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Abstract 

It is known that under stress conditions Campylobacter jejuni can change morphology 

from a characteristic spiral to coccoid form (CF). Genetic and biochemical mechanisms of 

CF formation (CFF) in C. jejuni remain unclear, however cell shape maintenance in other 

microorganisms is known to be genetically determined. 

The focus of this study is the functional analysis of spoT and amiA genes in C. jejuni. 

Inactivation of the spoT gene stimulated CFF in strain 11168H and 81116, but the direct 

role of this gene in CFF is unclear due to the pleiotropic effects of spo T mutation. The 

amiA gene, encoding a putative peptidoglycan amidase, is involved in CFF in the closely 

related bacterium H pylori. Comparative genomics studies revealed conservation of the 

amiA gene clusters among diverse bacteria. Amino acid sequence analysis of AmiA 

orthologs suggests a possible dual function of these proteins due to high variability in their 

N-terminal domains, as opposed to high conservation of the C-terminal domains 

responsible for amidase activity. 

The inactivation of this gene in H pylori affected the accumulation of a dipeptide motif 

peptidoglycan unit suggesting additional (peptidase) activity of this enzyme. In contrast to 

H pylori, attempts to inactivate amiA in C. jejuni strains 11168H and 81116 proved 

unsuccessful suggesting the gene is essential for bacterial viability. Over expression of C. 

jejuni ArniA in E. coli resulted in decreased viability due to loss of membrane integrity as 

revealed by BacLight LIVEIDEAD staining. C. jejuni AmiA overexpression also lead to a 

change in the E. coli muropeptide profile compared to native levels. 

Results suggest that, similar to AmiA proteins in other bacteria, AmiA of C. jejuni may 

also be involved in peptidoglycan maintenance and in CFF. 
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1.0. Introduction 



Some bacteria have a classical rod shaped morphology, yet there have been descriptions of 

these organisms altering their morphology, varying in size and membrane structure. 

Despite many bacterial genera and species being named after their shape, bacterial 

morphology is not static in all organisms. In some cases, the morphology of many bacteria 

like Escherichia coli or Bacillus subtilis is in a changing state dependent on the 

environmental conditions, such as external physical pressures or growth of the organism. 

These changes may be in response to temperature variations, nutrient availability, presence 

of antibiotics, toxins, chemicals and other stress factors. This project looks further into 

morphology transition of the persistent albeit fastidious paradoxical organism, 

Campylobacter jejuni. 

1.1. Campylobacteraceae 

Campylobaeter are described as mostly spiral rods that can vary in size between 0.5 J.1m 

and 5 J.1m long and 0.2 J.1m and 0.8 J.1m wide (Debruyne et al., 2008). E. eoli size ranges 

between 2.0 to 6.0 J.1m long and 1.1 to 1.5 J.1m wide, showing Campylabaeter to be a 

generally smaller organism and to have similar size variations to E. eali (Prescott et al., 

1996). 

Campylabaeter cells vary in size, appearance and other features. Most species of 

Campylabaeter are motile and possess flagella; some are either uni- or bi- flagellated like 

C. jejuni, although there are some subspecies that are multiflagellated like C. showae. C. 

gracilis and C. hominis have been described as non-motile (Debruyne et al., 2008; 

Vandamme & de Ley, 1991). 
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1.2. Campv/obaeter jejuni (C jejuni) 

The first descriptions of Campylobacter were in 1886 by Heinrich Escherich and originally 

was called Vibrio fetus. The bacterial species was reclassified in 1994 as a subspecies of 

Campylobacteraeeae. 

C. jejuni is a Gram-negative, flagellated, spiral member of the delta-epsilon proteobacteria 

group. This species is microaerophilic, capnophilic, and thermophilic with optimal growth 

temperature ranging from 37°C to 42°C and it has been documented previously that C. 

jejuni is unable to grow at temperatures below 30°C (Kelly et al., 2001). 

C. jejuni is well known for its fastidious growth requirements within a laboratory setting, 

requiring specific growth temperatures and complex media. The medium to support 

Campylobacter cultures requires reactive oxygen species (ROS) quenchers such as blood 

and pyruvate due to the microaerophilic nature of the organism (Chou el al., 1983; 

Chynoweth et al., 1998; Verhoeff-Bakkenes el al., 2007; Verhoeff-Bakkenes el al., 2008). 

Despite the fastidious growth requirements in the laboratory environment, C. jejuni is the 

greatest cause of bacterial food borne illness to humans in the world, more so than Shigella 

and Salmonella combined (Murphy el al., 2006; Verhoeff-Bakkenes, 2008). 

1.3. C. jejuni genome 

The first C. jejuni genome that was sequenced was C. jejuni NCTC 11168 by Parkhill el 

al. (2000); this was subsequently reannotated by Gundogdu el al. in 2007. According to the 

sequencing of C. jejuni NCTC 11168, it has a low GC content of approximately 30% and 

has been predicted to encode for 1,643 proteins (Gundogdu et al., 2007). The reannotation 
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of C. jejuni NCTC 11168 led to a reduced total number of coding sequences, from 1654 to 

1643 and 18.2% of coding sequence product functions to be revised. Along with the lack 

of repeat sequences, insertion sequences and phage associated sequences, it was shown that 

C. jejuni has hypervariable sequences, which are short homopolymeric nucleotide 

sequences. C. jejuni NCTC 11168 has a low level of redundancy and non-coding 

sequences as it was determined that 94.3% of the genome coded for proteins. According to 

NCB I, there are 17 complete whole genome sequences for C.jejuni strains as of February 

2014; the most recently fully sequenced strain is C.jejuni PT14 (Brathwaite et al., 2013). 

Currently there are 77 C. jejuni strain chromosome sequences in draft or incomplete form. 

1.4. Clinical manifestations and the diseases caused by C. jejuni 

C. jejuni is the aetiological agent of campylobacteriosis, an acute infection recognised by 

the symptoms of watery to bloody diarrhoea, general malaise, fever, nausea and vomiting 

(Butzler & Skirrow, 1979). Reports of an infectious dose have been shown to be a result of 

as few as 500 organisms (Robinson, 1981). Due to its self-limiting nature, it can be fatal to 

the immunocompromised, the very young, or the elderly. C.jejuni infection can also lead 

to such-complications as reactive arthritis, inflammatory bowel syndrome and Guillian

Barre syndrome (GBS), an autoimmune disease which causes temporary paralysis due to 

oligosaccharide mimicry (Rhodes & Tattersfield, 1982). 

1.5. Epidemiology 

Despite the fastidious nature of Campylobacter, the rates of Campylobacter cases have 

been continually increasing, becoming an emerging problem over the past decade. The 
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prevalent nature of C. jejuni as bacterial gastrointestinal pathogen causing 72,571 reported 

cases in the UK in 2012 according to Food Standards Agency (FSA) is paradoxical to the 

fastidious growth requirements within the laboratory, unlike other food-borne pathogens. 

According to Public Health England the rates of reported cases of Campylobaeter infection 

increased every year between 1989 and 2000, and from 2004 onwards, with the most 

common agent, C. jejuni, becoming a public health and economic concern (Figure 1.1). 

However, due to the lack of reporting, the self limiting nature, short disease periods, and 

the lack of testing, the true number of cases is unknown but is estimated to be much greater 

than those reported. The economic impact of Campylobaeter infections can be great. In 

1995, the annual total cost from Campylobaeter, including GBS and campylobacteriosis, 

in medical care and lack of productivity due to inability to work was estimated to cost the 

US economy $1.5-8 billion; this does not include long-term care for GBS patients (Buzby 

et al., 1997; Akobundu et al., 2006). In 2013, the estimated costs of campylobacteriosis in 

the UK were £900 million out of the total £ 1.5 billion costs of all foodborne infections 

according to a recent FSA Open Board report (2013). The average medical cost for long 

term sequelae (not including secondary complications such as GBS) is £314 per case, in 

accordance with 1995 costs and the FSA report of Infectious Intestinal Disease (110) 

(2000) whilst more recent estimated costs of Campylobaeter infections in the US including 

long term sequelae to be $8,901 per case (Scharff, 2010). 

However, this may not be a true reflection of the costs of Campylobaeter infection as Tam 

et al., (2003) stated, Campylobaeter-associated GBS can be up to 10 times greater than 

predicted. The increasing rates of infections from 2004 to the present time and the 

underreporting of cases may suggest that the economic implications are much higher than 

originally assumed. 
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Figure 1.1. Reported cases of Campy/obaeter infections per year from 2000-2010 in England and Wales according to the Health Protection Agency 
Centre for Infections. 
Over the decade the reported cases have increased dramatically from 50,000 in 2009 to 65,000 in 2011. Image was taken from the HPA Campylobacter 

Epidemiology website page (http://www.hpa.org.ukITopics/lnfectiousDiseases/lnfectionsAZ/Campylobacter/EpidemiologicaIData/campyDataEw/) 
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1.6. Campv/obaete,. morphology 

Ng et al., (1985) described many morphologies of C. jejuni ranging from 'seagull like 

shape, s shaped, curved.' This was relating to the varying curvature of the cells. 

Campylobacter cells have also been described as filaments, doughnuts and straight rods, 

which are not considered classical Campy/obaeter morphologies (Ng et a/., 1985). Early 

classification and taxonomic naming of microorganisms was based on morphology. The 

name Campylobaeter is derived from the Greek meaning curved rod, however it has been 

noted that the organism can convert to a round, spherical shape or a coccoid form (CF). 

The CF morphology was first described for C. jejuni in 1962 (Ogg, 1962) and despite 

decades of research there still has not been full elucidation of the biological role of this 

morphology. 

1.6.1. Characteristics of coccoid morphology 

C. jejuni coccoid cells have been shown by previous studies to have various characteristics 

besides the obvious feature of their shape. Despite the presence of flagella, coccoid cells of 

C.jejuni have been shown to be non-motile and exhibit no movement of the flagella 

(Moran & Upton. 1986; Boucher et a/., 1994). The typical corkscrew rod morphology 

allows for smoother movement and motility itself within the mucous membrane of the 

gastrointestinal tract (Ferrero & Lee, 1988; Park, 2002), therefore the spherical coccoid 

morphology could be the cause oflack of motility. An alternative theory is that the CF 

non-motility is due to the inability of the cells to produce or maintain energy required for 

flagella movement despite retaining flagella (Moore, 2001). 
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Electron microscopy (EM) images have revealed that the size range and the shape of the 

CF cells can also vary to a great extent with the diameter ranging from 0.1 to Illm (Ng et 

al., 1985; Rollins & Colwell, 1986). Whilst the rod spiral cells are stained typically as 

Gram-negative bacteria, coccoid cells are unable to retain the same amount of counter 

stain, such as safrarln or carbol fuchsin, due to differences within the cell wall structure 

(Moran & Upton, 1986; Svensson et al., 2008). This could be linked with other studies 

where it was observed that CF membranes lacked structural integrity, and were thus 

described as having 'leaky' walls, leading to reduced levels of nucleic acids, peptides and 

superoxide dismutase found within the cells (Moran & Upton, 1986; Boucher et al., 1994). 

These findings suggested that CF cells are undergoing autolysis (Buck et al., 1983) and the 

morphology was representative of a degenerative form of the bacteria. However this was 

found to be conflicting with EM images that show no signs of autolysis in any CF (Merrell 

et al., 1981). The conflicting results with the same morphology may be due to different 

types of stress conditions which have caused induction of CF formation. Characteristics 

like changes in cell wall integrity have a greater relationship to the conditions of CF 

induction (described in further detail in section 1.7). 

1.6.2. Reporting the (o((oid morphology 

After the original study in 1962 (Ogg, 1962) showing the presence of C. jejuni CF 

structures, there were no publications on the subject again until the 1980s. Due to potential 

findings of morphological induction of viable but non culturable states in 1994, the 

phenomenon of CF formation generated increasing interest in the latter half of the 1990' s 

and the 2000's (Figure 1.2) (Ikeda & Karlyshev, 2012). However, more recently the 

interest in CF C. jejuni has declined, mostly due to speculation that these and similar forms 
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in Helicobacter pylori are degenerative forms of the bacteria (Kusters et al., 1997). Even 

the sequencing of the first C. jejuni genome in 2000 (Parkhill et al .• 2000) did not increase 

research publications in the field of CF research. 
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Figure 1.2. The annual rate of publications according to the Web of Science (WoS) regarding CF witbin Campylobacter and Helicobacter. 
Keyword combination "coccoid AND (Campy/abaeter OR Helicabaeter)" was used for search using WoS website. Image was taken from Ikeda & Karlyshev 
(2012). The following time points are marked by arrows: 1) the first mentioning ofCF ofCampylabaeter spp. (Koike, 1982) 2) The interest to these forms 
received a burst after a publication suggesting that CF are dormant but viable cells (Ursing, 1994) 3) Publication of an article suggesting that CF of 
Helieabaeter is a "morphologic manifestation of cell death" (Kusters, 1997) 4) Publication of the first Campylabaeter genome sequence (Parkhill et al., 
2000). The first article on CFF was published by Ogg, 1962. 
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1.7. Stimuli ofCF induction 

1.7.1. Temperature 

Temperature has been shown to have a dramatic effect on the rate ofCF formation (CFF) 

and also the 'type' of coccoid cells that are formed (Hazeleger et 01., 1995; Hazeleger et 01., 

1998). The transition to CF of C. jejuni and C. coli was found to be increased at 37°C 

compared to lower temperatures of 10°C and 20°C. There was a decrease in the amount of 

CF present as the temperature decreased, with almost all cells being in the CF at 37°C 

whilst at 4°C there was lower than 10% accumulation ofCF after extended periods of 

incubation (Chou et 01., 1983; Holler et 01., 1998; Hudock et 01., 2004). Temperatures 

above 55°C also stimulate CFF, with resultant increased cell degradation and cell death 

than CFF induction at lower temperatures (Klacnik et 01.,2009). 

