4.136186 2.09E-40 haemagglutination activity domain fhaB 

BP2907 MU 3.456104 1.06E-201 haemagglutination activity domain fhaL 

BP0763 MU 2.200949 4.88E-28 Transport of cyclolysin cyaE 

BP1406 N 2.656435 0.09662 Flagellar biosynthesis protein flhB_1 

BP1880 N 2.927832 9.32E-83 Fimbrial protein fimA 

BP1883 NU 4.919371 2.54E-50 cell adhesion fimD 

BP2241 NU 4.811063 9.57E-45 Flagellar motor switch type III secretory pathway bscQ 

BP1881 NU 4.419962 1.43E-116 Chaperone fimB 

BP3796 NU 4.371349 1.01E-10 IV secretion system protein ptlH 

BP1882 NU 4.242636 5.93E-96 Usher protein fimC 

BP1119 NU 4.063258 8.58E-48 Type-1 fimbrial protein, A fim2 

BP2246 NU 2.839926 9.95E-08 Type III bscL 

BP1112 NU 2.284845 2.01E-25 Inverse autotransporter, beta-domain bipA 

BP2235 NU 2.268528 7.73E-16 Type III secretion protein bscC 

BP2674 NU 2.139937 1.05E-22 Type-1 fimbrial protein, A fimX 

BP3787 U 6.049186 1.28E-74 pertussis toxin subunit 3 precursor ptxC 

BP3785 U 6.046539 6.02E-77 pertussis toxin subunit 4 precursor ptxD 

BP1251 U 6.022812 1.35E-180 pertussis toxin subunit 2 precursor ptxB 

BP3786 U 5.445782 1.40E-82 pertussis toxin subunit 5 precursor ptxE 

BP3792 U 5.284419 2.37E-06 type IV secretion system ptlI 

BP3784 U 5.260023 7.63E-67 pertussis toxin subunit 2 precursor ptxB 

BP2264 U 4.317632 1.31E-26 type III secretion protein bscF 

BP2738 U 3.737984 7.38E-80 Autotransporter  bapC 

BP3794 U 5.196534 8.43E-16 type IV secretion ptlF 

BP2239 U 4.766062 6.87E-06 Type III secretion protein bscS 

BP3789 U 4.672245 1.97E-43 Type IV secretion system protein PtlB ptlB 

BP3793 U 4.413921 6.49E-30 Type IV secretion system protein PtlE ptlE 

BP3790 U 3.433389 1.46E-29 Type IV secretory pathway VirB4 components ptlC 

BP2238 U 3.380832 6.50E-19 Type III secretion bscT 

BP1884 U 3.168134 4.39E-54 POTRA domain fhaC 

BP3795 U 2.578837 3.25E-14 type IV secretion ptlG 
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This analysis displayed many genes being upregulated during BVG+ plate growth were 

involved in OM antigen production and toxin secretions with Ptx, FHA, BrkA and FIM 

secretion systems making up the majority of genes differentially expressed. These systems 

are envelope associated and made up of multiple protein components forming complexes that 

span the bacterial inner and outer membranes. These complexes facilitate the secretion of 

bacterial toxins and OM antigens across the bacterial envelope to the outer surface of the 

bacterium where they are presented or secreted.  These systems could theoretically contribute 

to tolerance of  mre/mrd mutation through the stabilisation of the bacterial envelope. 

However, as there are multiple systems upregulated during BVG+ plate growth, selection of 

genes or systems to investigate by mutagenesis techniques was hindered. 

4.1.4-Does transcriptomic analysis of BVG- plate vs broth conditions generate gene 

targets for further experimental investigation?- 

Due to BVG+ vs BVG- plate analysis not yielding any obvious candidates for investigation, I 

redirected my analysis to investigate the BVG- broth vs plate growth, which is hypothesised 

to be a culture medium induced mechanism of mre/mrd mutation tolerance. 270 genes were 

upregulated during broth growth and 261 genes upregulated during plate growth conditions 

(Figure 4.5). COG analysis displayed there was a wide range of mechanisms upregulated in 

both broth and plate growth conditions (Figure 4.6). In broth conditions genes involved in 

translation made up a larger proportion of differentially expressed genes than during plate 

growth. In plate growth conditions, an increased number of differentially expressed genes 

were involved in the metabolism of amino acid and inorganic compounds. 

For the identification of hypothetical tolerance mechanisms, I concentrated my analysis on 

genes which may stabilise the bacterial outer membrane or regulate cell wall integrity (Table 

4.2). This analysis identified a hypothetical mechanism of tolerance to mre/mrd mutations. 
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Figure 4.5 – Distribution of differentially expressed genes in BVG- broth when compared to BVG- plate 

growth. Red lines depict values of selection for differential expression Log2 Fold change > 2 or <-2, p <0.05 the 

Wald Tes 
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Figure 4.6 – Grouping of differentially expressed genes in BVG- broth vs plate growth conditions by COG 

category. 
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Table 4.2- Table of BVG- broth differentially expressed genes of interest in COG categories 

M (Cell envelope biogenesis), N (Cell motility), and U (Intracellular trafficking and 

secretion) and the glycine betaine uptake system. 

Gene COG 

category 

log2FoldChange p value Description Gene 

name 

BP2055 E -4.64115 1.82E-257 Glycine betaine ABC transporter substrate-binding proX 

BP2056 E -3.72284 6.83E-146 Glycine betaine/proline transport system permease 

protein 
NA 

BP2057 E -4.22008 3.40E-212 Glycine betaine/proline transport ATP-binding protein NA 

BP1624 GM -3.11623 3.34E-29 Capsule export ABC transporter kpsT 

BP0085 M -2.89808 1.16E-45 lipopolysaccharide biosynthesis bplI 

BP0666 M -2.48325 9.88E-68 hexosamine metabolism glmS 

BP0878 M -2.70062 4.88E-61 Outer membrane phospholipase A - 

BP1107 M -2.42972 9.99E-77 ABC-type transport system involved in lipoprotein 

release permease component 
lolC 

BP1625 M -2.55746 3.58E-20 Capsule polysaccharide export protein kpsE 

BP1629 M -2.05889 1.94E-13 UDP-glucose GDP-mannose dehydrogenase family wbpO 

BP1630 M -2.04116 3.40E-10 Vi polysaccharide biosynthesis protein vipB tviC wbpP 

BP2988 M -2.84649 7.85E-34 membrane protein involved in D-alanine export dltB 

BP0939 N -3.01931 3.39E-38 HicA toxin of bacterial toxin-antitoxin, - 

BP1119 NU -2.08787 2.24E-31 Type-1 fimbrial protein, A fim2 

BP1568 NU -2.92426 1.01E-70 Fimbrial fimA 

BP1881 NU -3.05068 3.43E-48 chaperone fimB 

BP2245 NU -2.64361 5.56E-23 Type III hrcN 

BP1623 U -2.71196 6.35E-47 Capsule export ABC transporter kpsM 

BP2239 U -2.46415 0.07284257 Type III secretion protein bscS 

BP2432 U -2.75148 6.81E-21 Belongs to the peptidase S26 family lepB 

BP3081 U -6.76214 3.51E-154 ABC-type Mn2 Zn2 transport systems permease 

components 

mntB 

BP3636 U -3.94234 3.73E-60 Protein translocation channel SecYEG. secY 

BP3789 U -2.84101 3.38E-33 Type IV secretion system protein PtlB ptlB 

BP3790 U -2.16406 1.17E-64 Type IV secretory pathway  ptlC 

BP3794 U -2.41872 2.37E-11 type IV secretion ptlF 
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It was observed that a three gene system important in the uptake of the well characterised 

osmoprotectant glycine betaine was upregulated during broth growth. This poses the question 

whether the ability to uptake betaine glycine to regulate bacterial osmotic pressure could 

facilitate tolerance to mre/mrd mutations? 

4.1.5-Does betaine glycine uptake facilitate B. pertussis to tolerate mre/mrd knockout?- 

Differential expression analysis of known outer membrane porins and osmo-protectant uptake 

systems, important in maintaining the osmotic balance in bacteria, was carried out across 

growth conditions. This displayed that the betaine glycine uptake system (BP2055-BP2057) 

was highly upregulated during broth growth when compared to plate in both BVG- and 

BVG+ growth phases (Figure 4.7). This suggests that betaine glycine uptake plays an 

important role in broth culturing of B. pertussis. 

 

Figure 4.7- Heatmap of BP536 wildtype osmo-protectant gene expression. Genes of interest along Y-axis. 

Growth conditions comparisons along X-axis. B=broth, P=Plate. Colour density displays Log2 fold change. 

To analyse whether betaine glycine uptake played a role in the tolerance of mre/mrd 

mutations, I analysed the effect of betaine supplementation on CFU produced during BVG+ 

and BVG- plate growth of BP536 wildtype and BP536ΔmreB. Upon supplementation of BVG- 
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modulated plates with 10mM betaine, we see a significant restoration of viability in the 

BP536ΔmreB strain (Figure 4.8). However, growth is not restored to the level observed during 

BP536ΔmreB BVG+ plate growth suggesting there may be alternate unidentified mechanisms 

which also play a role in tolerance of mreB loss in the BVG+ growth phase. 

 

Figure 4.8- Betaine supplementation during BVG- plate growth rescues mutant viability. Colony forming units 

(CFU) produced upon plating a 1x10-6 dilution of a 1 OD600 suspension of BP536 wildtype or BP536ΔmreB on 

BVG+ or BVG- modulated charcoal agar plates. Supplementation with betaine significantly restored 

BP536ΔmreB viability during BVG- growth. Results are representative of three biological replicates. *=p≤0.05, 

Students T-test. Error bars = Standard error of the mean. 