C. jejuni is incapable of growth at temperatures below 30°C, with notable decrease in the 

intracellular biochemical activity (Hazeleger et 01., 1998; Tangwatcharin et 01., 2006). The 

effects of temperatures below 30°C on the level of biochemical activity and cellular 

degradation on CF are well documented (Hazeleger et 01., 1995). In particular, CF formed 

at 25°C with pre-grown cultures exposed to lower temperatures have been shown to have 

higher levels of degradation in comparison with those formed at 4°C that had comparable 

fatty acid composition and a similar intracellular/extracellular A TP ratio to those of 

spiral/rod cells. It was suggested that CF formed at lower temperatures (4°C & 25°C) are in 

viable but non-culturable (VBNC) or VBNC-like state, allowing bacterial survival for 

extended periods of time without observable growth (Hazeleger et 01., 1995). 

The decrease in temperature reduced the formation of CF, which could be beneficial for 

survival according to Hudock et 01. (2004). It was also shown that similar to 
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Campylabaeter, Helicabaeter cells maintain as rod forms at 4°C for a longer period than at 

25°C and 37°C. Despite C. jejuni being capable of surviving in low temperatures, this is 

still a stressful environment for the bacteria and it is incapable of growth (Tangwatcharin et 

al., 2006). Other studies have shown that the variations in the effect of low temperatures, 

the rate of CFU decline and the transition to CF could be strain dependent (Lazaro et al., 

1999; Chan et al., 2001). 

1.7.2. Oxidative stress 

C. jejuni is a microaerophilic organism, with atmospheric growth conditions usually 

consisting of approximately 10% O2• Oxidative stress results from the effect of ROS like 

superoxides and hydrogen peroxide. As a stress factor, oxygen has been shown to induce 

CFF in C.jejuni (Boucher et al.,1994; Lee et al., 2005; Klancnik et al., 2006). Oxidative 

stress advances the rate of conversion, which is also known by the comparative rates of 

conversion of morphologies in broth and on agar (Boucher et al., 1994). Broth enables 

greater circulation of oxygen, rapidly affecting cell morphology (Moran & Upton, 1986). 

However, recent studies on the effects of aerobiosis of oxygen on C. jejuni have been 

shown to be either neutral, detrimental, or potentially beneficial to viability and 

morphology (Svensson et al., 2008). It has been demonstrated that there is increased 

formation of CFs after exposure to oxygen within a 24 hour period (Ogg, 1962; Karmali et 

aT., 1981). C. jejuni cells exposed to prolonged periods of atmospheric oxygen levels 

almost completely transitioned to CF, yet the membrane was intact, suggesting it could be 

potentially viable (He & Chen, 2010). Conversely, previous studies had shown cells with 

high levels of degradation when placed under high levels of oxygen (Harvey & Leach, 

1998). 
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C. jejuni has been shown to have the capability to grow in ambient atmosphere oxygen 

levels. This is possibly due to either an adaptation of the bacterium to the aerobic 

environment or due to the growth media containing oxygen scavengers, such as blood and 

pyruvate (Chou et al., 1983; Chynoweth et al., 1998; Verhoeff-Bakkenes et al., 2007; 

Verhoeff-Bakkenes et al., 2008). The presence of these oxygen scavengers can also have 

an effect on the rate of transformation to CF (Chou et al., 1983). CF induced at 37°C under 

anaerobic conditions appeared uniformly spherical, unlike the irregular shaped coccoid 

cells formed under microaerophilic and aerobic conditions (Shimomura et al., 2004). 

1.7.3. Stationary phase I age related stress 

Stationary phase growth leads to decreases in available nutrients and space, and an increase 

in the amount of toxic materials present. Entry into the stationary phase for many bacteria 

is accompanied by biochemical and morphological changes to enable the cells to increase 

resistance to inhospitable environments (Kolter et al., 1993). The transition from the 

classical morphology to CF is a standard occurrence in the stationary phase of growth for 

C. jejuni due to the reduction in nutrients and the increase in toxic products, similar to the 

effect of exposing exponentially grown cells to starvation conditions (Rollins & Colwell, 

1986; Bovill & Mackey, 1997). There is, however, controversy regarding the shape change 

under starvation conditions with recent studies showing the maintenance of the rod 

morphology after exponentially grown cells were incubated for 72 hrs in saline solution 

(Ma et al., 2009). 

Stationary phase was shown to induce morphological changes in liquid cultures that are not 

always present in solid medium cultures. Filaments or elongated cells as described by 
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Griffiths (1993) may appear due to a differential gene expression in response to a change 

in the environment and the availability of nutrients affecting cell division. Filamentation 

occurs in cells undergoing growth without septation, creating elongated cells. 

Uropathogenic E. coli was also found to be capable of fonning filamentous cells, which 

enable the bacteria to evade host immune responses and allow it to persist within the 

urinary tract (Justice et al., 2003). It is also seen that H pylori after 7 days within liquid 

cultures show undivided rods and became filamentous (Donelli et al., 1998). 

The C. jejuni bacterial cells taken from the stationary phase of growth were found to be 

more sensitive to heat and aerobic stress than cells from an exponential phase (Kelly et al., 

2001). A possible reason for this sensitivity is the lack of a 'traditional' RpoS-mediated 

stationary phase response. It appears that unlike most other Gram-negative bacteria C. 

jejuni does not have RpoS, which has led to the theory that an alternative mechanism for 

resistance is induced during stationary phase (Park, 2002; Parkhill et al., 2000; Kelly et al., 

2001). However, starved cells of C. jejuni in a closely controlled environment showed 

increased heat resistance (Cappelier et al., 2000). These conflicting reports could be 

explained by different methods to measure viability (i.e. metabolic activity and CFU). 

Alternatively, these differing reports may be a result of strain-to-strain variation, which 

would help to further explain the potential for strain and species variations in resistance to 

stress. Interestingly, C. jejuni cells that were taken from exponential growth phase, then 

put under starvation conditions were found to have increased heat sensitivity and increased 

bacterial tolerance, which declines through the stationary phase (Klancnik et al., 2009). 

This shows that the stationary phase and the starvation conditions induce similar responses, 

including the decline in sensitivity to stress conditions over time. Although the cultures 

demonstrate an obvious decline in viability and resistance to heat and aerobic stress in the 

stationary phase, these disadvantages become less obvious over time. The stationary phase 
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is a potentially dynamic environment, in which new sUbpopulations could lead to greater 

fluctuations in heat resistance and viability over extended aged cultures (Kelly et al., 

2001). 
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1.8. Role of CF 

1.8.1. Viable But Non Culturable (VBNC) 

Morphological changes to CF are coincident with the decrease in CFU counts and were 

initially associated with the VBNC state (Beumer et al., 1992; Hudock et al., 2005). The 

VBNC state is defined as "a state of dormancy where growth ceases on bacteriological 

media normally used for culture of the organism yet the bacteria retain vitality with 

minimal activity" (Svensson et 01., 2008). The VBNC state has been suggested to be a state 

of great importance for many different bacteria due to its capacity to allow survival until 

conditions are favourable (Oliver, 2005). However, the relationship between CF and 

VBNC states is ambiguous due to findings showing non-coccoid C. jejuni that were in a 

VBNC-like state (Federighi et al., 1998; He & Chen, 2010). Beumer et al. (1992) 

measured the levels of ATP present in CF concurrently with culturability. However, the 

amount of A TP within the cells remained constant for 3 weeks, potentially indicative of 

viability. He & Chen (2010) showed that morphology was not indicative of degeneration of 

the membrane, with isopropanol killed cells retaining spiral morphology. In contrast, cells 

that were stressed by ambient oxygen levels adopted CF and were unculturable, but 

maintained membrane integrity. 

There have been reports of C. jejuni VBNC forms reverting to culturable forms within 

aquatic systems (Thomas et 01., 1999) and after acid treatment (Chaveerach et 01.,2003). 

In addition, in studies using animal models of infection, the VBNC CF of C. jejuni reverted 

into fully infectious classical morphology forms (Jones et al., 1991; Saha et al., 1991; 

Pearson et al., 1993), however, the results of these studies are controversial due to 

irreproducibility (Medeema et al., 1992). 
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It has been demonstrated within Vibrio parahaemolyticus that the VBNC state exhibits a 

cell shape change with a change in protein profile (Lai et al., 2009). However, C. jejuni CF 

showed significant reduction in the level of protein synthesis, which supports the theory of 

degeneracy (Boucher et al., 1994; Hazeleger et al., 1995; Hudock et al., 2005). In the 

related organism H. pylori, controversially, the coccoid morphology has been considered 

related to the life cycle of the bacteria as a sign of programmed cell death (Kusters et al., 

1997; Cellini et al., 2001). 

The VBNC state and CFF are distinct though related phenomena in C. jejuni life cycles. It 

is possible that the VBNC state may induce CF formation although CF may not be 

indicative of a VBNC state. The most likely VBNC state appears to be the spiral rod forms 

at lower temperatures (Lazaro et al., 1999; Hudock el al., 2005). It has been theorised that 

there are several states of viability in both the morphologies of C. jejuni and the existence 

of different types of CF may depend on the conditions under which they are formed 

(Hazeleger el al., 1995). The current methods used to determine the VBNC state in 

connection with the CF may not be adequate and more advanced methods are required to 

fully determine the relationship. 

1.8.2. Stringent response 

The stringent response is defined as 'a global stress response that alters gene expression 

pathways to allow bacterial survival under a multitude of unfavourable conditions and is 

typically activated by environmental stresses such as nutrient deprivation' (Gaynor et al., 

2005). The gene spoT is known for controlling this stringent response within C. jejuni 

(Gaynor et al., 2005). Within other bacteria the stringent response is controlled by two 
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genes, spoT and relA. However, no relA homologues have been found in Campylobacter 

and Helicobacter (Gaynor et al., 2005; Mourey et al., 2006). The spoT gene was found to 

be important for bacterial survival inside epithelial cells, and knocking out spoT in C. 

jejuni had a pleiotropic effect (Gaynor et al., 2005). In C. jejuni, spoT encodes a 

bifunctional synthetase-hydrolase that is involved in the maintenance of guanosine tetra

and pentaphosphate [(P)ppGpp], which are molecular signals altering promoter specificity 

(Gaynor et al., 2005). It was demonstrated within C. jejuni, that the mutation of spoT 

resulted in an accelerated rate ofCFF (Gaynor et al., 2005). In the closely related 

bacterium H. pylori, a spoT mutation also caused an increase in CFF and a decreased 

resistance to aerobic shock and acid stress (Mouery et al., 2006). 

1.S.2.1. Comparison of l!uanosine-3' ,5'-bis(dipbospbate) 3'

pyrophospbobydrolase/synthase (spon in C ;e;uni and H. pvlori 

The C.jejuni spoT homologue was annotated during genome re-annotation (Gundogdu et 

al., 2007), due to a slightly higher similarity to E. coli spoT compared to E. coli relA 

(Gaynor et al., 2005). It was found with C. jejuni and H. pylori strains that the bifunctional 

homologue had a higher similarity with E. coli spoT than relA (Table 1.1 & 1.2). 

The spoT and relA genes from C. jejuni, H pylori and E. coli were of a similar 

approximate size of2.2 kb. A comparison of spoT DNA sequence from C.jejuniNCTC 

11168 with other genomes showed high similarity with other annotated and/or putative 

relAlspo T genes, with the highest similarity found with spo T amongst other C. jejuni 

strains (99-100% identity) and with related species, like C. doylei (95% identity), C. lar; 

(72% identity) and C. fetus (68% identity). Similarly high levels were found in other 

organisms; multiple strains of H pylori (83-71 % identity). Arcobacter (77-67% identity) 
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and Wollinella (68%). Comparisons using the deduced protein sequence of C. jejuni NCTC 

11168 SpoT compared with other sequenced genomes in BLASTp gave similar results as 

with the nucleotide sequence. The pairwise scores were the number of identities between 

the two sequences, divided by the length of the alignment as a percentage. Pairwise scores 

between the sequences showed high similarity between the C.jejuni spoT genes with a 

score of 98. Relatively high similarity was found between C. jejuni strains 11168H and 

81116 with c. fetus and H pylori spoT genes, both strains with the scores of 69 and 63 

respectively. 
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Table 1.1. A key of gene sequence reference number for C.jejuni, C.fetus, H. pylori and E. 
coli spoT and TelA DNA sequences. 

uence name and reference number Gene size 
uence 1: Campylobacter 'ejuni NCTC11168_Mlo.=T __ --=2 ,..19'-"6:...:boa-________ ---' 

Se uence2: Cam ylobacterJejuni_81116 spoT 2196 bp ____ -,-__ ~ ... 
Sequence 3: Campylobacter fetus 82-40JPoT 2]99 b 
Se uence 4: Helicobacter_I!!lori_26695_sl!oT 2328 bp 

e ue . scherichia oli K-ll spo 2109 b~ 
Sequence 6: Escherichia coli K-12 relA 2235 bp 

Table 1.2. A comparison of the C.jejuni, C.letus, H. pylori and E. coli spoT and/or relA 
nucleotide sequences showing pairwise score percentages. 

51 
57 
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1.8.3. Programmed cell death (peD) and Biofilm formation 

An alternative theory of the coccoid morphology is a stage of cell death, necessary for 

survival as a population (Cellini et al., 2001). The theory of bacterial pcn is still a 

relatively new concept in relation to microorganisms and single cell organisms as our 

understanding ofPCn is based on metazoans (Engelberg-Kulka, 2006). CF has been linked 

to pcn in H pylori where morphology change is associated with viability decline and loss 

of membrane integrity (Cellini et al., 2001). A method of induction of bacterial pcn is via 

toxin-antitoxin system modules, also known as 'addiction modules'. An example of this is 

the mazEF gene pair in E. coli (Aizenman et al., 1996). The toxin-antitoxin system consists 

of the stable toxin and the unstable antitoxin, which prevents the action of the toxin's 

lethality. The MazEF module or similar have been described in other organisms besides E. 

coli, such as B. sublilis despite the lack of genetic similarity (Pellgrini et al., 2005). It has 

been noted that this module system has been linked with the products of ReINSpoT, 

ppGpp; the global control alarmone for the stringent response. Within E. coli, mazE and 

mazF are located downstream from the relA gene (Metzger et al., 1988; Aizenman et el., 

1996). This module furthers the potential for the role of pcn for the greater popUlation as 

opposed to individual cells. This could also lead to speculation of the potential of pcn 

within C. jejuni biofilms. 

Biofilm formation is a crucial aspect of survival of many microorganisms, including 

Campy/obacter spp. (Joshua et al., 2005). The monospecies biofilms of C. jejuni have been 

shown to increase resistance to environmental stresses (Joshua et a/., 2005). It was 

suggested that CF in biofilms of C. jejuni may have a supportive role by forming a layer of 

coccoid cells, protecting the viable spiral rods from the hostile environment (Karlyshev & 

Wren, 2005). It seems that CF is potentially involved in bacterial survival and persistence, 
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which is particularly important for a fastidious organism like Campylobacter. 

Campylobacter biofilms are also an area of particular interest due to the composition of the 

matrix. A bacterial matrix is comprised of a wide assortment of macromolecules including 

nucleic acids, proteins and sugars, secreted out of live cells and the remnants of dead lysed 

cells (Sutherland, 2001; Branda et al., 2005). Pseudomonas aeruginosa was also found to 

form biofilms with the primary constituent being DNA, crucial for the initial establishment 

of the biofilm (Whitchurch et al., 2002). This has also been found within C.jejuni biofilms 

(Svensson et al., 2009). However, how the DNA becomes a part of the biofilm is still 

questioned, with two main theories being either the aggregation of DNA from lysed cells 

or secreted by surrounding live cells. In C. jejuni, it is possible that the exogenous DNA 

for the biofilm matrix could be contributed by CF as opposed to vesicles from live cells. 

The presence of DNA in biofilms along with CF with various states of membrane 

permeability could provide great insight into the lifestyle of C. jejuni and reveal the 

potential biological role of the CFF. 

If the CF biological role is within biofilms, to maintain and create a microenvironment 

with the release of nutrients and providing protection from external stresses enabling the 

survival of a subpopulation of viable cells, PCD would likely be necessary. The role the 

suicide module plays within CF transitions and role within biofilms could be an area of 

interest. 
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1.9. Factors involved in bacterial cell shape 

1.9.1. Cell shape maintenance 

MreB proteins are actin-related homologues required for maintenance of bacterial cell 

shape by forming helical filaments underneath the cell membrane and mostly found in rod 

shaped organisms and in non-spherical bacteria (Jones et al., 2001; Graumann, 2007). 

However, there has been recent evidence suggesting MreB protein does not form helical 

structures and the structure is artefactual (Swulius & Jensen, 2012). Cytoskeletal elements 

like MreB protein are important for cell shape maintenance and are connected to other 

membrane proteins such as penicillin-binding protein (PBP) 2 in E. coli (Young, 2001; 

Popham & Young, 2003). In B. subtilis, there are multiple functional copies of MreB, 

which are not present within other rod shaped organisms. It has been shown that the 

homologues ofMreB can induce the rod morphology as well (Daniel & Errington, 2003). 

Mbl, a MreB-like protein that encoded independently of MreB, can create the rod-like 

morphology using polar growth. Polar growth has been postulated to cause elongated rod 

morphologies, despite not having MreB or MreB-like machinery (Daniel & Errington, 

2003). Another well known cytoskeletal element is the intermediate filament-like protein 

called crescentin, which is an essential factor for the curved rod shape of Caulobacler 

crescentus (Ausmees et al., 2003). However, how crescentin leads to cell curvature is still 

unclear (Cabeen el al., 2009). 

PBPs are necessary for the maintenance and composition of the peptidoglycan, involved in 

the synthesis and crosslinking of strands (Popham & Young, 2003). The deletion ofPBP2 

in E. coli has been shown to induce a spherical morphology due to the lack of cell division 

and cell elongation, leading ultimately to cell death (Vinella el al., 1993). Ishino el al. 

(1986) found that RodA with PBP2 were essential for the synthesis of peptidoglycan in E 
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coli, and for elongation of the cell. It has been documented in several rod organisms that 

without functioning RodA, the cells become spherical (Matsuzawa et al., 1973; Henriques 

et al., 1998). A number of other genes constituting the dew gene cluster (for givision/£ell 

wall) are involved in defining bacterial cell shape and a correlation between bacterial cell 

morphology and organisation of this cluster has been found (Tamames et al., 2001). 

1.9.2. Cell shape structure: peptidoglycan 

The main constituent involved in maintenance of cell shape is peptidoglycan. 

Peptidoglycan (also known as sacculus or murein) is comprised of disaccharide

pentapeptide precursors that are made of two aminosugars, N-acetylglucosamine and N

acetylmuramic acid, connected by a B- 1,4 glycosidic bond (Figure 1.3). It is found outside 

the plasma membrane making up the cell wall, maintaining structure and countering 

osmotic pressure. The standard model of peptidoglycan is based on E. coli and though the 

constituents may be the same in R pylori, it was found to have a very different 

composition ofmuropeptides. Costa et al. (1999) found that peptidoglycan from R pylori 

had a dramatically higher proportion of 1, 6 anhydro-N-aceytlmuramic acid and 

muropeptides with pentapeptide side chains, without trimeric muropeptides, lipoproteins 

and L-D crosslinked muropeptides, in comparison to E. coli. Two possible models of 

peptidoglycan arrangement in R pylori were derived, given the different levels of specific 

constituents. The first model has long glycan strands crosslinked with single anhydro

disaccharide units, whilst the second model has short strands crosslinked together 'head to 

tail' , which are then linked to longer glycan strands. These two models described by Costa 

et al. (1999) could coexist but contribute differently to the strength of the entire 

macromolecule (Figure 1.4). 
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The amount of peptidoglycan isolated can be indicative of spiral bacteria present. Amano 

and Shibata (1992) compared the peptidoglycan content in rod shaped cells and CF in three 

different species of Campylobacter: C. coli; C. jejuni; and C. fetus. They found that very 

little peptidoglycan could be removed from the bacterial cells whilst in their CF. 

Remarkably, peptidoglycan was always obtainable from C.fetus, coincident with an 

inability of this subspecies to form CF. It was therefore suggested that transformation of C. 

jejuni and C. coli into CF may be induced by partial degradation of the peptidoglycan. 
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Figure 1.3. The classical structure of peptidoglycan derived from the model organism E. coli showing the action of various peptidoglycan specific 
enzymes. 
MurNAc -N-acetylmuramic acid, GlcNAc -N-acetylglucosarnine, MesoDap - meso-diaminopimelic acid. Figure drawn by Ikeda based on Vollmer et al., 
2008. 
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G • Galactosylallon site ~. Anhydro mlDmic acid residue ~. Undeftned 1eng1tt 

Figure 1.4. Skeletal diagrams of 2 hypothetical structures of peptidoglycan within H. pylori. 
HPLC studies showed two possible models A - long glycan strands crosslinked with single 
anhydro-disaccharide units and B - short strands crosslinked together 'head to tail', which are then 
linked to longer glycan strands. Key for structures located on the bottom of the diagrams. Image 
borrowed from Costa el al., (1999). 

27 



1.9.3. Peptidoglycan maintenance enzymes related to cell morphology 

The action of other peptidoglycan hydrolases have been shown to influence bacterial cell 

morphology and whilst the mechanisms for the morphological conversion are still 

unresolved, the understanding of the maintenance of the helical/spiral shape has 

progressed. Sycuro et 01. (2010) identified 4 genes (csd 1-3 and cernA) that have been 

shown through knockout studies to induce straight rod morphology in Helicobacler. These 

genes were involved in the modification of peptidoglycan crosslinks, which when 

hydrolysed at specific parts along the cell, allowed relaxation of curvature and twist. 

Despite initial theories of the spiral morphology being necessary for motility in a mucosal 

environment, it was shown that the deletion of the genes necessary for curvature did not 

decrease motility. However, it did decrease stomach colonization in mice (Sycuro el 01., 

2010). The helical morphology within C.jejuni was found also to be connected to 

peptidoglycan. Knockout ofpgpl, encoding a DL-carboxypeptidase, and overexpression of 

the protein both lead to straight rod morphology (Frirdich et 01.,2012). HPLC studies of 

the knockout mutant showed an increase in tripeptides and a reduction in dipeptides and 

tetrapeptides whilst the overexpression showed the inverse in abundances. Recent 

knockout studies of pgp2 also lead to a straight rod morphology in C. jejuni. HPLC studies 

showed an increase in tetrapeptides and an absence of tripeptides, which are consistent 

with the activity of an LD-carboxypeptidase (Frirdich et 01.,2014). Similarly to the straight 

morphology mutants in H. pylori. the pgp 1 and pgp2 mutants in C. jejuni showed a 

decrease in chick colonization and also showed a decrease in motility and biofilm 

formation (Frirdich el 01.,2012, Frirdich el 01.,2014). 

AmiA encodes for N muramoyl-L-alanine amidase, another peptidoglycan hydrolase 

influencing morphology through cleavage of the bond between the sugar backbone and the 
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peptide chain. In H. pylori, an amiA knockout leads to a dramatic decrease in the 

accumulation ofCF and was considered the first genetic determinant ofCF (Costa et al., 

1999). Interestingly, it was found that the peptidoglycan underwent substantial 

modifications as bacteria transitioned to the CF, leading to the accumulation of N-acetyl

D-glucosaminyl-p(l ,4)-N-acetylmuramyl-L-Ala-D-Glu (GM-dipeptide). Chaput et al. 

(2006) have stated possible reasons for the increase in GM-dipeptides despite the fact that 

the action of the amidase is inconsistent with the accumulation due to a potential 

bifunctional nature of AmiA. Another possible explanation for the accumulation of GM

dipeptides was derived from the human serum amidase, which is unable to cleave peptide 

chains with less than 3 amino acids (Wang et al., 2003). AmiA present within 

Campylabaeter or other bacteria has not yet been shown to be selective on the basis of 

peptide chain length and the specificity requires further investigation. However, this 

specificity would be crucial for maintaining the rigidity of the peptidoglycan if only 

peptide chains with 3 to 5 amino acids could be cleaved. These peptide chains could 

increase the stability of the peptidoglycan by increasing the number of bonds formed 

between meso-D and D-Ala, thus creating a looser macromolecule. The role of amiA 

within Campylabaeter has not been researched previously. 

29 



1.10. N-acetylmuramoyl-L-alanine amidases in E. coli and C. jejuni 

AmiA (Cj1269c) in C.jejuni is annotated as a probable N-acetylmuramoyl-L-alanine 

amidase (Gene ID: 905560). Within the model organism E. coli, there are currently five 

known N-acetylmuramoyl-L-alanine amidases: AmiA; AmiB; AmiC; AmiD and AmpD 

(Vollmer et al., 2008; Kerff et al .• 20 10). These amidases can be subdivided into protein 

families; the amidase_2 family (PFOI510), including AmiD and AmpD, and the amidase_3 

family (PFOI520), including AmiA, AmiB, and AmiC, according to the Pfam database 

(Kerf! et al., 2010). The amidase_3 family have specificity for the amide bond between 

the sugar backbone of the peptidoglycan monomer and the L-alanine of the peptide chain. 

However, these enzymes have no specificity for the peptidoglycan units with an anhydro

MurNAc group (Uehara & Park, 2007). All of the enzymes in this family play an important 

role within peptidoglycan cleavage and cell division (Heidrich et al., 2001). In E. coli. the 

deletion of AmiA and AmiC individually prevent division, producing long chains of un

separated cells. This was interestingly not the case with the AmiB mutant (Heidrich et al., 

2001). The amidase_2 family does not share the same specificity as the amidase_3 family. 

AmpD specificity is for peptidoglycan units with anhydro-MurNAc and is necessary for 

bacterial peptidoglycan recycling and turnover. It is the only N-acetylmuramoyl-L-alanine 

amidase present in the cytoplasm, whilst the others are periplasmic (Jacobs et al., 1994). 

AmiD, in contrast, has no specificity for either form ofMurNAc (Uehara & Park, 2007; 

Pennartz et al .• 2009). Its full role has not been elucidated as of yet. However, it has 

become apparent that AmiD does not playa role in bacterial division, and unlike other 

members of the amidase_3 family it is an insoluble lipoprotein-anchored enzyme in the 

outer membrane (Uehara & Park, 2007). 
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E. coli has a high level of redundancy for N-acetylmuramoyl-L-alanine amidases necessary 

for both bacterial growth and peptidoglycan cleavage, specific for MurNAc and anhydro

MurNAc. It was shown by Heidrich et al. (2001) that despite combined deletions of ArniA, 

ArniB and ArniC, as long as there was at least one amidase that remained active, cell 

division and separation would still happen. It has become apparent that each of these 

enzymes may have a partially different role; through protein fusion studies with green 

fluorescent protein in E. coli it was found that ArniC localized around the septal ring whilst 

ArniA appeared to be distributed throughout the periplasm (Bernhardt & de Boer, 2003). 

ArniC is now distinguished as an entirely periplasmic septal ring component. However it is 

not known how the specification for the area occurs or what other factor it may be 

connected to associated with the septal ring (Bernhardt & de Boer, 2003). 