To analyse whether restoration of mreB mutant viability was dependent on betaine 

concentration, I analysed the effect of various betaine concentrations on B. pertussis plate 

viability. I did this by quantifying CFU produced on BVG- modulated plates supplemented 

with betaine concentrations ranging from 1-100mM. We see that BP536 grows comparably 

across all conditions, suggesting no effect of supplementation on the wildtype strains viability 

(Figure 4.9). In the BP536ΔmreB strain we see restoration of viability from 1mM 

supplementation in a concentration dependent manner up to 10mM of betaine. Between 10-

100mM betaine we see a plateau in CFU produced suggesting this is the point of betaine 

saturation. 
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Figure 4.9- Analysis of the effect of varying betaine concentrations on BP536ΔmreB viability restoration. BVG- 

plates were supplemented with varying concentrations of betaine. CFU produced upon plating a 1x10-6 dilution 

of a 1 OD600 suspension were quantified. Betaine significantly restored BP536ΔmreB viability during BVG- 

growth even at the lowest concentrations. Results are representative of three biological replicates. *=p≤0.05, 

Students T-test.  Error bars = Standard error of the mean. 

To analyse whether this phenomenon was betaine specific, or could be induced upon 

supplementation with alternate osmoprotectants, I supplemented BVG- plate medium with 

proline. Viability was not restored in BP536ΔmreB when proline was supplemented between 

1-100mM suggesting that this mechanism of tolerance may be betaine specific (Figure 4.10). 

Whether this is due to proline transport being not as efficient as betaine uptake or the fact that 

proline is a key metabolite in B. pertussis meaning it may be metabolised before reaching 

protective intracellular concentrations has not been determined. 
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Figure 4.10- Proline supplementation during BVG- plate growth does not rescue mutant viability. CFU 

produced upon plating a 1x10-6 dilution of a 1 OD600 suspension of BP536 wildtype or BP536ΔmreB on BVG+ or 

BVG- modulated charcoal agar plates, with and without proline supplementation were counted. Proline 

supplementation failed to restore BP536ΔmreB viability during BVG- growth. Results are representative of three 

biological replicates **=p≤0.001, Students T-test.  Error bars = Standard error of the mean. 

4.1.6-Does increased expression of the betaine glycine uptake system (B/G) facilitate 

tolerance of mreB mutation during BVG- plate growth without supplementation with 

betaine- 

To determine whether the induction of expression of B/G aided bacterial viability in the same 

manner as betaine supplementation, I cloned the three genes of B/G (BP2055-2057) into 

pMMB208, a broad-host range expression vector, generating a transcriptional fusion of B/G 

and the lacZ promoter. Induction of expression of these genes by activating the lacZ promoter 
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was via the addition of IPTG.  This allows the induction of expression of B/G during BVG- 

plate growth through the supplementation of the growth medium with IPTG. B/G was 

amplified by PCR and inserted into pMMB208 expression vector (Figure 4.11).  

 

Figure 4.11- Gel of PCR amplified Betaine glycine uptake system (B/G). Expected size = 3.475Kb. Fragments 

of interested selected by band excision and gel purification. 

Analysis of the effect of induction of betaine glycine uptake was analysed by quantifying 

CFU produced upon induction of the pMMB208B/G constructs expression by addition of 

IPTG, with and without the presence of 10mM betaine. An empty vector control was utilised 

(pMMB208EV). The presence of the pMMB208B/G construct produced comparably greater 

CFUs to the pMMB208EV control regardless of supplementation of IPTG or betaine (Figure 

4.12). This suggests that, firstly, the inducible plasmid may be leaky meaning expression is 

not limited by the availability of IPTG. Secondly, it suggests that induction of betaine glycine 

uptake in BP536 wildtype facilitates increased plate viability. This same finding is mirrored 

in the BP536ΔmreB+B strain. In the BP536ΔmreB strain we see that betaine supplementation 

rescues viability of pMMB208EV strain, with and without IPTG induction. In the 

BP536ΔmreB+pMMB208B/G strain we see comparable rescuing of viability upon 

supplementation with Bet, IPTG or Bet and IPTG, suggesting viability restoration is not 
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solely dependent on betaine supplementation, and that the availability of the uptake system 

apparatus also restores bacterial viability during BVG- plate growth. 

 

Figure 4.12-Analysis of the effect of  induction of  B/G expression on BP536ΔmreB BVG- plate viability.  Graph 

displays CFU produced upon plating of BP536, BP536ΔmreB and BP536ΔmreB+B strains containing 

pMMB208B/G or pMMB208EV expression vectors at 1x10-6 dilution of a 1 OD600 suspension. B/G- betaine 

glycine uptake system expression construct, EV- empty expression vector. Error bars= Standard error of the 

mean. Data representative of three biological replicates. 

4.1.7-Does the knockout of the ATPase of B/G, BP2057, ablate the ability of BP536 and 

BP536ΔmreB to grow in broth culture conditions?-  

As B/G is highly upregulated during B. pertussis broth growth I aimed to investigate its role 

in broth viability in the BP536 wildtype and BP536ΔmreB strains. I decided to target the 

BP2057 gene of the B/G as this is the associated ATPase and is required to fuel transport of 

betaine into the bacteria. An allelic exchange construct was generated by amplification of 

flanking regions of BP2057 with complementary ends, facilitating ligation by golden gate 

reaction, effectively deleting the BP2057 coding sequence (Figure 4.13). 
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Figure 4.13- Gel of PCR amplified BP2057 flanking fragments. Fragment A expected size = 0.516Kb, fragment 

B expected size = 0.498Kb. Fragments of interested selected by band excision and gel purification. 

These constructs were utilised for allelic exchange, to introduce the internally deleted 

BP2057 allele into BP536 wildtype, producing a BP536ΔBP2057 strain. The successful 

deletion of BP2057 was verified by colony PCR (Figure 4.14).

 

Figure 4.14 – Verification of BP536ΔBP2057 double recombinants by colony PCR. As clones upon secondary 

selection can be either wildtype or mutant successful deletion of BP2057 was verified by PCR. Expected 

product size =  wildtype- 1857bp, Mutant- 604bp. 
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To analyse the effect of mreB mutation on BP536ΔBP2057 growth during broth culture, 

double mutant strains needed to be generated. I utilised the pSS4940BPΔmreB construct to 

delete the mreB gene in the BP536ΔBP2057 strain. Successful deletion was verified by colony 

PCR using primers to amplify the mreB coding region and the inserted kanamycin cassette 

(Figure 4.15). Gel electrophoresis analysis of PCR products displayed that mreB had been 

successfully deleted in the BP536ΔBP2057 strain. 

 

Figure 4.15 -Colony PCR of verification of successful truncation of mreB in BP536ΔBP2057 strains. Verification 

of mreB mutant allele insertion into BP536ΔBP2057 strain by colony PCR. Colonies 1-20 (C1-12)  mreBF-

mreBR primer pair coding region amplification wildtype= 1548bp, Mutant= 1305bp. mreBF- KanR primer pair 

kanamycin cassette amplification wildtype=0bp Mutant=830bp  

To assess the effect of BP2057 deletion on BP536 and BP536ΔmreB growth phenotypes, 

mutant strains were grown in deepwell culture plates under BVG+ and BVG- modulating 

conditions. This analysis displayed no significant alteration in growth phenotypes of mutant 

strains compared to BP536 wildtype (Figure 4.16). This suggest that tolerance of mre/mrd 

mutations are not solely dependent on betaine uptake. 
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Figure 4.16- Comparative analysis of BP536ΔmreB, BP536ΔBP2057 and BP536ΔmreBΔBP2057 strains deepwell 

growth. Culture OD600 at 16-hours of growth under BVG- and BVG+ modulated conditions in SS growth 

medium. Data representative of two biological replicates. Error bars= Standard error of the mean. 

4.1.8-Could transcriptomic analysis of BVG+ Broth growth of BP536 and mreC mutant 

provide insight into hypothetical tolerance mechanisms?- 

To assess whether mre/mrd mutations resulted in alterations in B. pertussis gene expression 

which facilitates the tolerance of the loss of these fundamental cell wall biosynthesis genes, I 

carried out transcriptomic analysis of BP536 wildtype and BP536ΔmreC gene expression 

during mid-logarithmic growth phase in SSCH BVG+ broth growth conditions. Interestingly, 

only one gene was identified to be differentially expressed between the two strains at this 

timepoint, the mreC gene which I have knocked out (Figure 4.17). This displays rather 

remarkably that the knockout of mreC is highly tolerated in B. pertussis with mutants 

displaying a transcriptome almost identical to wildtype. 
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Figure 4.17- Volcano plot and table of differentially expressed genes between BP536 wildtype and BP536ΔmreC 

strain during SSCH broth culture. RNA extracted at mid-Log growth phase.  Red lines depict values of selection 

for differential expression Log2 Fold change > 2 or <-2, p <0.05 the Wald Test. 

4.2- Discussion 

4.2.1-Do alternate PG biosynthesis mechanisms step in to facilitate tolerance to mre/mrd 

mutations?- 

In E. coli based studies of mre/mrd essentiality, induction of increased PG biosynthesis by 

introducing the key divisome gene ftsZ on an expression plasmid, facilitated tolerance of 

mre/mrd knockout (Bendezú and de Boer, 2008). I hypothesised that increased divisome PG 

biosynthesis could facilitate tolerance to mre/mrd mutations in B. pertussis.  However, in B. 

pertussis this does not appear to be the case with divisome PG biosynthesis genes not being 

significantly differentially expressed in wildtype BP536 across BVG+ and BVG- plate and 

broth growth conditions (Figure 4.2).  
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4.2.2-What is the BVG regulated mechanism of tolerance to mre/mrd mutation during 

plate growth?- 

Mre/mrd mutant strains are viable during plate growth under BVG+ but not BVG- 

conditions. Unfortunately, hundreds of genes are differentially expressed between these two 

conditions, effecting dozens of cellular processes making it very difficult to identify possible 

tolerance mechanisms from BVG regulon analysis by transcriptomics.  

Due to BVG+ genes being fundamental in host infection, genes upregulated under these 

growth conditions occupy similar functional niches, key to B. pertussis adhering to the 

airway epithelium and manipulating this environment to persist and replicate. This is 

highlighted by the fact that many of the genes identified by differential expression analysis 

were classed in the COG categories M, N and U, representing membrane associated 

molecules, motility related proteins including adhesion and intracellular trafficking and 

secretion machinery related to toxin production (Table 4.1).  