Unlike E. coli, C.jejuni and H pylori do not have the same level of redundancy, with only 

one N-acetylmuramoyl-L-alanine amidase annotated (Chaput et al., 2005, Costa et al., 

1999). Despite amiA having been described as the first genetic determinant for CFF in H 

pylori, this gene has not been shown to be the same determinant in C.jejuni (Chaput et al., 

2005). 
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1.10.1. Analysis and comparison of amiA and other N-acetylmuramoyl-L-alanine 

amidases genes and gene products 

The presence of other N-acetylmuramoyl-L-alanine amidase sequences located within the 

C. jejuni NCTC 11168 genome were verified using BLASTn search using nucleotide 

sequences, searching for genes and DNA sequences with high similarity to C. jejuni NCTC 

11168 amiA, C.jejuni 81116 amiA, E. coli K12 amiA, amiB, amiC, amiD and ampD. No 

similarity between other sequences within C. jejuni NCTC 11168 and 81116 genomes 

were found. Therefore the only predicted N-acetylmuramoyl-L-alanine amidase within C. 

jejuni NCTC 11168 was annotated as amiA/Cj 1269c. N-acetylmuramoyl-L-alanine 

amidase nucleotide sequences from H. pylori 26695 and E . coli K12 were compared with 

N-acetylmuramoyl-L-alanine amidase nucleotide sequences from C. jejuni to elucidate 

potential similarity. The N-acetylmuramoyl-L-alanine amidases from H. pylori and E. coli 

used for comparison as the enzymatic function of all the enzymes have been previously 

experimentally proven (Heidrich et al., 200 I; Chaput et al., 2006; Vollmer et al., 2008; 

Kerff et al., 2010). Though it was not experimentally tested, the annotated amiA of the 

related species C. fetus 82-40 was also compared, although this species is unable to fonn 

CFs under stress according to a study by Amano & Shibata (1992). 

Using BLASTn with the amiA gene from C.jejuni NCTC 11168 showed the highest 

identity similarity was the other C. jejuni strains, with percentage scores ranging from 97-

100% across the whole length of the gene and C. jejuni 81116 showing percentage 

similarity score of 99% across the entire gene. The next highest similarity was with the 

other Campylobaeter species C. doylei (97%), C. hominis (88%), C.fetus 82-40 (87%) and 

C. lari (79%). The highest similarity to C. jejuni NCTC 11168 annotated or putative N

acetylmuramoyl-L-alanine amidases were found in H pylori strains (present within all at 
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an identity percentage of 72-65%), Sulfurimonas denitrificans (71 % identity) 

Sulfurospirillum (68%) and Arcobacter (88%). 

In accordance to ClustalW2 multigene alignment, annotated amiA genes from C. jejuni 

strains NCTC 11168 and 81116 showed very high similarity, with 98 pairwise identity 

score. Annotated amiA from R pylori compared with C. jejuni NCTC 11168 amiA gene 

showed 68 pairwise score whilst C. fetus amiA and the E. coli amiA, amiB, amiC, amiD 

and ampD gave 71, 64, 49, 52, 62 and 70 pairwise scores respectively. C.jejuni 81116 

showed higher pairwise scores to H. pylori and E. coli amiB and amiC compared to C. 

jejuni NCTC 11168, which showed some strain variation was present between C. jejuni 

strains. Interestingly, H. pylori amiA showed a higher pairwise score with E. coli ampD 

than E. coli amiA. (Table 1.3 & 1.4). 

The DNA sequences of all the N-acetylmuramoyl-L-alanine amidase showed large 

variation in size. C.jejuni genes have the largest sequence (1980 bp) compared to the 

genes within other organisms with E. coli ampD (552 bp), E. coli amiA (870 bp) and H. 

pylori amiA (1323 bp) (Table 1.3). 

Using BLASTp with the AmiA sequence from C. jejuni NCTC 11168 showed similar 

results as comparisons using the DNA sequence. The most similar annotated and/or 

putative N-acetylmuramoyl-L-alanine amidases were from other C. jejuni strains with 100-

93% max identity score. Other Campylobacter species showed high percentage similarity, 

like C. coli (72% identity score) and C. hominus (63%). Other similar gene sequences 

found were in R pylori (56% identity score), w. succinogens (49%) and R canadensis 

(48%). 
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Alignment of the N-acetylmuramoyl-L-alanine amidase sequences in BLASTp showed 

high similarity across all sequences within the C-terminus of the putative protein (Figure 

1.4). This -650 bp region across the N-acetylmuramoyl-L-alanine amidases is highly 

conserved C-terminal whilst the N-terminal region showed little similarity and was more 

evident in the derived amino acid sequence comparison. It became apparent across all the 

N-acetylmuramoyl-L-alanine amidase sequences of the three organisms there are two 

distinct domains, the highly variable N-terminal domain with little to no conservation and 

the highly conserved 'amidase' C-terminal domain (Figure 1.5 & 1.6). The highly variable 

N-terminal region across all the sequences showed no functional enzymatic motifs which 

would cause bifunctionality in C. jejuni and H pylori. 

The motifs of N-acetylmuramoyl-L-alanine amidase genes from C. jejuni, H pylori and E. 

coli were compared to find common structures in the derived protein sequence (Appendix 

1.0). The motifs present in C. jejuni NCTC 11168 and 81116 amiA sequences were 

identical. Despite H pylori amiA having only a 68% identity score compared to C. jejuni 

amiA DNA sequence, all motifs except for two were present in H pylori amiA. 

Unexpectedly, certain motifs that were expected to be present in all sequences, like 

peptidoglycan binding domains, were only present in the E. coli amiD sequence. 

Three phylograms were created from the whole amino acid sequence and the amino acid 

sequences of the two main domains of the N-acetylmuramoyl-L-alanine amidase, the N

terminal and the 'amidase' C-terminal (Figure 1.7). Comparing the differences and 

similarities between the domain amino acid sequences with one another could help 

determine the closest E. coli N-acetylmuramoyl-L-alanine amidase, functionally to C. 

jejuni AmiA. From both phylograms it can be seen that regardless of the terminus, N or C 

terminal used for comparison, the epsilonproteobacteria N-acetylmuramoyl-L-alanine 
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amidases cluster together, showing the closest in similarity. The phylogram derived from 

the N-terminus shows C. jejuni and H pylori ArniA has a closer relationship to E. coli 

ArniA, ArniB and ArniD, however it does not differentiate the N-acetylmuramoyl-L

alanine amidases in E. coli according to specificity, location or functionality. 

The phylogram using the C-terminus shows a closer relationship between C. jejuni and H 

pylori ArniA with E. coli AmiD and AmpD. E. coli AmiD and AmpD were shown within 

this phylogram to be different to the other E. coli N-acetylmuramoyl-L-alanine amidases. 

This is related to previous literature showing they are unlike AmiA, AmiB and AmiC. E. 

coli AmiD and AmpD belonging to the amidase_2 protein family have specificity for 

peptidoglycan units with the anhydro-MurNAc. E. coli N-acetylmuramoyl-L-alanine 

amidases ArniA, ArniB and ArniC have no specificity for anhydro-MurNAc and have 

shown differential locations of action in the cell. C. jejuni AmiA closer relation to 

amdiase_2 protein family N-acetylmuramoyl-L-alanine amidases could show the function 

and potential specificity for anhydro-MurNAc units as well. 
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Table 1.3. A key showing the gene size and gene sequence of C. jejuni, C. fetus, H pylori and E. 
coli N-acetylmuramoyl-L-alanine amidase DNA sequences. 

Se uence name and reference number Gene size 

equ nc 1: Campylobacter retus_8~2!!..-4.&.lO~~~-= 1410 b 
Sequence 2: Caml!l'lobacter 'ejuni_NCTC1l168 AmiA 1980 bp 
Seque c PlIo "eju!%.!;!.!i~~-"~.j.,U;~" _ ________ ..t.l ;t;.x;~t:-____ ..... 

Se uence 4: Helicobacter 1!},lori 2669S_A.,..-m_iA _________ ~1~32~3_::_b-'-----___, 
uence 5: Escherichia coli K-12 A=m~i;.,A'--__________ .;;.8.:..70~br__ ____ ___' 

Se uence 6: Escherichia_coli_K-12 ,A-:-_m-=iB-=-__________ -:'"1 -=-33'=-8~bp,-----... 
Se uence 7: Esche " hia_c= b="_ =K:.-=12::-...:;A=m= iC:;;,..-_________ --..;1::..;:2=5-"4-=b:L-~ ___ _ 
Se uence 8: Escherichia_coli_K-12_,A~.;.;m.;.;i.;"D~ __________ ..".8~3 "..1 ~b,-____ ---. 
Se uence 9: Escherichia coli K-12 Am D 552 b 

Table lA. Multigene alignment showing the similarity via pairwise percentages, of C. jejuni, C. 

fetus, H pylori and E. coli N-acetylmuramoyl-L-alanine amidase nucleotide sequences. 

Sequences compared (A:B) Score 

50 
~~~ ___________ 56~~ 

64 
98 

__ ~ __ " __ 66 

59 
48 

71 
62 ____________ 73 ____ ~ 

62 
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Figure 1.5. Alignment of nine N-acetylmuramoyl-L-alanine amidases protein sequences in C. 
jejuni, C. fetus, H. pylori and E. coli showing part of the C-terminal region within the amidase 
region with the highest level of conservation across all the sequences. 
The other regions of the alignment show little to no similarity. 

A : (Double dot/colon) indicates conservation between group of strongly sim ilar properties -

scoring> 0.5 in the Gonnet PAM 250 matrix. 

A . (single dot) indicates conservation between groups of weakly simil ar properties - scoring =< 0.5 
in the Gannet PAM 250 matrix. 
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Figure 1.6. A representative illustration showing the conserved amidase regions of AmiA 
amino acid seq uences from C. jejuni, C. fetus, c. lari, H. pylori and E. coli. 
The amidase region is present within all experimentally E. coli and Campylobacter N

acetylmuramoyl-L-alanine amidases, regardless of size. The regions were defined using 
TnterProScan . 
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Figure 1.7. Phylograms comparing the relationship between the two main domains ofthe N
acetylmuramoyl-L-alanine amidase amino acid sequences using A) the whole amino acid 
sequence, B) the N-terminal and C) the 'amidase' C-terminaJ. 
Phylograms were made using neighbour joining algorithm and ClustalW2_ 
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1.10.2. Cluster arrangement of amiA and spoT region between organisms 

Both amiA and spoT are located within the same region of the genome in C. jejuni NCTC 

11168 and 81116. This arrangement was shown to be present in all the sequenced C. jejuni 

genomes. The structure of the gene cluster containing amiA and spoT was compared in H 

pylori, E. coli and other Campylobacter spp. genomes. The position of spoT to amiA was 

well conserved within C. jejuni, C. fetus and H pylori genomes, being approximately 2500 

bp downstream with 2 other genes present in between (Figure 1.8). Other genes located 

within this cluster which also appear to be conserved are tyrS (tyrosyl tRNA synthestase), 

rpoZ (DNA directed RNA polymerase subunit) and pyrH (uridylate kinase). These genes 

do not have a known role within cell morphology but are essential for cell life cycle. 

The genes within this cluster in C.jejuni 81-176 genome were shown to have less than 12 

bp between each of the genes by Gaynor et al. (2005) and this pattern was shown in the 

other C. jejuni genomes. It was also found by Gaynor et al. (2005) that several genes 

within this cluster in C. jejuni 81-176 have overlapping predicted open reading frames. 

Functional database searches suggested that one or more genes downstream of spo Tin C. 

jejuni 81-176 are essential and possibly co-regulated. The proximity of the genes within 

this cluster were analysed within other C. jejuni strains, NCTC 11168 and 81116, 

exhibiting a similar distance and the same orientation. 

Unlike C.jejuni and H pylori. E. coli K12 spoT (b3650) and relA (b2784) are not located 

within the same genomic region as any of the annotated N-acetylmuramoyl-L-alanine 

amidases amiA(b2435). amiB(b4169), amiC(b2817), amiD(b0867) and ampD(bOl10). 

Spo Tin E. coli K 12 is located next to the rpoZ gene and this is also found within C. jejuni. 

The other genes such as gmk (guanylate kinase) and recG (A TP-dependent DNA helicase) 

are also located nearby which could also have an essential function. 
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Figure 1.8 A genomic region comparison of N-acetylmuramoyl-L-alanine amidase genes from C. jeju,,;, H. pylori and E. col;. 
N-acetylmuramoyl-L-alanine amidase genes are in black. Genome region comparison function settings were for >=40% similarity, >=}O% identity and <=1.0 
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Microbial Resource from JCVI and NCBI. 
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The searches have shown that there is not a redundancy of N-acetylmuramoyl-L-alanine 

amidases within Campylobacter and Helicobacter strains like within E. coli. Within E. 

coli, the various N-acetylmuramoyl-L-alanine amidases have been shown to have 

differential specificity for muropeptide units and localisation within the cell. The 

localisation of C. jejuni and H pylori AmiA have not yet been elucidated to determine 

whether these proteins are able to fulfil all the same requirements as five N

acetylmuramoyl-L-alanine amidases within E. coli. 

The gene cluster containing amiA and spoT in C. jejuni and H pylori has several genes that 

are related to viability, which could suggest that amiA may have an essential role within 

the C. jejuni life cycle, unlike E. coli where none of the N-acetylmuramoyl-L-alanine 

amidases are co-located with similar genes. The lack of redundancy within C. jejuni and H 

pylori for N-acetylmuramoyl-L-alanine amidases could also be further evidence supporting 

the essential role these enzymes play. 

The concept of pen with bacterial cells is still controversial. The mazEF module is 

influenced by the levels ofppGpp, which are altered by reIA/spoT. Although a similar 

system has not been located within C. jejuni genomes, several homologous genes are 

located within a variety of other bacteria including S. Typhimurium, P. aeruginosa and 

Staphylococcus aureus (Engelberg-Kulka et al., 2006). 
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1.11. Aims of the study 

The coccoid morphology has been well documented within C. jejuni and other bacillary 

organisms for decades. However, the mechanism and biological role of this morphology 

within C. jejuni has not yet been elucidated. Research into this area showed a noticeable 

decline after 1998 due to the suggestion that the coccoid form in H pylori was in a 

degenerative state (Kusters, 1997). Coccoid morphology has been proposed to playa role 

within biofilm survival (Karlyshev & Wren, 1995). There are currently no genes within C. 

jejuni that are considered as genetic determinants for CFF. However, amiA in H pylori 

has been defined as the first genetic determinant for the CFF (Costa et al., 1999). The 

function of the enzyme encoded by this gene has not been elucidated within C. jejuni nor 

has it been linked to CFF. Downstream of amiA is the gene spoT, which has been linked to 

CFF in C. jejuni 81-176 (Gaynor et al., 2005), leading to further consideration that the 

gene cluster may have a role in CFF. Understanding the role and mechanism ofCFF in C. 

jejuni could provide further information into the persistence of this seemingly fastidious 

and sensitive organism. 

The aim of this study is to investigate the potential role of amiA and spoT in CFF in C. 

jejuni 11168H and 81116. The objectives are to: 

1. Determine the effect of deleting spoT and amiA in C. jejuni on CFF accumulation, 

as well as cell viability and growth. 

2. Measure the levels of amiA mRNA expression concurrent with the accumulation of 

CF over time in C. jejuni. 

43 



3. Create a Campylobaeter specific expression system for determination of the effects 

of amiA overexpression on growth (colony forming units), membrane integrity and 

morphology in C. jejuni and E. coli. 

4. Assess the functional activity of purified C. jejuni AmiA on peptidoglycan isolated 

from E. coli and C. jejuni using TLC and HPLC. 
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2.0. Materials and Methods 
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2.1. General methods 

2.1.1. Bacterial strains, media and culturing methods 

Laboratory stocks were stored at -80°C in Brucella broth (Oxoid) supplemented with 15% 

glycerol, prepared originally from fresh 2 day culture. C. jejuni strains 81116 (NCTC 

11828) and hyper motile derivative ofNCTC 11168, 11168H (Karlyshev et al., 2002) were 

recovered from -80°C by incubation in microaerobic conditions (5% 02, 10% C02 in N2) 

within the controlled atmosphere incubator (Don Whitley); or by incubating in jars 

containing Campygen Gas generating Kit (Oxoid) on Columbia Blood Agar (CBA, Oxoid) 

supplemented with 5% defibrinated horse blood at 37°C for 48 hrs. 

For liquid cultures, cells were transferred from the solid media in Brain Heart Infusion 

(BHI, Oxoid) Broth, incubated with shaking (90 rpm) at the starting OD600 0.02. These 

cultures were monitored at the time points of 0, 6, 24, 30 and 48 hrs. 

E. coli cultures were grown at 37°C on Luria Bertani (LB) media. When necessary, the 

media was supplemented with appropriate antibiotics, ampicillin (100mglml), kanamycin 

(50mglml) or chloramphenicol (10mglml). 

2.1.2. Cell morphology determination and counting 

Cells were visualised using light microscopy after Gram staining. Samples from solid 

media were heat fixated onto glass slides and stained using crystal violet, Grams Iodine, 

90% ethanol and carbol fuchsin. For liquid cultures, a Iml sample was added to lOO1l1 of 

10% neutral buffer formalin solution for 20 mins. A IOll1 sample of the suspension was 

left to air dry on glass slides. Once dry, the samples were methanol fixed and stained with 
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crystal violet for 15 sec. Slides were visualised at xl00 oil immersion objective lens and 

were captured in triplicates with a Nikon 80i (Nikon, Telford). For each time point or 

sample, a minimum of 100 cells were counted for the different morphologies using the 

ImageJ computer program. 

For scanning electron microscopy, samples were prepared on methanol cleaned poly-L

lysine coated cover slips in PBS by a dehydration protocol as follows: The primary fixation 

was performed in 2.5% glutaraldehyde in 0.1 M phosphate buffer. Cover slips were washed 

in O.lM phosphate buffer (PH 7.5) 4 times for 15 mins. The secondary fixation was 

performed with 1% osmium tetroxide in O.IM phosphate buffer (PH 7.5). The sample was 

put through an ethanol graded series (50, 70, 80,90 and 95%) for 20 mins each then 100% 

three times for 20 mins. The sample was then immersed in hexamethyledisilizane and 

allowed to air dry for 24 hrs. The samples were mounted onto stubs and sputter gold 

coated and visualised on a Zeiss EVa 50 Scanning electron microscope. 

2.2. Gene comparison, protein function proKrams and sequencing data analysis 

2.2.1 Gene, genome and cluster comparison 

Sequences of genes and genomes were obtained from National Centre for Biotechnology 

(NCBI) Entrez Genome database (www.ncbLnlm.nih.gov). Gene and genome region 

analysis was conducted using BLAST (blast.ncbLnlm.nih.gov), xBase (www.xbase.ac.uk). 

JCV Comprehensive Microbial Resource (cmr.jcvLorg) and ClustalW 

(www.ebi.ac.ukffools/msalclustalw2). 
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2.2.2 Protein and structure analysis 

Amino acid sequences were obtained from the NCB I database. Protein alignments and 

phylograms were produced using ClustalW. Prediction of tertiary protein structures from 

amino acid sequences were derived using LOMETS (Local Meta-Threading-Server) 

(zhanglab.ccmb.med.umich.eduiLOMETS). 

2.2.3. Sequencing data analysis 

Nucleotide sequencing results from Cogenics (Beckman Coulter) were analysed as 

chromatograms and in FASTA format using Chromas Lite program. 

2.3. General molecular and cloning techniques 

2.3.1. DNA isolation 

2.3.1.1. Chromosomal and plasmid isolation 

Plasmid DNA was isolated using the Qiagen plasmid purification kit (Qiagen). 

Chromosomal DNA was isolated by Gentra® Puregene® YeastIBacteria Kit (Qiagen). The 

kits were used according to manufacturers' specifications and protocol. 

48 



2.3.1.2. Agarose gel DNA extraction and purification methods 

DNA samples were purified using two methods and kits; NucleoSpin Extract II using 

protocol for DNA extraction from Agarose gel, and the QIAquick PCR purification kit 

(Qiagen). 

For the isolation of specific fragments of DNA that were derived from restriction digested 

DNA, NucleoSpin Extract II agarose gel purification was used. The DNA samples were 

run on an agarose gel and the DNA fragment of interest was extracted from the agarose gel 

using a clean scalpel. The sample was placed into a clean 1.5ml Eppendorftube and was 

purified according to manufacturers' protocol. The QIAquick PCR purification Kit was 

used to purify DNA samples after restriction digestion and PCR products for downstream 

reactions. The kit was used according to manufacturers' specifications. 

2.3.2. Polymerase Chain Reaction (PCR) 

Within each of the PCRs, along with the DNA polymerase and the appropriate buffer 

(except for the ReadyMixTaqtm PCR Mix), the following constituents were added: PCR 

Nucleotide Mix (Promega), appropriate reverse and forward primers and nuclease free 

water. The cycler conditions and the concentration of the primers and dNTPs were 

performed and used in accordance to the manufacturers' protocol. All the thenna! cycler 

conditions for each of the DNA polymerases used are listed in Tables 2.1, 2.2, 2.3 and 2.4. 
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Table 2.1. The thermal cycler conditions for Phusion® High-Fidelity DNA Polymerase (NEB) 
used with Standard Phusion HF Buffer containing 1.5mM MgCh at Ix reaction 

concentration. 

PCRstep Temperature eC) Duration of step Number of cycles 

Initial denaturation 98 30 sec 

Denaturation 98 10 sec 

Annealing 45 30 sec ---------------------------- 30 

Extension 72 30 sec per kb 

Final extension 72 10 mins 

Table 2.2. The thermal cycler conditions for OneTaq® DNA Polymerase (NEB) used with 
OneTaq® Standard Reaction Buffer containing 1.8mM MgCh at Ix reaction concentration. 

PCRstep Temperature eC) Duration of step Number of cycles 

Initial denaturation 94 30 sec 1 
Denaturation 94 30 sec 
Annealing 45 30 sec 30 
Extension 68 t min per kb 
Final extension 68 5 mins 

Table 2.3. The thermal cycler conditions for GoTaq® DNA Polymerase (Sigma Aldrich) used 
with GoTaq® Buffer containing 1.5mM MgCh at Ix reaction concentration. 

PCRstep Temperature (DC) Duration of step Number of cycles 

Initial denaturation 95 2mins 
Denaturation 95 30 sec 

Annealing 50 30 sec 30 
Extension 72 1 min per kb 

Final extension 72 5 mins 

Table 2.4. The thermal cycler conditions for ReadyMixTaqtm PCR Mix (Sigma Aldrich) with 
1.5mM MgCh and O.2mM dNTP at Ix reaction concentration. 

PCRstep Temperature (DC) Duration of step Number of cycles 

Initial denaturation 94 I min 
Denaturation 94 30 sec 
Annealing 55 30 sec 25 

Extension 72 I min per kb 

Final extension 72 5 mins 
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2.3.3. Ae;arose gel electrophoresis 

To visualise PCR products, plasmids and DNA fragments from restriction digests, the 

samples were run on agarose gels. All DNA gels were 1% agarose gel (Sigma) containing 

O.IIlg/1l1 ethidium bromide (Fisher) for visualisation and I x Tris-Borate EDT A Buffer 

(TBE) (PH 8.3) (Fisher). Samples were loaded into the gel with bromophenol blue based 

loading buffer (NEB). I kb molecular weight ladder (NEB) was used as a standard to 

estimate the DNA fragment sizes. Gel electrophoresis was conducted in a horizontal gel 

tank (Fisher) containing Ix TBE buffer. The gel was run at I50V for 40 mins. The gel was 

visualised with the transilluminator setting in the G:Box (Syngene) using GeneSnap 

software (Syngene). 

2.3.4. E. coli transformation 

E. coli XLI Blue Supercompetent, Xl2 Blue Ultracompetent and BL2I -CodonPlus® 

(DE3) RIL competent cells were used according to manufacturers' protocol. 

For cloning experiments E. coli XLI Blue Supercompetent or E. coli XL2 Blue 

Ultracompetent competent cells (Stratagene) were grown overnight on Luria Bertani (LB, 

Oxoid) agar plates at 37°C, supplemented with appropriate antibiotic. XLI Blue 

Supercompetent cells give an average transformation efficiency of::: 5 x 

109 transformants/Ilg of supercoiled DNA and are resistant to tetracycline. XL2 Blue 

Ultracompetent cells give an average transformation efficiency of ::: 5 x 

109 transformants/Ilg of supercoiled DNA and are resistant to tetracycline and 

chloramphenicol. 
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2.3.5. C. ie;uni competent cell preparation, electro po ration and sepiolite 

transformation method 

C. jejuni was grown as a lawn on Columbia Blood Agar overnight at 37°C under 

microaerobic conditions. The cells were harvested into 2ml of wash solution (272mM 

sucrose, IS% glycerol). The bacteria were spun down via centrifugation for 20 mins at 

3000 x g at 4°C. The pellet was resuspended in fresh ice cold wash buffer. The process 

was repeated 3 times before cells were finally resuspended in 1ml ofice cold wash buffer. 

The competent cells were made into SOil} aliquots and used either immediately or stored at 

-80°C. DNA was introduced into competent C.jejuni cells by electroporation using 2.5 kV, 

200 nand 2SJ..LF with the time constant >4 ms in a 0.2cm electroporation cuvette (Biorad) 

(Wassenaar et al., 1993). After electroporation, the cuvettes were flushed with 100J..LI Super 

Optimal Broth with Catabolite repression (SOC) media (Fisher) and the cells were spread 

onto a non selective CBA plate. The plates were incubated for a minimum of S hrs or the 

maximum of overnight under optimal atmospheric conditions (37°C) before replating onto 

media containing selective antibiotic. 

The sepiolite method for bacterial transformation was previously described by Wilharm et 

al. (20 I 0). C. jejuni cells were grown on CBA under optimal conditions for 48 hrs and 

cells were harvested and suspended in BHI broth suspension with OD6oo to the optical 

density of O.S - 1.0 to an absorbance of 600nm. Cells were centrifuged at 6708 x g 

(10,000 rpm) for 3 mins (at room temperature) to form a pellet. The supernatant was 

removed and pellet was resuspended with } OOJ..LI of sterile sepiolite suspension (0.01% 

sepiolite in deionised H20 supplemented with SmM Hepes and 200mL KCI). SOng of 

transforming DNA was added and the mixture was spread across a CBA plate for 30 
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seconds after the agar was dry. After 24 hrs incubation at 37°C, the cells were harvested 

and re-plated onto a CBA plate with selective antibiotic. 

2.3.6. Restriction digestion and other cloning enzymatic reactions 

Restriction enzymes (NEB) were used to digest plasmids and fragments of DNA. 

According to the enzyme, the appropriate NEB buffer was used at 1 x concentration, when 

necessary supplemented with lOOIlg/ml Bovine Serum Albumin (BSA). 

Antarctic Phosphatase (NEB) was used for dephosphorylation of vectors after restriction 

digestion by the removal of the 5' phosphate from DNA to prevent recircularisation, which 

creates background during cloning. Antarctic Phosphatase buffer was used at Ix working 

concentration within each reaction. 

T4 Polynucleotide Kinase (NEB) was used to catalyse the phosphorylation ofPCR 

products for cloning by the transfer of phosphate from ATP to the 5' -hydroxyl terminus of 

polynucleotides. This was used either with T4 ligase reaction buffer (50mM Tris-HCl, 

IOmM MgCh,ImM ATP, IOmM OTT, pH 7.S) or T4 Polynucleotide Kinase buffer 

(70mM Tris-HCI, lOmM MgCh, SmM DIT, pH 7.6), Both are acceptable as they both 

contain A TP, which is necessary for the reaction to take place. 

T4 DNA ligase (NEB) was used for the ligation of DNA to form a new construct by 

catalyzing the formation of a phosphodiester bond between two termini. This was used 

with the T4ligase reaction buffer at Ix working concentration within each reaction. 

T4 DNA polymerase (NEB) catalyzes the synthesis of DNA in the 5'-+ 3' direction and so 

removes 3' overhangs and fills in 5' overhangs to form blunt ends with dNTPs. The 
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enzyme was used with either T4 DNA polymerase buffer or restriction enzyme butTer as 

both were appropriate for the reaction. 

CloneChecker (Invitrogen) was used to rapidly screen recombinant bacterial cultures for 

target plasmids. 4J.11 of the green solution was used, mixed with the bacterial culture 

scraped from the agar plate. This was heated to 100°C for 1 min. The resulting lysates were 

then mixed with 10111 I x TE ButTer. The lysates were later used for PCR or restriction 

digestion for verification. The Supercoiled Plasmid protocol was used for checking 

plasmids for the presence of an insert after ligation and transformation. The Supercoiled 

Plasmid protocol was conducted according to manufactures' specifications. 

2.4. Quantitative polymerase chain reaction (gPeR) 

2.4.1. Total RNA isolation 

To isolate total RNA, Bacteria Protect Reagent (Qiagen) was applied directly onto plate 

culture or double volume to liquid culture. The culture and Bacteria Protect Reagent were 

mixed and spun down 4000 x g for 20 mins (4°C). The supernatant was removed and the 

pellet was either processed immediately or stored at -80°C. The RNA was isolated using 

the RNeasy Mini Prep kit (Qiagen) with the protocol as described by manufacturers with 

the Bacteria Protect Reagent. The cells were lysed using lysozyme (ISmglml) and 

proteinase K (120 mAU). The RNA samples are treated with RNase free DNase kit 

(Qiagen) to prevent DNA contamination. The RNA isolated was aliquoted and stored at -

80°C or used immediately for quantitative real time PCR (qPCR). 
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2.4.2. Quantification of total RNA 

RNA samples were measured on the NanoVue system. The NanoVue system used two 

measurements of sterile nuclease free water twice for calibration. The samples were 

considered pure if the A260/280 ratio was between l. 7 and 2.0 and the A260/230 ratio was 

above 2.0. Despite the RNeasy RNA isolation method using no phenol, the A260/230 

value could be altered by the presence of other solvents and chaotropic salts, which are 

present within the buffers of the RNeasy Mini Prep Kit. In accordance to the 

manufacturers, a decrease in this value would not necessary alter downstream reactions. 

2.4.3. gPCR Primers 

Primers were designed from C.jejuni DNA sequences from NCBI. The sequences of the 

genes of interest were analysed by Primer BLAST (NCBI) to design primers specific to the 

template. The primers were designed to provide an amplicon length of between 85 and 

250 bp and the primers were between 18 and 21 bp. Potential primers were verified for 

secondary structures and primer dimers using the Sigma Genosys DNA calculator (Sigma). 

The size of the amplicon was verified using the program Sequence Manipulation Suite: 

PCR products. Once the primers were verified with the previous programs, the primers 

were checked through NCBI BLAST nucleotide tool to ensure specificity with C. jejuni, 

with no additional gene hybridisation. Initial set of primers created were not optimal due to 

variation between amplicon lengths (Table 2.5.) and so a second set were created and were 

used in all experiments (Table 2.6.) 
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2.4.4. gPCR 

Two step quantitative real time PCR was performed using 2x QuantiFast SYBR Green RT

PCR Kit (Qiagen), which contains QuantiFast SYBR Green RT-PCR Master Mix 

(containing QuantiFast SYBR Green RT-PCR Buffer with MgCh, dNTP mix and ROXTM 

passive reference dye) and QuantiFast RT Mix (containing Omniscript® Reverse 

Transcriptase and Sensiscript® Reverse Transcriptase). For each experiment, the master 

mix for each primer set was made freshly including 2x QuantiFast SYBR Green RT-PCR 

Master Mix, QuantiFast RT Mix, forward primer (100J.lM) and reverse primer (100J.lM). 

Each reaction well of a 96 well plate contained RNA at a concentration :51 OOng, master 

mix and RNase free water to the total volume of 12.5J.l1. Each sample was performed in 

technical duplicates and biological triplicates. Every run contained no template (RNase 

free water added instead of RNA), no primer (RNase free water added instead of primers) 

and water controls and was performed in duplicates. The PCR plate was then placed into 

CFX96 Real time System C1000 Thermocycler (Bio-Rad). The cycler conditions were 

programmed in accordance to the manufacturers' protocol, as listed in Table 2.7. 

2.4.5. Analysis using 2-M CT method 

The relative change in gene expression was calculated using the Livak and Schmittgen 

(2001) 2-MCt method. 
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Table 2.5. The primers used in gene expression studies, with primer sequence and amplicon 
length listed. 

Primer name Primer sequence (5'-3') Amplicon length (bp) 

16sma for ACAGGTGCTGCACGGCTGTC 125 
165ma rev TGCTCGGCCGAACCGTTAGC 
R oA forward CCCTAGCCCATCCTTTACGCCG 103 
RpoA reverse TGCTACATCTTCAAGCATACCACGCA 
AmiA forward TGTGGCATTTGGTGCTGCGT 244 
AmiA reverse TGCGGGGCATGGTGGAAAAAGA 

Table 2.6. The revised primers that were used in gene expression studies, with primer 
sequence and amplicon length listed. 

Primer name Primer sequence (5'-3') Amplicon length (bp) 

g-16S for ACAGGTGCTGCACGGCTGTC --- 103 ------
q-16s-rev TGCTCGGCCGAACCGTT AGC 

125 q-rpoA-for CCCT AGCCCA TCCTTT ACGCCG --
q-rpoA-rev TGCTACA TCTTCAAGCA TACCACGCA 
q-amiA-for TGGGG1TTT AGAAGGGGGTA --- 92 
q-amiA-rev CCACTA TGCGT A TGGTTTTGG 

Table 2.7. The thermal cycler protocol and conditions for qPCR using QuantiFast SYBR 

Green. 

PCR step 

Reverse transcription 

Enzyme activation 

Denaturation 

AnnealinglExtension 

Melt curve 

Temperature (0C) 

50 
95 
95 
60 

90 
55-95 

Duration of step 

10 mins 

5 mins 

10 sec 

30 sec 

1 min 
I 0 sec for each 
0.5°C increment 

Number of cyc les 

I 

35 (The SYBR 
fluorescence data is 
measured after each 
cycle) 

1 

] 
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2.5. Site Directed Mutagenesis (SDM) 

The genes of interest were disrupted by a kanamycin resistance (kan') cassette method as 

previously described (Karlyshev, 2005). Primers AmiA_for and AmiAJev (Table 2.8) 

were used to amplify the 2 kb fragment containing amiA gene from C. jejunil1168H 

chromosomal DNA. For the amplification of the 2.2 kb spoT gene, primers SpoT_for and 

SpoT_rev were used (Table 2.8). The PCR products were subsequently cloned into 

pGEM®-T Easy (Promega). The recombinant plasmids were confirmed by restriction 

digest. The kanamycin cassette (kan') was obtained from vector pJMK30 by digestion with 

BamHI (Trieu-Cuot et ai., 1985). The kanr was blunt ended for insertion into pGEM®-T 

Easy-amiA. pGEM®-T Easy-amiA was digested by restriction enzymes for the insertion of 

kanrinto the N-terminal region and C-terminal region. pGEM®-T Easy-spoT was also 

digested at 1 restriction site for kan" to be inserted for the construction of amiA-kan'N, 

amiA-kan"C and spoT- kan" plasmid. Orientation of kan" in amiA-kan'N, amiA-kanrC and 

spoT- kanr was determined using restriction digest. The plasmids containing the insert of 

interest in the correct orientation were used. 

An additional construct with extended flanking regions for higher complementation were 

created for the amiA knockout mutant. This construct was made in the same method as 

amiA-kan'N, amiA-kanrC, however the amiA gene had an additional 0.5 kb extending 

region on each terminal. This fragment of3 kb was amplified using primers AmiAXF _for 

and AmiAXF _rev (XF abbreviated from extended fragment). The amiA derivative plasmid 

with extended flanking regions and kanr inserted were named amiAXF-kan'N, amiAXF

kanrC plasmids. All plasmids were cloned into E. coli XL2 Blue competent cells. 

Transformation into C. jejuni was conducted by electroporation. The efficacy of the 

transformation was verified using PCR on the C. jejuni transformants chromosomal DNA. 
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Table 2.S. The primer sequences used for the amplification of target genes amiA and spoT for 
SDM. 

Gene name of selection Primer Name Primer sequence (5' to 3 ') 

AmiA ArniA for GCT AAAA I III I GT A'I I I 1'1 AGT A TTTG -_ ..... 
AmiA rev TCA TCGGITGIT AT AAAAA T AACTCTC 

---------A~miAX=F::-=fo-r-- ATGCTA TTTCTIT AGGGGCTAGTGGTCC-G=--"""""'" 

AmiAXF rev AAAAGGTGCAAA TITGTGT A I I I I I 
~~~------------~~~=---~ -----~ 
S~oT SpoT_for TTGAAACCAATCGATGAAGAATTATTGC 
~---------S~poT rev ITAACTTTCTTTATAAGCATCATTTAAAGATG 