Pertussis expresses a variety of virulence factors all of which play a role in the infection of 

the respiratory tract with FHA, PT, PRN, FIM2, FIM3 and BrkA all being observed to be 

involved in this process (Relman et al., 1989, van den Berg et al., 1999, Tuomanen and 

Weiss, 1985, Leininger et al., 1991, Fernandez and Weiss, 1994).  

Some of these proteins have been implicated as important factors in the formation of B. 

pertussis biofilms (Arnal et al., 2015, Cattelan et al., 2016a, Cattelan et al., 2017). This poses 

the question whether increased bacterial adherence to both the plate and surrounding bacteria 

provides a community associated mechanism of maintaining cell envelope stability (Figure 

4.18)? 
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Figure 4.18- Hypothesised role of increased adhesin synthesis on BVG+ plate mre/mrd mutants viability. 

Increased adhesin expression may allow increased cell to cell and cell to plate binding. This could introduce a 

community induced bacterial viability where they provide structural support to neighbouring bacteria facilitating 

tolerance to instability of the bacterial cell envelope. Created with BioRender.com 

The underlying mechanisms of B. pertussis biofilm formation has become an areas of 

increasing research due to observed links with infection persistence and colonisation of the 

nasal cavity in vivo. During these studies, analysis of the role of BVG+ induced genes were 

characterised in relation to biofilm formation (Arnal et al., 2015, Cattelan et al., 2016a, 

Cattelan et al., 2017, Irie et al., 2004, Serra et al., 2011). 
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FHA was identified as important, with Δfha strains displaying reduced bacterial biofilm 

formation suggesting the adhesive properties of this protein is important in bacteria-bacteria 

and bacteria-surface interactions (Serra et al., 2011). Findings in B. bronchiseptica, a closely 

related Bordetella species to B. pertussis, adds a layer of complexity to the mechanisms of 

biofilm formation in Bordetella. The BVG+ upregulated toxin ACT has an inhibitory effect 

on biofilm formation in B. bronchiseptica (Irie et al., 2004). If this finding translates to B. 

pertussis, it would suggest that biofilm formation is not purely a BVG+ induced 

phenomenon, with two highly upregulated proteins FHA and ACT having biofilm inductor 

and inhibitor effects respectively. The role of ompQ, an BVG+ upregulated gene has also 

been characterised in B. bronchiseptica. Loss of ompQ expression did not hinder the 

bacteria’s ability to form early biofilm structures but hindered the formation of mature 

biofilm (Cattelan et al., 2016b). Fimbriae like those encoded by fim2 and fim3 in other gram-

negative bacteria have been displayed to play key roles in biofilm formation and development 

(Schroll et al., 2010). Interestingly in B. bronchiseptica, genes involved in flagellum 

synthesis were upregulated during initial biofilm formation (Nicholson et al., 2012). Flagella 

biosynthesis is classically a BVG- regulated process contradicting the thinking that biofilm 

formation and maturation is a BVG+ phenomenon.   

In my analysis of differential gene expression during BVG+ vs BVG- plate growth I 

observed FHA, ACT and OmpQ to be upregulated (Table 4.1). This is not surprising due to 

them all being classical BVG+ induced genes. However, as discussed FHA and OmpQ have 

been linked with a pro-biofilm phenotype in broth in vitro and murine in vivo models, and 

their upregulation could suggest an increase in the bacteria’s ability to adhere to each other as 

well as the plate. This adherence is a key factor in how biofilms can facilitate bacteria to 

tolerate stress in their surrounding environment, and therefore may play a role in the ability of 

B. pertussis to tolerate mutagenesis of fundamental cell wall biosynthesis mechanisms.  

However, this may not be the case during plate growth. Characterisation of bacterial adhesion 

and biofilm formation has been classically studied during static broth culturing. During broth 

culture conditions I have observed mre/mrd mutant strains to be comparably viable to 

wildtype (Figure 3.4). Therefore, factors key in biofilm formation under broth conditions, 

may not translate to adhesion related tolerance of mre/mrd mutants during plate growth.  

It is also worthy to note that in highly related B. bronchiseptica, two piece of evidence 

contradict biofilm/adhesion as a mechanism of mre/mrd mutation tolerance. Firstly, BVG- 
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induction of flagellum biosynthesis is required for biofilm formation, a growth phase in 

which the mre/mrd mutant strains are non-viable in plate culture mediums. Secondly, ACT 

toxin secretion is displayed to have an inhibitory effect on biofilm formation, a mechanism 

that was upregulated during BVG+ plate growth (Table 4.1). 

Therefore, it is unclear whether increased bacterial adhesion plays a role in mre/mrd mutation 

tolerance due to the limited scope of our current understanding of factors in B. pertussis 

biofilm formation. Future experimental investigation could target the most highly 

characterised adhesin involved in biofilm formation, FHA, for functional genomic analysis.  

Identifying the BVG regulated mechanism of tolerance during B. pertussis plate growth, is 

hindered by the number of BVG regulated genes identified as differentially expressed, many 

whom occupy similar functional niches. Due to this as well as time restrictions I decided to 

concentrate my research onto the medium dependent mechanism of tolerance between BVG- 

broth and plate growth.  

4.2.3-What is the medium dependent mechanism of tolerance to mre/mrd mutations 

during BVG- broth vs plate growth?- 

As mre/mrd mutant strains are viable during BVG- broth growth, but nonviable during BVG- 

plate growth, I compared the transcriptome of these growth conditions to try and identify the 

mechanism of mre/mrd  mutation tolerance that is induced during broth growth. Differential 

expression analysis identified one mechanism related to maintenance of bacterial osmotic 

stability which was upregulated during BVG- broth growth, betaine/glycine uptake (Table 

4.2). The hypothetical mechanism of mre/mrd mutation tolerance identified by transcriptomic 

analysis was the uptake of the well characterised osmoprotectant betaine glycine. 

Osmoprotection can be divided into stages, the initial stage being the uptake of K+ ions into 

the bacteria via low affinity transport systems (Epstein, 1986, Whatmore et al., 1990). This 

response is limited by the concentration of K+ that can accumulate in the bacterial cytoplasm 

to around 400mM, anything above this will have detrimental effects on cytoplasmic 

enzymatic reactions (Dinnbier et al., 1988). When this salt concentration is reached the 

secondary stage of osmoprotection is induced which involves the uptake of neutral 

osmoprotectants into the bacterium (Yancey et al., 1982, Arnal et al., 2015). These molecules 

can be taken up at much greater concentrations than salts due to their neutral charges 

meaning they won’t interfere with intracellular pH. 
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Betaine glycine is the most highly utilised neutral osmoprotectant for the majority of bacteria, 

due to this they have developed mechanism of uptake of glycine betaine from the external 

environment. This system consists of three genes in B. pertussis BP2055, BP2056 and 

BP2057 encoding a substrate binding protein, a permease, and an ATP-binding protein 

respectively (Table 4.2).  

Through transcriptomic analysis of BP536 during BVG- broth vs plate growth conditions it 

was observed that B/G was significantly upregulated during BVG- broth conditions. As 

mre/mrd mutagenesis reduces osmotic stability of gram-negative bacteria, I hypothesised that 

the improved ability of B. pertussis strains to maintain osmotic homeostasis, by betaine 

glycine uptake, could be key in restoring BVG- viability during broth growth (Figure 4.19). 

This was found to be the case, with supplementation of BVG- plates with betaine glycine 

restoring BP536ΔmreB viability (Figure 4.8 & 4.9). This restoration was observed to be a 

betaine glycine specific process, with supplementation with the alternate osmoprotectant 

proline not restoring BP536ΔmreB viability (Figure 4.10).  

Figure 4.19 – Hypothesised mechanism of betaine uptake induced viability of mre/mrd mutants. Betaine can 

accumulate at high levels intracellularly, reducing water influx into the bacterial cell. Increased betaine uptake 

could facilitate mre/mrd mutants to tolerate BVG- broth growth. Created with BioRender.com 
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Whether induction of the uptake system was enough to restore BP536ΔmreB BVG- plate 

viability was assessed by introduction of B/G on an inducible plasmid into wildtype and 

BP536ΔmreB strains. Induction of B/G restored viability to a comparable level to that 

observed upon betaine supplementation (Figure 4.12). This suggests that induction of the 

betaine uptake system may restore mutant viability independent of supplementation with 

betaine.  

To determine whether functional betaine uptake was required for B. pertussis broth viability I 

knocked out the ATP binding protein BP2057, which fuels the ABC transport of betaine 

glycine, in BP536 wildtype and BP536ΔmreB strains (Figure 4.13 & 4.14). Broth growth of 

these mutant strains was observed to be unaltered upon loss of betaine uptake (Figure 4.16). 

This suggests that the increased ability for BP536ΔmreB to maintain its osmotic balance is not 

solely dependent on functional betaine uptake.  

4.2.4-Does tolerance of the mutation of mreC require a significant alteration in gene 

expression during BVG+ broth growth?- 

To assess whether tolerance of BP536ΔmreC in B. pertussis requires large-scale alterations in 

gene expression to tolerate the loss of elongasome PG biosynthesis, I analysed the 

transcriptome of BP536 wildtype and BP536ΔmreC strains during broth culture growth. I 

hypothesised that due to the fundamental essentiality of the mre/mrd operon that B. pertussis 

must display upregulation of genes key in stress responses that maintain cell envelope 

integrity, facilitating tolerance of mre/mrd mutations. Contrastingly, we observed only one 

gene to be differential expressed, that being the gene knocked out, mreC. This illustrates that 

the BP536ΔmreC gene expression is almost identical to that of the wildtype strain (Figure 

4.17). This suggests that during BVG+ broth culture, B. pertussis is remarkably tolerant to 

the loss of mre/mrd expression with no hallmarks of bacterial stress responses identified. This 

data further supports the idea that broth growth conditions support tolerance of mre/mrd 

mutations, highlighted by their comparable growth phenotypes compared to wildtype. This is 

despite the large-scale morphological changes observed upon mreB mutation.  

4.3-Conclusions and Future Directions 

Tolerance of mre/mrd mutations without perturbation of growth or OM structural integrity, 

despite morphological and architectural changes to the bacterial envelope, is a novel 

phenotype in B. pertussis. I hypothesised that this tolerance could be due to an alteration in 

gene expression between conditions where mre/mrd mutations are tolerable and intolerable. 
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Transcriptomic analysis of wildtype B. pertussis allowed me to identify hypothetical 

mechanisms of tolerance dependent on BVG activation phase and growth medium.  

Alternate PG biosynthesis mechanisms were not differentially expression between conditions 

where the mutants are viable and non-viable, suggesting they don’t contribute to B. pertussis 

tolerance of mre/mrd mutations. 

The mechanism of BVG induced tolerance of mre/mrd mutations during in vitro plate growth 

is still undetermined. BVG+ vs BVG- plate analysis suggested that increased adhesin 

expression could play a role in the mechanism of BVG+ induced tolerance to mre/mrd 

mutations.  However, due to the overlapping functionality of many B. pertussis adhesins and 

the poorly understood nature of B. pertussis biofilm formation, how to approach this analysis 

from a functional genomic standpoint was difficult. Future studies where deletion of key 

bacterial adhesins in mre/mrd mutant strains would elaborate on the role these proteins play 

in BVG+ plate viability. 

BVG- broth vs plate analysis identified the ability for B. pertussis to uptake the 

osmoprotectant betaine glycine as highly upregulated during broth growth. This suggests that 

BVG- broth induced viability may be due to the bacterium having an increased ability to 

regulate its osmolarity through betaine glycine uptake. This theory was supported by the fact 

that supplementation with betaine glycine restored mutant BVG- plate viability. However, 

betaine glycine uptake may not be the sole mechanism of tolerance to mre/mrd mutation, as 

BP2057 deletion did not alter BP536ΔmreB bacterial growth during broth culture. Therefore, 

other factors that contribute to mre/mrd mutation tolerance during broth culturing are to be 

elucidated in future work. 

The hypothesis that mre/mrd mutations were tolerated in B. pertussis during BVG+ broth 

growth due to the induction of a transcriptomic change was disproved by direct comparison 

of the BP536ΔmreC transcriptome to wildtype. This analysis displayed remarkably little 

alteration in transcriptome between mutant and wildtype strains, suggesting that mutation of 

mreC is inherently tolerated in B. pertussis. Future transcriptomic analysis of BVG- broth 

grown BP536ΔmreC strains would further validate this finding. 
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Chapter 5- Analysis of mre/mrd and rpsA mutant hypervesiculating phenotype. 

5.1- Results 

As OMVs have been identified as promising vaccine antigens against B. pertussis and could 

be utilised to bolster the current vaccine regimen, the generation of hypervesiculating mutants 

is of particular interest. Therefore, the characterisation of mutant strains for their vesiculating 

phenotype and OMVs produced is important in assessing whether they could be utilised for 

OMV production for vaccine development.  

As OM stability has been strongly linked with OMV biogenesis I hypothesised that upon 

mre/mrd mutation a hypervesiculating phenotype may be induced. I aimed to characterise 

mre/mrd mutants vesiculation phenotype and OMVs produced in the BP536 and PTg B. 

pertussis strains. 

In parallel I assessed the vesiculation phenotype of rpsA mutant strains identified by my 

collaborators at GSK. I aimed to assess the characterise OMVs produced and elucidate the 

mechanism of how truncation of the ribosomal protein RpsA induced a hypervesiculating 

phenotype in B. pertussis. 

5.1.1-Do mre/mrd mutations result in a hypervesiculating phenotypes in B. pertussis?- 

To assess whether mre/mrd mutant strains display an increased secretion of lipid structures 

into the culture supernatant, eluding to a hypervesiculating phenotype, analysis of lipid 

content of purified supernatant from deep well growth assays was carried out. Quantification 

of lipid structures using the lipophilic fluorescent dye, FM4-64, acts as indirect measurement 

of OMVs produced by strains during culture growth. We observed that all strains displayed a 

significant increase in fluorescence intensity over wildtype (FIOW), suggesting a 

hypervesiculating phenotype was induced upon mre/mrd mutation (Figure 5.1). For further 

analysis of OMVs, mutant strains will be grown in large cultures from which supernatant will 

be extracted. Therefore, selection of the most highly vesiculating strain to take into this 

analysis is key. I selected BP536ΔmreC for further analysis because it displayed one of the 

highest level of lipids in the culture supernatant.  
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Figure 5.1– Lipid quantification of mre/mrd mutants culture supernatant relative to BP536 wildtype during deep 

well culture growth.  Fluorescence intensity over wildtype (FIOW) per strain. Strains were grown in SSCH 

media in deep well plates. Culture supernatant was extracted at 24 hours and analysed by FM4-64 assay. Results 

are representative of three biological replicates*=p≤0.05, Students T-test.  Error bars = Standard error of the 

mean. 

To assess the optimum timepoint for harvesting supernatant to purify OMVs from 50ml 

cultures, I quantified lipid structure across a 72-hour period by FM4-64 assay. BP536ΔmreC 

had significantly increased lipid concentrations at 48 hours and 52 hours of growth when 

compared to BP536 (Figure 5.2). During this growth period strains were observed to reach 

early stationary phase. At 69- and 72-hours, where mutants have reached late stationary/early 

death growth phases, highlighted by a plateauing of the culture OD600, we see the highest 

level of lipid contents in culture supernatant with no significant difference between wildtype 

and mutant levels. However, whether lipid structures quantified are indeed OMVs at this 

phase required further analysis due to the fact that cellular debris released during cell death 
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may contribute to the high lipid levels observed. From this I selected 52- and 72-hours 

growth as key timepoints for OMV purification. 

 

Figure 5.2- Analysis of BP536ΔmreC and BP536 growth and secretion of lipid structures across 72 hours of 

growth in 50ml cultures to identify optimum timepoints to purify OMVs. OD readings were taken, and 

supernatant extracted across the 72-hour growth period. OD600 and Fluorescence intensity units plotted against 

time of sampling of wildtype and mutant stains. FU data representative of three biological replicates. 

**=p<0.01, One way ANOVA, Tukeys post-hoc. Error bars = Standard error of the mean. 

I then purified OMVs from BP536ΔmreC and BP536 50ml cultures at 52- and 72-hours of 

growth, by ultracentrifugation of filtered culture supernatant. Purified OMVs were analysed 

by lipid and protein quantification assays. The protein concentration of purified OMVs 

increased significantly at 72 hours (Figure 5.3). Lipid quantification displayed a significant 

increase in lipid structures at 52 hours compared to wildtype, with only a slight increase 

observed between the 52- and 72-hour timepoints. Increased lipid and protein concentrations 

suggest the presence of increased OMV structures in bacterial supernatant.  
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Figure 5.3- Analysis of protein and lipid concentrations of BP536ΔmreC and BP536 purified OMVs. Protein and 

lipid quantification of purified OMVs from 50ml cultures of wildtype and mutant B. pertussis strains at 52 and 

72hrs of growth. Lipid quantification depicted as Fluorescence intensity over wildtype. Data representative of 

three biological replicates. *=p<0.05, One way ANOVA, Tukeys post-hoc. Error bars = Standard error of the 

mean. 

To determine whether the structures quantified by protein and lipid assays were indeed 

OMVs, I visualised purified OMV samples by SEM analysis. This analysis displayed OMV 

structures were present in both the wildtype and mutant samples, with similar OMV species 

of comparable size observed (Figure 5.4). 
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Figure 5.4- Visualisation of OMVs purified from BP536 and BP536ΔmreC by SEM analysis.  Quantity of 

purified OMVs loaded for imaging standardised to volume. 

As OMVs have potential to be utilised as vaccine antigens, I wanted to verify that alteration 

of PG biosynthesis did not alter the protein composition of OMVs produced. I assessed this 

by SDS-page analysis of OMVs. OMVs were standardised to lipid concentrations or protein 

concentrations prior to loading. There were no large variations in band intensity or band 

pattern of OMVs extracted from wildtype or mutant strains suggesting mutation of mreC 

does not effect protein composition of OMVs (Figure 5.5). 
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Figure 5.5- SDS page analysis of protein composition of purified OMVs from BP536 and BP536ΔmreC. A) 

Standardised to protein concentration. B) Standardised to lipid concentration. 

Dynamic light scattering (DLS) analysis was utilised to characterise OMV species produced 

by B. pertussis strains. DLS utilises the Brownian motion of particles suspended in a solution 

to allow for accurate measurement of particle size. I aimed to utilise this technique to 

determine whether mutation of mreC resulted in different populations of OMVs. I 

hypothesised that due to altered OM stability BP536ΔmreC may produce OMVs of differing 

size to wildtype OMVs, increased OM instability would allow for the blebbing process to 

occur more readily. Whether these populations would be larger than or smaller than BP536 

OMVs was difficult to predict, increased OM instability could theoretically increase the 

production of smaller OMV populations due to increased rate of OM bulging, or larger OMV 

populations due to larger OM bulges occurring. 

In this analysis BP536ΔmreC OMVs displayed a more heterogeneous population with 

variation observed between the three biological replicates. This is highlighted by the 

BP536ΔmreC OMVs displaying a broader peak in the chromatograph, with higher percentages 

of larger and smaller OMV populations compared to the uniform peaks displayed by the 
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wildtype OMVs (Figure 5.6). This increased variance of OMV size and shape is further 

represented by an increased average OMV diameter and increase polydispersion index, a 

measurement of the breadth of the dispersion of particle molecular weight in the sample. 

However, these values were not significantly different to that of BP536 OMVs. Therefore, 

from this analysis I cannot conclude that the mreC mutation significantly alters the size of 

OMVs produced during bacterial growth. 
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Figure 5.6- Measurement of purified OMVs from BP536 and BP536ΔmreC by DLS analysis. A) Graph of 

Intensity of scattering (percent) vs Size (diameter in nm). B) Average diameter of OMV. C) Polydispersion 

index of samples. Data representative of three biological replicates. Error bars = Standard error of the mean. 