2.6. Construction of re2Ulated C. jejuni specific expression system 

2.6.1. Construction of pRRBC system 

The pRRBC system was derived from the pRRC construct that has complementary 

flanking regions of several rRNA gene clusters in Campy/abaeter, which allows for the 

insertion of the construct into the chromosome by homologous recombination (Karylshev 

& Wren, 2005). pRR contains the parts of the 16S and 28S flanking regions cloned into 

pGEM®-T Easy vector (Promega). An arabinose inducible system was derived from 

pBAD33. The ClaI and San blunt ended restriction digest fragment contains a pBAD 

promoter and regulatory region, araC. The pBAD33 fragment was ligated into pRRXbaI 

blunt ended site to form pRRB. Cam' gene cassette was inserted in the unique XbaI in 

pRRB. Cam' was derived from pAV35lcpnI blunt ended fragment. The insertion of 

cam' into pRRB created pRRBC with a unique kpnI site for insertion of genes of interest. 
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2.6.2. Construction of pRRT -lacYA177C 

LacY gene was amplified via PCR from E. coli K12 chromosomal DNA using primers 

lac Yfor and lac Yrev (Table 2.9). The 1.3 kb PCR product was then cloned into pGEM®-T 

Easy vector (Promega). The recombinant plasmids were confirmed by restriction digest. 

Using PCR and primers lacY-A177Cfor and lacY-A177Crev with the template pGEM®-T 

Easy-lacY, a linear pGEM®-T Easy-lacY with point mutation A177C was produced. The 

PCR product was phosphorylated and self-ligated to recreate the circular plasmid. The 

mutated gene was cut out ofpGEM®-T Easy and inserted into the pRRT vector. The 

presence of the point mutation was verified using primer walking sequencing (Beckman 

Coulter Cogenics) and restriction digestion. The underlined regions in Table 2.9. show the 

San site to allow for integration into the unique site in pRRBCD-egffi. 

Table 2.9. List of primers used for the amplification of E. coli lac Y and the insertion of a base 
mutation using PCR. 

Primer name Primer sequence (5' to 3') 

lacYfo-::..r ____ -=G=T::c=G~A~C~AAGGAAA TCCAIT ATGTACTAITT AAAAAAC 
lacY rev GTCGACTT AAGCGACTTCA TTCACCTGACGACGCAG 
lac Y -A 177Cfor TGTCTCATCCTCGCCGITTT ACTC 

--------------------------------------------~ lacY-Al77Crev ACAGCCAGAGCCCAGCCAGAAAAC 

2.6.3. Quantification of membrane integrity with fluorescence microscopy 

LIVEIDEAD® BacLightTM Bacterial Viability Kit (Invitrogen) was used in accordance to 

the manufacturers' protocol for microplate reading and for confocal microscopy. The 

protocol for preparation of C. jejuni culture was derived from the protocol provided for the 
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preparation of E. coli cells. The protocol for preparation of E. coli culture was used 

according to the manufacturers' protocol. 

For E. coli cultures, the sample culture was pelleted by centrifugation at 4,000 rpm (rotor 

diameter 6 cm) for 10 mins (4°C). After removing the supernatant the bacterial pellet was 

resuspended in 20ml 0.85% NaCI. The suspension was centrifuged again at 4,000 rpm for 

10 mins. The culture was resuspended in 20ml of 0.85% NaCl. The sample was then 

incubated at room temperature with mixing every 15 mins. The sample was pelleted with 

centrifugation as before. The sample was then resuspended in a final volume of 5-1 Oml in 

0.85% NaCI. For C.jejuni cultures, the sample culture was pelleted by centrifugation at 

4,000 rpm for 10 mins. The supernatant was discarded and the pellet was resuspended in 

20ml 0.85% NaCI. The suspension was centrifuged again under the same conditions as 

previously stated. The sample was resuspended in a final volume of 5-1 Oml in 0.85% 

NaCI. The optical density of the culture after preparation was adjusted to 0.1 OD6OOnm or 

1.0 OD600nm. For visualisation under the confocal microscope, 5~1 of the stained solution 

was trapped between the slide and the glass cover slip. For measurement of fluorescence 

using the microplate reader, a 2x stain solution was made and added to 1 00~1 of bacterial 

suspension, each sample in triplicates, in the 96 well flat bottom plate. The cultures were 

stained with the propidiumiodide (PI) (1.67mM) and syro 9 (1.67mM) solution and 

incubated in the dark for 15 mins before visualisation and analysis. The samples were 

visualised on a Leica res SP2 AOBS confocal laser scanning microscope. The slides were 

visualised using a 20x dry objective, and 40x and 63x with oil immersion objectives. 

Higher resolution and increased magnification was obtained using the Leica software with 

digital zoom. The images were obtained using Leica software. 
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2.7. Protein purification 

2.7.1. Construction of recombinant plasmids 

AmiA was placed into the E. coli expression vector pBAD33, which contains the arabinose 

promoter region from the arabinose operon along with the positive and negative regulator 

(araC) (Guzman et al., 1995). The gene sequence suggested the translated protein to be 

non-secretory via Softberry and the only possible cleavage site found by SignalP at the C-

terminal between position 20 and 21. Primers were designed to amplify amiA with a 6 

Histidine (x6) tag onto the C- terminal along with specific restriction sites of Xbal and PstI 

into the flanking regions of the gene for insertion into the pBAD33 or pTrc99A vector 

(Table 2.10). An additional set of primers were designed (AmiAHis_foralt and 

AmiAHisJevalt) for the different Shine Oalgamo (SO) region to provide increased 

specificity for expression within E. coli. The original set of primers used a SO region that 

was specific for C. jejuni. Insertion and orientation of amiA- x6His tag sequence into 

pBAD33 and pTrc99A was verified by restriction digest analysis using Styl or XbaI & 

Pst!. Confirmation of the sequence was performed through primer walking sequencing 

(Cogenics, Beckman Coulter). The plasmids were cloned into E. coli XL2 competent cells 

first then transformed into E. coli BL21 competent cells (Agilent). 

Table 2.10. List of primers for the construction of histidine tagged amlA. 

Primer name Primer sequence (5'-3') 
AA T ATCT AGAAAGGAAA TACT A TGGCTAAAA I I I I I GTA I I I I I'AGT 
AT 
GIIIIICTGCAGTCAATGATGATGATGATGATGTCGGTTGTTATAAA 
AATAA 

AmiAH·~i~~ft~om~lt ---AA~TATCTAGAAAGAAGGAGATATACCATGGCTAAAA[(lllGTATTT 
TTAGTAT 

AmiAHisJevalt C n r I I CTGCAGTCAA TGATGA TGA TGATGA TGTCGGTTGTT A T AAA 
AATAA 
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2.7.2. Production and purification of recombinant protein 

The E. coli culture that contained pBad33-amiA-x6His tag or pTrc99a-amiA-x6His tag was 

grown in LB broth overnight shaking at 37°C. The overnight culture was used to inoculate 

100mi LB broth to OD6oo0.0S-0.1. The culture was grown at 37°C with shaking and 

measured until it reached OD600 0.S-0.6. The culture was then inoculated with 0.1 % 1-

arabinose and continued to grow for an additional 3 hrs before harvesting the cells by 

centrifugation at 4,000 rpm for 10 mins (room temperature). The supernatant was 

discarded and the pellet was processed immediately or stored at -80°C for future use. 

For large scale protein purification (60-100ml culture volume), QIAexpress Ni-NTA Fast 

Star was used. Proteins were purified according to the protocol described in the 

manufacturers' kit (Qiagen) using the protocols 'Purification of 6xHis tagged proteins 

under native conditions' & 'Purification of 6xHis tagged proteins under denaturing 

conditions. ' 

For small scale protein purification (10-20ml culture volume), Ni-NTA Agarose Magnetic 

Beads were used. Proteins were purified according to the protocol described in 

manufacturers' kit (Qiagen) using the protocol 'Purification in single reaction tubes'. The 

volume of the final elutant was 10-201-L1. 

A 20I-LI aliquot from all samples were mixed with 7!!1 of 4x NuPAGE® LOS sample 

buffer (Life Technologies) for SOS-PAGE analysis. 

S30 T7 High Yield Protein Expression System was used according to manufacturers' 

protocol (Promega). The amount of purified plasmid DNA used was 2S0-S00ng!!!1. 

Standard reaction volumes for the experiments were 50!!1 and 25!!1. To run the purified 

protein on a SDS-PAGE gel, a SJ.lI aliquot was taken and mixed with 14J.lllx TBS and IJ.lI 

63 



RNase A. The sample was incubated at room temperature for 5 mins then 20~1 of2x 

NuP AGE® LDS sample buffer was added followed by denaturing by heating at 100°C for 

2 mins. An 8~1 aliquot of the sample was loaded onto the gel. 

2.7.3. SDS-PAGE and Coomassie Blue staining 

The purified protein samples and Colourplus protein molecular weight marker (NEB) were 

loaded into precast 4-12% Bis-Tris acrylamide gel (Invitrogen). The samples and the 

protein molecular weight marker were run at 120V for approximately 95 mins in Ix MOPS 

Buffer (PH 7.7) (Invitrogen). After the gel had been removed from the cassette, it was 

washed 3 times for 5 mins in deionised water. The gel was incubated in the SimplyBlue™ 

SafeStain Coomassie Blue (Life Technologies) for 1 hr with gentle shaking. Before 

visualisation, the gel was washed in de ionised water for 1 hr with gentle shaking. The gel 

was visualised using G:Box(Syngene) imaging system with GeneSnap software. 

2.7.4. Western Blotting 

After the protein samples were run, the gels were removed from the cassette and 

equilibrated in transfer buffer (48mM Tris, 39mM glycine, l.3mM SDS, 20% methanol). 

The proteins on the gel were transferred onto prepared 0.45~ polyvinylidenedifluoride 

(PVDF) membrane (SLS) using a semidry transfer unit at 15V for 90 mins with transfer 

buffer. Efficiency of transfer of proteins to the membrane was checked by incubating the 

membrane in Ponceau S stain for 2 mins. The stain was subsequently removed with 2 

washes with xl Tris buffered saline containing 0.1 % Tween 20 (TTBS) (15mM Tris, 150 

mM NaCI, 0.001 % Tween 20, pH 8.0) for 2 mins. The membrane was incubated in 5% 
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non-fat skimmed milk in Ix TTBS for Ihr at room temperature with gentle shaking to 

prevent non-specific binding. The membrane was then incubated with primary antibody 

anti-Hisx6 Mouse (NEB) diluted 111000 in Ix TTBS at 4°C overnight with gentle shaking. 

The membrane was washed 4 times with xl TTBS for 5 mins. The membrane was then 

incubated in secondary antibody IgG anti-Mouse horseradish peroxidase linked antibody 

(NEB) diluted 1110000 in Ix ITBS for 2.5 hrs at room temperature with gentle shaking. 

Before visualisation, the membrane was washed 4 times for 5 mins in xl TTBS. The 

proteins on the membrane were visualised using Supersignal West Pico chemiluminescent 

substrate (Pierce) and the GeneGnome imaging system (Syngene) with GeneSnap 

software. 

2.S. Peptidoglycan cleavage analysis 

2.S.1. Isolation of E. coli and C. ;e;uni sacculi 

The sacculi or peptidoglycan was isolated as previously described by Glauner (1988) and 

Singh el al. (2012). E. coli and C.jejuni cells were harvested from exponentially growing 

cultures with the approximate OD600 0.6 by centrifugation at 4000 x g for 40 mins at 4°C. 

The bacterial pellet was resuspended in 3ml ice cold deionised water. To the bacterial 

pellet, 3ml of boiling 8% SDS was added drop-wise to the suspension with vigorous 

stirring within 10min. The suspension was boiled for a further 30min to solubilise the 

membrane and degrade genomic DNA. The suspension was incubated for approximately 

16 hrs at room temperature. The sacculi are isolated by ultracentrifugation at 130000 x g 

for 60min at 4°C and washed 4 times with 8 ml of sterile deionised water. Pellet was 

digested with a-amylase (lOOI-lg/ml in lml of 10mM Iris-HCI pH 7.0, for 2 hrs at 37°C) 
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and pre-digested pronase (200J,1g1ml for 90 mins at 60°C). The suspensions were boiled 

with equal volume of 8% SDS for 15 mins to deactivate the digestive enzymes. The 

suspension was further diluted with 6ml of sterile deionised water. The samples were 

ultracentrifuged and washed with 8ml of sterile deionised water as previously described to 

wash out excess SDS. The final pellet was resuspended in 25mM Tris-HCI (PH 8.0). 

For TLC and HPLC analysis, 100J,11 isolated sacculis were treated with 20 U of 

mutanolysin (Sigma) at 37°C in 25mM Tris-HCI (PH 8.0) for 16 hrs. The insoluble 

material was removed by centrifugation at 10 OOOg, 15 mins at room temperature and the 

soluble fraction was then reduced with Img of sodium borohydride in 50mM sodium 

borate buffer (PH 9.0) for 30 mins at room temperature. The excess borohydride was 

destroyed by the addition of 20% phosphoric acid, and the pH was adjusted to 3-4. 

2.8.2. Thin Layer Chromatography aLe) 

The method used was previously described by Barzilai et ale (1984) to study peptidoglycan 

using TLC. The silica gel plates were heated for 30 mins at 110°C to 'inactivate' the plate. 

1OJ,11 samples were spotted onto the plates and left to air dry. The one dimensional TLC 

was conducted using the solvent system of isopropanol/acetic acid/water (75110/15, 

vol/vol/vol). The plates were developed and then allowed to air dry. The plates were 

sprayed with 0.3% ninhyrdrin in 3% acetic acid in N-butanol. The plates were then heated 

at 110°C for 10 mins. The plates were visualised using the Camag TLC visualisation 

system (Camag). 
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2.8.3. High performance liquid chromatography (HPLC) analysis of peptidoglycan 

products 

HPLC analysis was perfonned to observe the effects of amidase overexpression on 

peptidoglycan as previously described by Glauner (1988) with modifications. Samples 

were run in a linear gradient with 0 to 70% acetonitrile in SOmM sodium phosphate buffer 

(PH 4) with the run time of 25mins with the flow rate of 0.8ml per minute. The HPLC was 

performed using LC-20I OA HT Liquid Chromatograph (Shimadzu). The column used was 

PhenomenexSphereclone CI8 column (ISO x 4.Smm, SJ.lm). The program used to analyse 

the chromatograms was LabSolutions (Shimadzu). 
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3.0. The effects and visualisation of environmental 
stresses on C. jejuni and C. fetus CFF 
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3.1. Introduction 

CFF in C. jejuni and H pylori has been documented for several decades. It was shown to 

be induced by various unfavourable environmental stresses and has been considered a 

degenerative state (Buck et al., 1983). This led to a decline in research within the field 

however, a holistic overview of the CF morphology within C.jejuni and related organisms 

suggests an alternative role of the CF and the various CFs created under different stress 

conditions, strengthening the link between CF and potential VBNC states (Ikeda & 

Karlyshev, 2012). The relationship between CF and VBNC states have become more 

ambiguous after findings of C. jejuni coccoid and non-coccoid VBNC cells dependent 

upon the environmental stresses they are formed (Federighi et al., 1998; Lazaro et al., 

1999; Hudock et al., 2005; He & Chen, 2010). 

As stated previously, transformation into CF in C. jejuni is stimulated by various stress

inducing factors (section 1.8.). The mechanisms of CFF under different stress factors can 

lead to differential properties of CF observed, which may partly explain the reason for 

varied results obtained with CF of C. jejuni in different labs. An example of this is 

temperature stress, which leads to CFs formed at temperatures of 37°C and 42°C to have 

the highest level of membrane permeability and DNA degradation when compared with 

CFs induced at 4°C (Hazeleger et al., 1998). 

Oxidative stress is a well known inducing factor of CFF in C. jejuni, with its effects well 

documented, and was also one of the first stressors known to generate the morphological 

transition (Ogg, 1962, Karmali et al., 1981, Moran & Upton, 1986, Boucher et al., 1994, 

Lee et al., 2005, Klancnik et al., 2006). Oxidative stress can also result from the effect of 

reactive oxygen species (ROS), like superoxides and hydrogen peroxide. 
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It was suggested that the morphological transition to the CF occurs via an intermediate 

shape that resembles a 'doughnut', which appears as though the cells curl to become 

spherical (N g et al., 1985). Another intermediate shape that has been seen is the 'club' 

shape, which is characterised by localised expansions of the cell (Moran & Upton, 1986; 

Thomas et al., 1999). However, both of these structures are rarely seen in C.jejuni electron 

micrographs, suggesting that these forms exist transiently or are an artefact of fixation. 

Though CFF in C. jejuni has been studied for several decades, the morphological transition 

with other Campylobacter spp. has not been explored as extensively. Amano and Shibata 

(1992) compared the peptidoglycan content in rod and coccoid morphology of three 

different species of Campylobacter: C. coli; C. jejuni; and C. fetus, and found that very 

little peptidoglycan could be removed from the bacterial cells of C. coli and C. jejuni 

whilst in their CF. Remarkably, peptidoglycan was always obtainable from C.fetus cells, 

coincident with an inability of this subspecies to form CF. Amano and Shibata (1992) 

showed C. fetus was unable to form CF under stationary stress, however the effects of 

extended periods of nutrient deprivation and temperature stress induced CFF in C. fetus has 

not been previously studied. 

There are several aims of the work presented within this chapter; firstly, to determine the 

progression of the coccoid morphology of C. jejuni strains under stationary phase and 

aerobic stresses. Secondly, to compare the methods of visualisation ofCF and the presence 

of possible intermediate structures. Thirdly, to determine the effect the different systems 

used to maintain microaerobic conditions could have on CFF in C. jejuni strains. Finally, 

to investigate the possible factors that could explain the differential morphology 

conversions between C. jejuni and C. fetus. 
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3.2. Results 

3.2.1. The visualisation of C. jejuni morphologies under light and scanning electron 

microscopy under stationary phase stress & CFF of C. fetus 

The Campylobacter Gram stained cells were visualised under 1000x magnification with 

light microscopy. Samples were compared across 4 time points on solid media - 1, 2, 3 and 

4 days. Liquid culture samples were compared across the same 4 times points. On both 

solid and liquid media, samples of C. jejuni 11168H and 81116 both displayed a similar 

increase in the percentage of CF present over time (Figures 3.1,3.2,3.3 and 3.4). There 

was no significant difference in the accumulation of CF between the two C. jejuni strains 

on solid media (unpaired Student's I-test; 0.25, df= 22, P= 0.81) and in liquid cultures 

(unpaired Student's I-test; 0.311, df= 58, P = 0.76). 

On solid media, C. jejuni samples had very few CF present on day 1 or day 2, with 

approximately 10% to 30% present. The majority of the population maintained the 

classical spiral rod morphology (Figure 3.1). From day 3 onwards there was a dramatic 

increase in the percentage CF within the population to approximately 90%, with almost no 

rod shaped bacteria present (Figure 3.1). The accumulation of CF can be increased on day 

2 if the initial inoculums were larger, increasing the amount of cells and growth and 

hastening entrance into stationary phase thus, the accumulation of waste product (Figure 

3.2). In a small proportion of samples, the results were not always consistent taken from 

solid media from areas of higher inoculums. Consistent results were obtained from single 

colony samples. A skew in the proportion of CF could be due to the biofilm-like nature of 

the larger and more mature growth. The larger amount of starting inoculum could lead the 

bacteria to create a protective structure to maintain an optimal environment for a 

proportion of cells, enabling maintenance of the rod morphology. 
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The homogenous nature of liquid culture was validated by the consistent gradual readings 

from all time points of each sample. The percentage of the CF in liquid media showed a 

slower progression of the accumulation, increasing steadily with the biggest jump in 

accumulation occurring at day 2, which could be a pivotal point of transition (Figure 3.3). 