To accurately quantify purified OMVs, I utilised Nanoparticle tracking analysis (NTA). NTA 

uses a laser beam to illuminate particles in suspension which are pumped across a cell upon 

which a high magnification camera is aimed. This camera records the flow of particles across 

the cell allowing accurate quantification of OMVs. As OMVs pelleted by ultracentrifugation 

were resuspended in equal volumes of PBS this analysis allows for direct quantification of 

OMV concentrations. This analysis displayed that BP536ΔmreC had significantly higher 

levels of OMVs further supporting the finding that mreC mutation induces a 

hypervesiculating phenotype in B. pertussis (Figure 5.7).  

 

Figure 5.7- Quantification of OMVs in BP536 and BP536ΔmreC samples by NTA. OMV concentration 

(particle/ml) graphed against sample. Internal bar labels= average OMV concentration. Data representative of 
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three biological replicates. ***=p<0.001 One way ANOVA, Tukeys post-hoc. Error bars = Standard error of the 

mean. 

 

 

5.1.2-Comparative analysis of the vesiculation phenotype of BPPTgΔmreB, BPPTg50D6 

and BPPTgC7 B. pertussis strains.- 

Work by my collaborators at GSK identified novel hypervesiculating mutants upon 

truncation of the ribosomal protein RpsA. I wanted to directly compare the vesiculation 

phenotype and OMV characteristics of the mre/mrd mutant strains to those of the rpsA 

mutant strains. 

To directly compare the vesiculation phenotypes of mre/mrd mutant strains to the rpsA 

mutant strains identified by GSK, I firstly had to transfer a mre/mrd mutant allele into the 

PTg strain which rpsA mutants was generated in.  I did this by introducing an internally 

deleted version of the mreB gene, carrying a kanamycin cassette, by allelic exchange into 

PTg using the suicide vector pSS4940. Verification of mreB deletion was done by 
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amplification of the mutant allele and the kanamycin cassette from mutant gDNA (Figure 

5.8).  

Figure 5.8- Verification of mreB deletion in PTg strain background by colony PCR. Colonies 1-20 (C1-20) A) 

Kan cassette amplification wildtype=0bp Mutant=830bp B) mreB coding region amplification wildtype= 

1548bp, Mutant= 1305bp 

To assess the optimum timepoint for harvesting supernatant to purify OMVs from the rpsA 

truncation mutants, BPPTg50D6 and BPPTgC7, in 50ml cultures, I quantified lipid structure 

secretion across a 72-hour period by FM4-64 assay. In both the transposon mutant 

BPPTg50D6 and the confirmatory mutant BPPTgC7 lipid structures in the supernatant was 

observed at 48 hours of growth, where mutant strains are reaching late logarithmic growth 

phases (Figure 5.9). At 72- and 76-hour timepoints, I observed the highest level of lipid 

structures with no significant difference to PTg. From this analysis I selected 52- and 72-

hours growth as key timepoints for OMV purification. 
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Figure 5.9- Analysis of BPPTg50D6, BPPTgC7 and PTg growth and secretion of lipid structures across 72 hours 

of growth in 50ml cultures to identify optimum timepoints to purify OMVs. OD600 and Fluorescence intensity 

units plotted against time of sampling of PTg and mutant stains. FU data representative of three biological 

replicates. *=p<0.05, **=p<0.01, One way ANOVA, Tukeys post-hoc. Error bars = Standard error of the mean. 

Purified OMVs were then assessed at these timepoints by lipid and protein quantification 

assays. We observed that protein concentrations of purified OMVs increased significantly at 

52 and 72 hours in the BPPTgΔmreB strain, with no significant increase in OMV protein 

concentrations in the rpsA  mutant strains BPPTg50D6 and BPPTgC7 (Figure 5.10).  Lipid 

quantification displayed that there was a significant increase in lipid content in the OMV 

purified samples at 52 hours in BPPTgC7, and 52 and 72 hours in BPPTgΔmreB. Interestingly 

BPPTg50D6 displayed no significant increase in supernatant lipid content. 
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Figure 5.10- Analysis of the protein and lipid concentration of purified OMVs from 50ml cultures of PTg, 

BPPTg50D6, BPPTgC7 and BPPTgΔmreB B. pertussis strains. OMVs purified at 52 and 72 hours of growth. Lipid 

quantification depicted as Fluorescence intensity over wildtype. Data representative of three biological 

replicates. *=p<0.05, **=p<0.01, ***=p<0.001 One way ANOVA, Tukeys post-hoc. Error bars = Standard 

error of the mean. 

EM analysis of purified OMVs displayed quantified structures were indeed OMVs. As 

samples were standardised to volume this analysis is semi quantitative with purifications that 

had the highest lipid and protein levels (BPPTgC7 and BPPTgΔmreB) displaying the highest 

density of OMVs imaged (Figure 5.11).  
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Figure 5.11- Visualisation of purified OMVs of PTg, BPPTg50D6, BPPTgC7 and BPΔmreB  by EM. Samples 

standardised to volume. 

As I observed differing protein and lipid levels between OMVs purified from different 

strains, I wanted to analyse whether the protein species in the OMV samples were altered. I 

did this by comparing protein profiles by SDS page analysis standardising volume loaded to a 

set protein or lipid concentration. Standardising to protein concentration allows analysis of 

the ratio of protein species to each other and allows insight into whether this is altered by the 

hypervesiculating mutations. Standardising to lipid concentrations allows me to assess 
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whether protein species concentrations change in purified OMVs, as a set lipid concentration 

roughly equates to a comparable amount of OMVs per sample.    

 When samples were standardised to protein concentration, OMVs purified from BPPTgC7 

and BPPTgΔmreB strains had similar band patterns as PTg, suggesting that the same proteins 

were present in the mutants compared to PTg. Alternatively, in BPPTg50D6 there appears to 

be an alteration in band pattern when compared to PTg OMVs. Analysis of band intensity 

displayed different protein species were enriched in mutants compared to PTg, suggesting the 

hypervesiculating mutations has resulted in alterations of OMV protein profiles (Figure 

5.12A). In BPPTgC7 and BPPTg50D6 a ~40kDa protein is enriched when compared to PTg and 

BPPTgΔmreB. In BPPTgC7 a ~27kDa, ~90kDa are also enriched. In BPPTgΔmreB OMVs a 

~27kDa and ~90kDa protein species are enriched.  

When I standardise OMV volumes loaded to lipid content the alteration in protein band 

intensity was further highlighted between samples along with additional enriched protein 

species being identified (Figure 5.12B).  In all mutant strains ~80kDa protein species is 

enriched. In both BPPTgC7 and BPPTgΔmreB OMVs a protein band of around 35kDa is 

enriched, this band is absent in the BPPTg50D6 OMVs. Finally, in BPPTgΔmreB OMVs a 

protein of ~12kDa is observed to be enriched.  

Overall, this analysis suggest that protein compositions are altered in purified OMVs from 

mutant strains. In BPPTgC7 and BPPTgΔmreB OMVs this alteration appears to be limited to a 

change in protein species concentration, with band patterns of OMVs being comparable to 

wildtype with only a variation in band intensity between mutant and PTg extracted OMVs. 

However, in BPPTg50D6 OMVs this is not the case with both band pattern and intensity 

having changed when compared to PTg OMVs. 
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Figure 5.12- SDS page analysis of protein composition of OMVs purified from PTg, BPPTg50D6, BPPTgC7 and 

BPPTgΔmreB. A) Loading standardised to protein concentration. B) Loading standardised to lipid concentration. 

DLS analysis of purified OMVs displayed that BPPTgC7 and BPPTg50D6 OMVs were slightly 

less diverse in size, with a smaller range of size distribution, an increased OMV diameter and 

a decreased polydispersion index (Figure 5.13). The opposite was observed in BPPTgΔmreB 

OMVs with a broader peak displaying increased proportions of smaller and larger OMV 

species. This was further highlighted by an increased polydispersion index when compared to 

PTg and the BPPTg50D6 and BPPTgC7 rpsA mutant strains. This analysis suggests that there 

may be a difference in the threshold of bleb size before OM pinching to release the OMV 

from bacterial surface.  
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Figure 5.13- Measurement of OMV populations by DLS analysis of purified OMVs from PTg, BPPTg50D6, 

BPPTgC7 and BPPTgΔmreB samples. A) Graph of Intensity of scattering (percent) vs Size (diameter in nm). B) 

Average diameter of OMV. C) Polydispersion index of samples. Data representative of three biological 

replicates. Error bars = Standard error of the mean. 

Having characterised OMV lipid and protein composition and OMV size, I wanted to 

accurately quantify OMVs purified from mutant culture supernatant by NTA. All three 

mutant strains had significantly increased levels of OMVs displaying that they all display a 

hypervesiculating phenotype (Figure 5.14). The BPPTgC7 rpsA mutant displayed the highest 

level of OMVs, however, there is no significant difference observed between all three strains 

analysed.  
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Figure 5.14- Quantification of OMVs in samples purified from PTg, BPPTg50D6, BPPTgC7 and BPPTgΔmreB by 

Nanoparticle tracking analysis (NTA). OMV concentration (particle/ml) graphed against sample. Bars labelled 

with mean value. Data representative of three biological replicates. **=p<0.01, One way ANOVA, Tukeys post-

hoc. Error bars = Standard error of the mean. 

As protein concentrations were observed to only be significantly increased in BPPTgΔmreB 

purified OMVs, with no significant increase in BPPTg50D6 or BPPTgC7 purified OMVs 

(Figure 5.10), I decided to analyse protein concentrations standardised to OMV numbers 

(Figure 5.14) to determine whether there was a significant change in protein concentration 

per OMV in the different hypervesiculating strains. To do this I standardised the protein 

concentration per ml to the number of particles per ml quantified by NTA analysis (Figure 

5.15).  This analysis displayed that there was significantly more protein per OMV in those 

purified from BPPTgΔmreB when compared those purified from PTg, BPPTg50D6 and 

BPPTgC7 strains.  
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Figure 5.15- Analysis of the ratio of protein (ng/ml) to number of OMV particles (million OMV particles/ml) in 

samples purified from PTg, BPPTg50D6, BPPTgC7 and BPPTgΔmreB strains. Protein quantification of purified 

OMVs by DC assay and NTA OMV quantfication data utilised to standrdise protein concentration to OMV 

number. Data representative of three biological replicates. **=p<0.01, ***=p<0.001, One way ANOVA, Tukeys 

post-hoc. Error bars = Standard error of the mean. 

5.1.3-Can transcriptomic analysis of rpsA mutants facilitate the identification of the 

mechanism of how rpsA truncation induces the hypervesiculating phenotype?- 

RpsA is a ribosomal protein that has been characterised to be involved in translation 

initiation, mRNA recognition, and trans-translation processes. RpsA is made up of six 

functional domains. GSK identified that truncation of the sixth domain at the C-terminus 

resulted in a hypervesiculating phenotype in deep well plate growth, that I have now verified 

in 50ml culture growth. As rpsA is not directly involved in OM stability I decided to utilise 

transcriptomic analysis to see if truncation altered gene expression of processes involved in 

OM biosynthesis or remodelling, which may result in OMV biogenesis. BPPTg50D6 and 
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BPPTgC7 mutant strains were grown in triplicate in parallel to PTg in BVG+ 50ml broth 

cultures. RNA for transcriptomic profiling was extracted at mid-Log growth phases. 

At this growth phase it was observed that in both the BPPTg50D6 transposon truncation 

mutant of rpsA and the confirmatory mutant BPPTgC7, two main BVG- associated pathways 

were significantly upregulated compared to PTg: capsule biosynthesis and flagellum 

biosynthesis (Figure 5.16, 5.17, 5.18 and 5.19, Table 5.1 and 5.2). Interestingly the 

differential expression of these two pathways is not accompanied by the upregulation of other 

BVG- regulons or the downregulation of BVG+ regulons, suggesting that truncation of rpsA 

has a direct effect on these two pathways independently of the BVG two component system. 

Flagellum biosynthesis displayed the highest level of upregulation in both BPPTg50D6 and 

BPPTgC7 mutant strains, with genes upregulated in flagella functional and structural 

apparatus; the membrane associated basal body (fliEFGHIJLMNOPQ operon), the flagellar 

hook (flgABCDEHIJKL operon), the filament (fliC and fliDST) and the stator (motAB) (Table 

5.1 and 5.2) (Macnab, 2003, Deme et al., 2020).  

 

Figure 5.16- Distribution of differentially expressed genes in BPPTg50D6 when compared to PTg. Red lines 

depict values of selection for differential expression Log2 Fold change > 2 or <-2, p <0.05 the Wald Test. 
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Figure  5.17– Grouping of differentially expressed genes in BPPTg50D6 when compared to PTg by COG 

category. 
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Table 5.1 – Genes upregulate in BPPTg50D6 in M (Cell envelope biogenesis) and N (Cell 

motility) COG categories.  

Gene Log2 Fold Change P value COG category Description Preferred name 

BP1399 2.10035 0.02673092 N Flagellar FliJ protein fliJ 

BP1620 2.123277 0.005969222 M glycosyltransferase NA 

BP1021 2.139439 0.008370908 N K RNA polymerase sigma factor for flagellar operon fliA 

BP1631 2.322576 0.042965071 M Capsular polysaccharide biosynthesis wcbA 

BP1408 2.338695 0.050130686 N flagellar protein fliT 

BP1394 2.515312 0.007199864 N Flagellar motor switch fliM 

BP1382 2.597314 0.009424719 N Flagellar hook-associated protein flgK 

BP1767 2.643939 0.003331538 MU cell adhesion phg 

BP1393 2.720148 0.006610608 N Flagellar motor switch fliN 

BP1383 2.733492 0.045866937 N Flagellin and related hook-associated proteins flgL 

BP1028 2.751697 0.005894138 NT Chemotaxis protein histidine kinase cheA 

BP1026 2.824694 0.009465753 N chemotaxis protein cheY 

BP1410 2.853269 0.004100331 N flagellar biosynthesis protein fliD 

BP1628 2.882657 0.005894138 M Polysaccharide biosynthesis/export protein wza 

BP1401 2.934841 0.007930497 N Flagellar biosynthesis type III secretory pathway protein fliH 

BP1367 3.016011 0.001744174 N flagellar biosynthesis protein flhA 

BP1625 3.137531 0.022573814 M COG3524 Capsule polysaccharide export protein kpsE 

BP1366 3.242218 0.004100331 N flagellar biosynthesis protein flhB 

BP1395 3.386072 0.014788399 N flagellar protein fliL 

BP1626 3.432173 0.008557043 M glycosyltransferase group 1 family wbpT 

BP1030 3.635268 0.009278591 NT Methyl-accepting chemotaxis protein tsr 

BP1402 3.674346 0.009465753 N flagellar rotation fliG 

BP1025 3.72493 0.000803151 N chemotaxis motB protein motB 

BP1029 3.760265 0.009465753 N chemotaxis protein cheW 

BP1379 3.851792 0.004507724 N flagellar protein flgH 

BP1403 3.866035 0.004507724 N The M ring may be actively involved in energy transduction fliF 

BP1381 3.927807 0.006884107 N Flagellum-specific muramidase, peptidoglycan hydrolysis flgJ 

BP1377 3.99871 0.004080618 N flagellar basal body rod flgF 

BP1627 4.100319 0.012836678 M Vi biosynthesis protein vipC 

BP1024 4.17477 0.002315311 N chemotaxis motA protein motA 

BP1405 4.203348 0.015954424 M Flagellar regulator YcgR ycgR 

BP1380 4.262732 0.004100331 N flagellar scaffolding protein flgI 

BP1378 4.27317 0.004063799 N flagellar basal body rod flgG 

BP1376 4.610043 0.001744174 N Flagellar hook protein FlgE flgE 

BP1375 4.744591 0.001553223 N flagellar scaffolding protein flgD 

BP1374 4.777041 0.001257271 N Flagellar basal body rod flgC 

BP1373 5.144899 0.001553223 N Structural component of flagellum flgB 
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Figure 5.18- Distribution of differentially expressed genes in BPPTgC7 when compared to PTg. Red lines depict 

values of selection for differential expression Log2 Fold change > 2 or <-2, p <0.05 the Wald Test. 
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Figure 5.19- Grouping of differentially expressed genes in BPPTgC7 when compared to PTg by COG category. 
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Table 5.2- Genes upregulate in BPPTgC7 in M (Cell envelope biogenesis) and N (Cell 

motility) COG categories.  

Gene Log2 Fold Change p value COG category Description Preferred name 

BP1404 6.599912 0.004798 N Flagellar hook-basal body fliE 

BP1373 5.977433 2.99E-06 N Structural component of flagellum flgB 

BP1627 5.502548 8.30E-07 M Vi biosynthesis protein vipC 

BP1374 5.402011 6.34E-06 N Flagellar basal body rod flgC 

BP1375 5.164882 2.97E-05 N flagellar scaffolding protein flgD 

BP1376 4.935167 2.99E-06 N Flagellar hook protein FlgE flgE 

BP1024 4.909779 2.11E-05 N chemotaxis motA protein motA 

BP1378 4.763034 9.80E-06 N flagellar basal body rod flgG 

BP1405 4.720438 0.000675 M Flagellar regulator YcgR ycgR 

BP1380 4.627254 2.80E-05 N flagellar basal body rod flgI 

BP1403 4.569948 2.99E-06 N flagellar M ring fliF 

BP1626 4.497171 5.90E-06 M glycosyltransferase group 1 family wbpT 

BP1377 4.359187 5.29E-05 N flagellar basal body rod flgF 

BP1379 4.301249 3.30E-05 N Flagellar L-ring flgH 

BP1025 4.280911 2.99E-06 N chemotaxis motB protein motB 

BP1395 4.267519 7.20E-07 N flagellar protein fliL 

BP1629 4.247665 0.000125 M UDP-glucose GDP-mannose dehydrogenase  wbpO 

BP1029 4.128038 0.000318 N chemotaxis protein cheW 

BP1381 4.087406 4.94E-06 N Flagellum-specific muramidase flgJ 

BP1625 4.037282 7.90E-05 M Capsule polysaccharide export protein kpsE 

BP1030 3.94035 1.06E-06 NT Methyl-accepting chemotaxis protein tsr 

BP1402 3.927034 2.10E-06 N flagellar rotation protein fliG 

BP1628 3.805418 7.29E-06 M Polysaccharide biosynthesis/export protein wza 

BP1406 3.741722 0.001272 N Flagellar biosynthesis protein flhB_1 

BP1366 3.646071 7.00E-06 N export apparatus of flagellin flhB 

BP1410 3.51483 4.94E-06 N flagellar filament  fliD 

BP1367 3.48148 6.86E-06 N flagellar biosynthesis protein flhA 

BP1401 3.297102 0.001202 N type III secretory pathway protein fliH 

BP1631 3.248903 4.94E-06 M biosynthesis of a cell envelope polysaccharide,  wcbA 

BP1618 3.137389 0.000324 M Vi polysaccharide biosynthesis protein tviD tviD 

BP1026 3.041524 6.96E-05 N chemotaxis protein cheY 

BP1624 3.021075 0.000784 GM ATPases  kpsT 

BP1383 3.015733 3.51E-05 N Flagellin and related hook-associated proteins flgL 

BP1393 3.004241 3.24E-05 N Flagellar motor switch fliN 

BP1767 3.001332 7.00E-06 MU cell adhesion phg 

BP1620 2.937151 3.79E-05 M glycosyltransferase NA 

BP1028 2.936367 2.86E-05 NT Chemotaxis protein histidine kinase  cheA 

BP1394 2.913948 3.09E-05 N Flagellar motor switch fliM 

BP1382 2.865263 0.000184 N Flagellar hook-associated protein flgK 

BP1392 2.834122 0.001302 N flagellar protein fliO 

BP1371 2.78625 1.22E-05 N Anti-sigma-28 factor, FlgM flgM 

BP1021 2.773167 2.47E-05 N K RNA polymerase sigma factor for flagellar operon fliA 

BP1372 2.771921 1.27E-05 N flagellar P-ring.  flgA 

BP1408 2.679488 0.001861 N flagellar protein fliT 

BP1409 2.339187 0.000109 N Flagellar protein FliS fliS 

BP1368 2.313628 0.04725 N flagellar biosynthesis protein flhF 

BP1399 2.281694 0.00183 N Flagellar FliJ protein fliJ 
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5.2-Discussion 

Through this experimental work I have characterised the vesiculation phenotype induced 

upon mre/mrd mutation in both BP536 and PTg B. pertussis strains. 

The BP536ΔmreC strain had significant increases in lipids in culture supernatant during deep 

well plate and 50ml culture growth (Figure 5.1, 5.2 and 5.3). This increase in lipid structures 

was further supported by an increase in protein concentrations in purified OMVs (Figure 5.3). 

These structures were verified to be OMVs via visualisation by electron microscopy, and 

accurately quantified by NTA, which proved that mreC mutation induced a hypervesiculating 

phenotype in BP536 B. pertussis (Figure 5.4 & Figure 5.7).  

In the PTg background introduction of the mreB mutation was also found to induce a 

hypervesiculating phenotype, with significant increase in lipids and proteins in OMVs 

compared to PTg OMVs (Figure 5.9 and 5.10). When compared to rpsA mutants BPPTg50D6 

and BPPTgC7, lipid structures were at a comparable level but only the mreB mutation resulted 

in significantly increased levels of protein. This was further highlighted upon standardising to 

number of particles per ml with BPPTgΔmreB OMVs displaying significantly increased 

protein concentrations per million OMVs when compared to PTg, BPPTg50D6 and BPPTgC7 

purified OMVs (Figure 5.15). This finding suggest BPPTgΔmreB OMV antigens could be 

promising as vaccine antigen, as enriched protein composition of OMV may be beneficial in 

inducing a protective immune response. However, to verify this further analysis will be 

required to determine whether proteins increasing in concentrations are protective antigens on 

the OMVs OM surface, and not internalised proteins with no protective effect. 

Perturbations in OM stability have previously been observed to induce hyper vesiculating 

phenotypes in B. pertussis and other gram-negative bacteria, with knockout of in integral 

crosslinking proteins and alteration of OM phospholipid symmetry resulting in 

hypervesiculation phenotypes (de Jonge et al., 2022a, de Jonge et al., 2022b). However, this 

is the first time that disruption of PG biosynthesis has been characterised to induce a 

hypervesiculating phenotype. This may be due to the fact elongasome PG biosynthesis 

mechanisms are essential in many gram-negative bacterial species. Therefore, the ability to 

knockout elongasome PG biosynthesis to induce a hypervesiculating phenotype may be 

specific to B. pertussis. 

As these OMVs would hypothetically be utilised in a novel vaccine it is important to 

characterise OMV morphology and antigen profiles. I looked at whether OMV size was 
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effected in hypervesiculating mutant strains. OMV size could contribute to their effectiveness 

as novel vaccine antigens. Studies have displayed that particle size can contribute to 

localisation of particles within the body, rate of uptake by immune cells and immune 

response induction. Firstly, particle size has been shown to be a determining factor in where 

particles ends up in the body, with large particles of greater than 1µm being observed to 

accumulate in capillaries, which can cause dangerous side effects such as thrombosis (Benne 

et al., 2016). Particles of ~100nm dissipate at a quicker rate from circulation (Epstein-Barash 

et al., 2010). This is thought to be due to particles of this size being taken up more readily by 

circulating immune cells. This was verified by the comparative analysis of the rate of uptake 

of 80nm and 100nm liposomal particles, in which the 80nm particles persisted significantly 

longer in circulation. Particle size has also been displayed to be an important contributor to 

immune induction, with larger particles of 200nm displaying a more robust cytokine response 

when compared to smaller ~80nm liposomes (Epstein-Barash et al., 2010, Shima et al., 

2013). Overall, this work suggests that OMVs of a size range of ~100nm-200nm could be 

optimum for vaccine antigens because they display more effective induction of immune 

responses.  

DLS analysis displayed that BP536ΔmreC and BPPTgΔmreB OMVs were more polydispersed 

with an increased number of OMVs in larger and smaller OMV populations (Figure 5.6 and 

5.13). However, average OMV size was not drastically altered when compared to BP536 and 

PTg OMVs respectively, displaying that despite increased number of smaller and larger 

OMV populations the majority of OMVs produced are of a similar size. BPPTg50D6 and 

BPPTgC7 strains OMVs conversely displayed a less polydispersed population suggesting 

OMV blebbing and release was more uniform than in PTg.  Overall, this analysis displayed 

that the hypervesiculating mutations did not greatly alter OMV morphology, with the average 

OMV diameter falling between 90-110nm for all strains.  

Another key characteristic of OMVs that contributed to their feasibility as vaccine 

components is the presence of wildtype OM antigens. OMVs purified from B. pertussis 

cultures have been displayed to be protective in murine models (Zurita et al., 2019). 

Therefore, OMVs generated by hypervesiculating strains would ideally display wildtype 

antigen profiles on the OMV surface. SDS page analysis displayed that BP536ΔmreC, 

BPPTgΔmreB and BPPTgC7 OMVs displayed the same pattern of proteins as wildtype OMVs 

with only a change in protein intensity being observed in some of the mutant strains (Figure 

5.5 and 5.12). Interestingly in the BPPTg50D6 rpsA mutant strain an alteration in the protein 
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pattern was observed along with changes in protein intensity suggesting OMVs from this 

hypervesiculating strain may have an alternate antigen profile to protective OMVs purified 

from B. pertussis wildtype (Figure 5.12). Therefore, OMVs from BPPTg50D6 may not evoke 

as broad and protective immune response as OMVs from other hypervesiculating strains. 

During this body of work, I did not utilise immunoblotting to identify known B. pertussis 

antigens. 

In BP536ΔmreC OMVs no proteins were observed to be enriched when compared to BP536 

wildtype (Figure 5.5). However, in BPPTgΔmreB OMVs a ~27kDa, ~70kDa, and~90kDa 

protein species are enriched suggesting there may be an alteration in OMV antigen profiles 

(Figure 5.12). What these protein bands correspond to is unable to be eluded without 

proteomic or immunoblotting analysis as many OM proteins have sizes comparable to these 

bands. 

The transcriptomic profiling of BPPTgC7 and BPPTg50D6 strains identified flagella 

biosynthesis mechanisms to be highly upregulated in the mutant strains (Figure 5.16, 5.17, 

5.18, and 5.19, Table 5.1 and 5.2). In previous studies of motile B. pertussis, flagellum 

biosynthesis was characterised by the expression of ~40kDa flagellin protein. In BPPTg50D6 

and BPPTgC7 OMVs one of the most highly enriched protein is around ~40kDa suggesting 

flagellin may be expressed on purified OMVs from these strains (Figure 5.12).  

In B. pertussis, flagellum and capsule biosynthesis are BVG- induced responses. Interestingly 

in the rpsA mutant strains these classically BVG- induced responses have been shown to be 

significantly upregulated during BVG+ broth culture. As the BVG- regulon is not expressed 

during B. pertussis infection, no BVG- OM antigens are included in the current vaccine 

regimen. As flagellum associated motility and capsule biosynthesis are not known to be 

important in the natural course of B. pertussis infection, their presence in OMVs may be 

detrimental to the ability of the vaccine to protect against B. pertussis. This is because both 

capsule and flagella components are highly immunostimulatory in other gram-negative 

bacteria, therefore their presence as OMV antigens may direct a substantial proportion of the 

immune response towards antigens not expressed during B. pertussis infection (Wilson et al., 

2008, Mizel and Bates, 2010, Hajam et al., 2017). However, as I have not directly verified the 

presence of either capsule or flagellin antigens on OMVs produced by rpsA mutants, I cannot 

conclusively say that characterised transcriptomic changes have altered OMV antigen 

profiles. 
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Transcriptomic analysis of BP536ΔmreC during broth culture displayed only mreC to be  

differentially expressed (Figure 4.20). This suggests that BP536ΔmreC strains display 

wildtype gene expression and therefore OMVs produced by these strains may display the 

same antigens as wildtype OMVs which have previously characterised as protective. Whether 

this lack of transcriptomic change is mirrored in the BPPTgΔmreB strain is yet to be 

determined, with the enrichment of different proteins observed by SDS-page of OMVs 

suggesting there may be changes to gene expression. 

The transcriptomic analysis of the rpsA mutant strains could elucidate the mechanism of 

OMV biogenesis induced by truncation of rpsA, as there was no direct link with alteration of 

ribosomal proteins to OM stability. Transcriptomic analysis identified two pathways which 

were highly upregulated upon rpsA truncation both in the BPPTg50D6 transposon mutant and 

the BPPTgC7 confirmatory mutant (Figure 5.16, 5.17, 5.18, and 5.19, Table 5.1 and 5.2). 

These were capsule and flagella biosynthesis pathways both of which have been previously 

characterised as BVG- associated. Interestingly the upregulation of these two classical BVG- 

pathways does not appear to be due to a shift to the BVG- regulon in the rpsA mutant strains. 

This is displayed by the fact that there is no change in the expression of the BVG+ virulence 

associated genes between PTg and the rpsA mutant strains. How these BVG- regulated 

pathways come to be upregulated during BVG+ broth growth of the rpsA mutant strains is 

unclear. 

Capsule biosynthesis is not well understood in B. pertussis, with initial research suggesting B. 

pertussis to be un-encapsulated with only recent studies alluding to a microcapsule being 

present during BVG- growth (Hoo et al., 2014, Neo et al., 2010). To date there has been no 

link between increased capsule biosynthesis and OMV biogenesis in any gram-negative 

bacteria.  

Flagellum biosynthesis is also not well understood in B. pertussis. B. pertussis is thought to 

be a nonmotile bacteria which was further supported by a stop codon interrupting the coding 

sequence of  flhA, a gene which is key in flagellar biosynthesis due to its role in export of the 

flagellum filament component (Parkhill et al., 2003). However, motility has been observed in 

some B. pertussis strains under BVG- modulating conditions, but this motility is yet to be 

verified as flagellum dependent (Hoffman et al., 2019).  Interestingly a study in E. coli 

identified OMVs produced to contained abundant levels of FliC in the OMV lumen. Null 

mutants of both fliC and flgK were observed to produce lower levels of OMV in culture 
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supernatant suggesting a link between flagellar biosynthesis and OMV production (Manabe 

et al., 2013). In Vibrio fischeri similar findings were observed, with flagellum biosynthesis 

being found to be inherently linked with OMV biogenesis (Aschtgen et al., 2016). However, 

the exact mechanism of how flagellar biosynthesis relates to OMV production is unclear. 

As FliC was found to be enriched in OMV lumen it suggests that the presence of flagellar 

proteins in the bacterial periplasmic space is important in OMV production, not their 

presentation on the bacterial surface (Manabe et al., 2013). In B. pertussis Tohama I 

derivative strains such as BP536 and PTg this accumulation may be exaggerated by the fact 

that the key transporter flhA is truncated by an internal stop codon (Parkhill et al., 2003). 

From this body of work, it suggests that the hypervesiculating phenotype induced by rpsA 

truncation could be due to the upregulation of flagellum biosynthesis observed in 

transcriptomic analysis. The fact that enrichment of a ~40kDa protein is observed in purified 

OMVs from these strains further supports this, as this is the correct size for flagellin (Figure 

5.12). However, direct verification of flagellin presence is yet to be carried out. 

Another potential mechanism for flagellum biosynthesis induced hypervesiculation is the 

increased expression of flgJ, a PG muramidase, which is involved in the hydrolysis of PG at 

the site of flagellum assembly (Hirano et al., 2001). As shown in mre/mrd mutant strains, 

disruption or alteration of the PG sacculus can induce a hypervesiculating phenotype. 

Therefore, high levels of expression of a PG muramidase could play a role in the 

hypervesiculation observed in the rpsA mutant strains. 

It also worthy to note that the hypervesiculating phenotype could be pleotropic with 

flagellum biosynthesis only partly being responsible. The fact that rpsA plays a role in protein 

biogenesis via translational regulation means that transcriptomic analysis may not directly 

correspond to protein profiles as translation of mRNA may be altered. It would be interesting 

to do proteomic analysis of rpsA mutant strains in the future to analyse whether truncation 

alters the synthesis of proteins involved in OM stability and therefore OMV biogenesis. 

5.3-Conclusions 

It was hypothesised that mre/mrd mutations would result in a hypervesiculating phenotype as 

reduced OM stability has been inherently linked to OMV biogenesis. Quantification through 

indirect and direct methods displayed that this was indeed the case, displaying mre/mrd 

mutants as hypervesiculating mutant strains. rpsA mutant strains also displayed 
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hypervesiculating phenotypes with no significant difference in vesiculation levels between 

BPPTgΔmreB and the rpsA mutant strains. 

Characterisation of size distribution and antigen composition of OMVs produced by 

BPPTgΔmreB and rpsA mutants, displayed OMVs produced by BPPTgΔmreB to be promising 

candidates for vaccine antigens with comparable antigen profiles to wildtype and optimal size 

for uptake by immune cells. In the future it would be relevant to do more robust 

characterisation of OMV protein compositions to verify the presence of key vaccine antigens.  

Transcriptomic analysis of rpsA mutant strains to try and elucidate the mechanisms of OMV 

biogenesis displayed enrichment of BVG- associated pathways, capsule and flagellar 

biosynthesis. Flagellin accumulation in the bacterial periplasm has been previously identified 

to induce OMV biogenesis and may be the mechanism of hypervesiculation induced by rpsA 

truncation. In the future determination of the presence of flagellin in the purified OMVs from 

the rpsA mutant strains would aid to validate its proposed role in the hypervesiculating 

phenotype induced. 
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6- Conclusions and future directions. 

Characterisation of the effect of mre/mrd mutation on B. pertussis- 

Characterisation of the effect of the loss of elongasome PG biosynthesis on bacterial growth 

displayed that the mre/mrd operon was conditionally essential dependent on the activation 

state of the BVG two component system and the culture medium. Under nonessential growth 

conditions mutants grew comparably to wildtype, suggesting that bacterial viability wasn’t 

altered upon the loss of elongasome PG biosynthesis despite clear alterations in bacterial 

morphology. Despite a significantly increased periplasmic area being induced upon 

elongasome loss, the OM of mutant strains was observed to tolerate detergent treatment 

comparably to wildtype.  

Overall, this work displays that the loss of elongasome PG biosynthesis results in 

morphological changes to the overall shape of the bacterium and the membrane architecture. 

However, these changes don’t result in a reduction of bacterial viability. In the future it 

would be interesting to further analyse the cell wall characteristics of the mutant strains to 

determine whether its functionality is altered upon elongasome PG biosynthesis loss. 

It would be relevant to characterise the ability of mutant strains to tolerate growth in 

mediums of increasing osmolarity, to determine whether osmotic stability is perturbed upon 

the loss of elongasome PG biosynthesis, as this is a phenotype observed in mreB mutant E. 

coli strains. It would also be interesting to determine whether the minimum inhibitory 

concentration (MIC) of cell wall targeting antibiotics, such as vancomycin, is altered in 

mutant strains. A decreased MIC in mutant strains would elude to an increased reliance on 

alternate PG biosynthesis mechanisms to maintain the PG sacculus. 

Identification of the mechanisms of tolerance to the loss of elongasome PG biosynthesis- 

Tolerance of the loss of elongasome PG biosynthesis, despite morphological and architectural 

changes to the bacterial envelope, is a novel phenotype in B. pertussis. Differential 

expression analysis of B. pertussis transcriptomes, between viable and unviable growth 

conditions, facilitated the investigation of mechanisms of tolerance to mre/mrd knockout. 

The mechanism of BVG induced tolerance of the loss of the elongasome during in vitro plate 

growth is yet to be determined. Analysis displayed during the BVG+ plate growth, where 

mutants are viable, adhesin expression was significantly increased. Increased adhesin 

expression may facilitate BVG+ induced tolerance to mre/mrd mutations through stronger 
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bacterium-plate and bacterium-bacterium interactions. However, this hasn’t been investigated 

experimentally. In the future it would be interesting to analyse the potential link between 

increased expression of bacterial adhesins and tolerance of mre/mrd mutation by targeted 

mutagenesis of a number of key bacterial adhesins, such as FHA, FIM2/3 and OmpQ, and 

analysing the result of the loss of adhesin expression on mutant viability in plate growth 

conditions.  

The medium induced mechanism of tolerance was partially elucidated by this body of work. 

Transcriptomic analysis of BVG- broth vs plate growth identified the ability for B. pertussis 

to uptake the osmoprotectant betaine glycine as highly upregulated during broth growth. 

From this finding we hypothesised that the tolerance of mre/mrd knockout induced upon 

broth culturing may be due to the bacterium having an increased ability to regulate its 

osmolarity through betaine glycine uptake. This was displayed to be partially true as 

supplementation with betaine glycine restoring mre/mrd mutant BVG- plate viability, 

suggesting osmotic instability to play a factor on BVG- plate induced mre/mrd mutant death. 

However, this does not appear to be the sole mechanism of tolerance induced during broth 

culture growth as mreB mutants displayed no loss of viability in broth upon the knockout of 

this betaine uptake system. The future directions of this work would proceed in two 

directions. Firstly, it would be interesting to probe other potential mechanisms of tolerance 

induced upon broth growth such as capsule biosynthesis. Secondly it would be interesting to 

determine whether betaine supplementation facilitates tolerance of mre/mrd knockout in other 

gram-negative bacterial species and whether these strains display a hypervesiculating 

phenotype. This study would have relevance to the development of OMV based vaccines 

against other gram-negative bacteria. 

Utilising comparative transcriptomic analysis of wildtype and BP536ΔmreC gene expression 

during BVG+ broth growth we observed that there was remarkably little difference between 

their transcriptomes, suggesting that mutation of mreC is inherently tolerated in B. pertussis 

without the induction of stress response related to OM instability. It would be interesting to 

determine whether this is the case during BVG- broth growth or whether a transcriptomic 

alteration is required for tolerance. 

B. pertussis hypervesiculating mutants and their relevance to vaccine development- 

In this body of work, we have characterised the hypervesiculating phenotypes of strains in 

which the mre/mrd operon, or RpsA, was mutated. Analysis displayed that all strains had a 
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significant increase in OMV production, producing OMVs of an optimum size for immune 

cell uptake. Therefore, this body of work has verified two novel mechanisms for induction of 

a hypervesiculating phenotype in B. pertussis via mutagenesis of the mre/mrd operon, or 

truncation of rpsA. As antigen profiling of these OMVs was done by SDS page analysis it 

would be interesting in the future to directly identify and quantify the specific antigens 

present on OMVs utilising proteomic techniques. This investigation would be especially 

relevant to for the OMVs produced by the rpsA mutant strains, as transcriptomic analysis 

suggested increased expression of the flagellum biosynthesis pathway during culture. 

Whether this increased expression correlates to increased flagellar assembly on the bacterial 

OM is yet to be verified in B. pertussis. Once OMV antigenic profiles are determined it 

would be interesting to utilise OMVs produced by these mutant strains as vaccine 

components in animal challenge models to assess their efficacy. 

Transcriptomic investigation of the mechanisms of OMV biogenesis induced by rpsA 

truncation. highlighted enrichment in capsule and flagellar biosynthesis pathways expression 

as potential inducers of OMV biogenesis. In the future it would be interesting to determine 

the contribution of these pathways to OMV biogenesis via the quantification of OMVs 

produced by wildtype B. pertussis upon the overexpression of capsule and flagellar 

biosynthesis. As RpsA is a ribosomal protein there is also potential for translational 

alterations being key in the induction of the hypervesiculating phenotype. Therefore, it would 

be valuable to analyse the proteome of the rpsA mutant strains to determine whether any 

proteomic changes occur upon rpsA truncation and whether these changes could alter OM 

stability and therefore induce OMV biogenesis. 
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