The accumulation of CF on day 2 on solid media had the highest variance compared with 

all the other time points. Samples from liquid cultures were taken at the same times as the 

solid media and showed a gradual increase up to 40% CF by day 2, whilst on solid media 

there was only approximately 10% of CF cells present within the population on average. 

The C. jejuni SEM samples were taken at 4 time points from solid media - days 1, 2, 3 and 

4 and a Gram stain sample was taken from each of these samples for comparison as shown 

in Figure 3.4 and 3.5 respectively. The morphologies of either shape present within the 

populations were visualised by light microscopy and were also shown with SEM. The light 

microscopy resolution showed the CF cells from all samples appeared relatively uniform 

and the stain was retained. However, visualisation of CF of older samples (3 day and 4 day 

samples) under SEM showed a lack of uniformity in the membrane. The membrane 

showed ruffling and folding on the surface, suggesting the membrane is disrupted, though 

this could be due to the fixation technique or showing the cell membranes are 

compromised and possibly deteriorating (Figure 3.6). 

In Figure 3.7 a 'doughnut' shaped intennediate structure (Ng et al., 1985) was visualised in 

picture B but this structure has only been observed under SEM. The 'club' intennediate 

structure, which has been previously described in other studies (Thomas et al., 1999) was 

not found. Neither of these morphologies were visualised under light microscopy. It has 

been suggested that the intermediate structure is very short lived or the intermediate 

structures are artefactual products of the fixation process for electron microscopy. 
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It has been found by Hudock et al. (2005) that C. jejuni incubated for extended periods of 

time whilst under nutrient deprivation and aerobic stress showed the increase in CF 

concurrent with DNA degradation within 3 days. C. jejuni samples from solid media from 

days 1 to 4 were taken and chromosomal DNA was isolated. The different aged samples 

were compared via agarose gel electrophoresis and the concentration and quality of DNA 

was measured using a NanoVue spectrophotometer (Table 3.1 and Figure 3.8). The 

samples with the highest percentage ofCF (day 3 and 4 samples) displayed no visible 

degradation on the agarose gel in comparison with samples with almost no CF present (day 

1 and 2 samples), nor were the concentrations or any of the 260/280 values skewed 

outside the normal range due to the age of the culture. 

The progression of CFF within C. jejuni and C. fetus were compared using two strains 

from each species. C. fetus NCTC 10842 was used for comparison as this strain was 

observed by Amano & Shibata (1992) to not form the coccoid morphology. C. fetus 82-40 

was used as this is the only commercially available C. fetus sequenced strain. The C. fetus 

strains were compared originally with the C. jejuni strains under stationary phase stress on 

solid media over a 4 day period. The main morphology observed within all the C. fetus 

strains and samples was the classical rod morphology (Figure 3.9). Samples were observed 

for longer incubation; at day 5-7, however there was still no change in the percentage of 

CF observed (data not shown). These findings are similar to those found with previous 

studies and the evidence presented here with a different strain that also lacks morphology 

change under stress conditions demonstrates that this is not due to strain variation in C. 

fetus. 
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Figure 3.1. The mean percentage ofCF in WT c.jejuII; 11168H and 81116 solid media culture samples over a 4 day period. 
The strains were grown microaerobically on CBA. Within each individual measurement 100 cells were counted. The samples were prepared and counted as 
described in section 2.1.2. These data are the mean of three individual experiments each done in triplicate. The error bars represent SO (N= 9). 
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Figure 3.2. Image of C. jejuni 11168H cells grown on solid media visualised using light microscopy sampled at day 2 with A) large initial inoculum 
(several colonies/well growth) and B) smaller initial inoculum (single colony). 
The strains were grown microaerobically on CBA media containing 5% defibrinated horse blood, and were prepared and visualised as described in section 

2.1.2. The black bar in the bottom right hand corner of each image is representative of 1 Ollm. The samples were all visualised under x I 000 magnification and 

images were all taken with the Nikon SOi. 
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Figure 3.3. The mean percentage ofCF in WT C.jejuni 11 168H and 81116 liquid cultures over a 4 day period. 
The liquid cultures were grown microaerobically with shaking (-200 rpm), starting at approximately 0.1 00600nm mrl. Within each individual measurement, 
100 cells were counted. The samples were prepared and counted as described in section 2.1 .2. These data are the mean of three individual experiments each 
done in triplicate. The error bars represent SO (N= 9). 
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Figure 3.4. Images of C. jejuni 11168H cells grown on solid media visualised using light microscopy sampled at A) day 1 B) day 2 C) day 3 and D) 
day 4. 
The strains were grown microaerobically on CBA media containing 5% defibrinated horse blood. The same samples were visualised using SEM for 

comparison in Figure 3.4. Samples were prepared and visualised as described in section 2.1.2. Sample A and B are predominately rod morphology whilst 

samples C and 0 are CF. The black bar in the bottom right hand corner of each image is representative of I OJ.1m. The samples were all visualised under xl 000 

magnification and images were all taken with the Nikon 80i. 
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Figure 3.5. Images of C. jejuni 11168H cells grown on solid media visualised under scanning electron microscopy sampled at A) day 1 B) day 2 C) 

day 3 and D) day 4. 
The strains were grown microaerobically on CBA media containing 5% defibrinated horse blood. The same samples were visualised with light microscopy 
for comparison in Figure 3.3. Samples were prepared and visualised as described in section 2.1.2. The respective scale bars for each image are shown in the 

bottom left hand corner. Images were taken using Zeiss EVO 50 Scanning electron microscope. 

78 



Figure 3.6. Images of C. jejuni 11168H rod and coccoid morphologies with higher magnification using scanning electron microscopy to show the lack 
of membrane uniformity. 
The strains were grown microaerobically on CBA media containing 5% defibrinated horse blood. Samples were prepared and visualised as described in 

section 2.1.2. The respective scale bars for each image are shown in the bottom left hand corner. Images were taken using Zeiss EVa 50 Scanning electron 
microscope. 

79 



Figure 3.7. Image of C.jejuni 111680 intermediate 'doughnut' structure visualised under scanning electron microscopy. 
The strains were grown microaerobically on CBA media containing 5% defibrinated horse blood. Samples were prepared and visualised as described in 
section 2.1.2. The scale bar is shown in the bottom left hand corner. Images were taken using Zeiss Eva 50 Scanning electron microscope. 

80 



Table 3.1. The concentration and absorbance ratios of C.jejuni 11168H chromosomal DNA isolated 
samples across a 4 day period. 

Sample Concentration (p.tg/ml) A260/280 A260/230 

Day I 337 1.997 2.342 

Day 2 268 1.98 2.188 

Day 3 188.5 1.778 1.945 

Day 4 237.5 1.779 1.973 

M 2 3 4 

Chromosomal 
DNA 

3 kb -

Figure 3.8. Agarose gel showing the integrity of intact C. jejuni 11168B chromosomal DNA isolated 
from samples across a 4 day period. 
Equivalent amounts of DNA (SOOng) were loaded into each lane. The chromosomal DNA degradation 
would be evident by smearing down the gel however all samples appear to be above the marker sizes, 

suggesting it is intact. 
M - NEB I kb Ladder, 1- 1 day C.jejuni chromosomal DNA sample, 2- 2 day C.jejuni chromosomal 
DNA sample, 3- 3 day C.jejuni chromosomal DNA sample, 4- 4 day C.jejuni chromosomal DNA 

sample. 
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Figure 3.9. Images of C.letus cells A) NCTC 10842 and B) 82-40 strains grown on solid media visualised under light microscopy and sampled on day 
4. 
The strains appear only to be in the rod morphology. The strains were grown microaerobically on CBA media containing 5% defibrinated horse blood. The 

white bar in the bottom right hand corner of each image is representative of 1 O~m. The samples were all visualised under 1 OOOx magnification and images 

were captured with the Nikon 80i. 
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3.2.2. Comparison of C. ;e;uni CFF in jar and gas incubator systems and the 

accumulation of C. ;e;uni CF under ambient oxygen stress 

The percentage of CF in the population was measured under microaerobic conditions 

across various time points showing an increase in CFF over time. The previous samples 

were incubated in a Don Whitley microaerophilic gas incubator system. However, this 

system was compared with Campygen atmosphere packs and jar system to determine 

whether the systems cause a fluctuation in accumulation of CF due to the variation in 

humidity. As seen in Figure 3.10., there are no differences in CFF between the two systems 

with either strain of 1II68H (unpaired Student's I-test; 0.178, df= 15.793, P = 0.86) & 

81116 (unpaired Student's I-test; 0.014, df= 15.994, P = 0.99). 

The amount of CF present on solid media showed an increase under ambient oxygen levels 

over time compared to cultures under microaerobic conditions (Figure 3.11). 

In comparison with control cultures grown in microaerobic conditions, oxygenic stress 

showed an increase in the percentage of CF at the initial time points on days 1 and 2, with 

the percentage of CF in the population on day 1 being approximately 30-50%. However, 

from day 3 onward the CFF of the strains cultured in microaerobic atmospheric conditions 

was similar to the strains cultured within ambient oxygenic levels. The rate of CF 

accumulation on solid media under ambient oxygen levels over time were shown to be 

similar with samples that were continuously subcultured from previous strains that were 

exposed to ambient oxygen levels (Figure 3.12). 

The accumulation of CF within WT C. jejuni strains in liquid media was also measured to 

determine if the maintenance of the homogenous environment had different effects. There 

were no significant difference in optical density over time of C. jejuni strains in ambient 
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oxygenic and microaerobic conditions with either strain (strain 11168H - unpaired 

Student's I-test; 0.5233, df= 27, P = 0.61; strain 81116 - unpaired Student's I-test; 0.3578, 

df= 28, P = 0.72) (Figure 3.13). There was no dramatic change in CFF as found within the 

first time points on solid media, instead there was an overall increase in CF within the 

population at each time point compared to strains grown in microaerobic atmospheric 

conditions (Figure 3.14 and 3.15). 

An overview of the effects of the various growth conditions (solid or liquid media cultures) 

and oxygenic environments (percentage of oxygen within the atmosphere) on the 

accumulation ofCF in both C.jejuni 11168H and 81116 over time is shown in Table 3.2. 
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Table 3.2. The mean percentage of CF that accumulated under different growth conditions 
with varying percentages of oxygen across a 4 day period. 

Growth Conditions Oz{%) Time (days) CF mean % to nearest 
Dercentile (SD) 

Microaerobic conditions solid 5 I 4 (2.75) 
media (incubator) 2 10(5.52) 
C. jejuni 1I168H 3 47 (4.2) 

4 80 (3.02) 
Microaerobic conditions solid 5 1 7 (6.6) 
media (gas jar) 2 36 (2.33) 
G. jejuni 11168H 4 87 (6.36) 
Microaerobic conditions liquid 5 0 13 (1.09) 
cultures I 17 (0.96) 
C. jejuni 11168H 2 41 (3.73) 

3 60 (4.15) 
4 66 (6.9) 

Microaerobic conditions solid 5 1 6 (I) 
media (incubator) 2 26(7) 
C.jejuni 81116 3 66 (6) 

4 77 (6) 
Microaerobic conditions solid 5 1 2 (3.08) 
media (gas jar) 2 40 (3.89) 
C.jejuni 81116 4 74 (14) 
Microaerobic conditions liquid 5 0 18(1.03) 
cultures 1 19 (2.55) 
C.jejuni 81116 2 37(5.32) 

3 64(2.27) 
4 67-(2.62) 

Ambient oxygenic conditions 20 I 43 (1.75) 
solid media 2 50 (7.27) 
C. jejuni 11168H 3 57 (2.62) 

4 57 (3.34) 
Ambient oxygenic liquid cultures 20 0 19(0.74) 
C. jejuni 11168H 1 21 (2.22) 

2 43(3.22) 
3 70-(5.86) 

4 75 (2.59) 
Ambient oxygenic conditions 20 1 55(5.93) 
solid media 2 49(4.54) 
G.jejuni 81116 3 66 (5.46) 

4 78 (2.95) 
Ambient oxygenic conditions 20 0 21 (2.99) 
liquid cultures 1 27 (1.9) 
G.jejuni 81116 2 45 (2.53) 

3 67(2.7) 
4 68 (2.75) 
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Figure 3.10. Effect of humidity and microaerobic growth on C. jejuni CFF over time. 
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Comparison of mean percentage ofCF in A) C.jejuni 11168H and B) 81116 solid media culture samples over a 4 day period in microaerobic gas incubator 

vs. the gas jar system. The strains were grown microaerobically on CBA. Within each individual measurement, 100 cells were counted. The samples were 

prepared and counted as described in section 2.1.2. These data are the average of an individual experiment, which was done in triplicate with similar results 
each time. The error bars represent SD (N= 3). 
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Figure 3.11. Effect of A) aerobic compared to microaerobic environments & B) strains of C. jejuni on CFF in cells that had been pre-exposed to a 
microaerobic environment. 
The mean percentage of CF in WT C. j ejuni 11168H and 81116 solid media culture samples over a 4 day period. The strains were grown microaerobically 
(02 = 5%) and in ambient oxygen levels (02 = 20%) on CBA. Within each individual measurement, 100 cells were counted. The samples were prepared and 

counted as described in section 2.1.2. These data are the mean of an individual experiment, which was done in triplicate with similar results each time. The 

error bars represent SD (N= 3). 
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Figure 3.12. Effect of A) aerobic compared to microaerobic environments & B) strains of C. jejuni on CFF in cells pre-exposed to an aerobic 
environment. 
The mean percentage of CF in WT C. jejuni 1I168H and 81 116 solid media culture samples over a 4 day period using strains that were subcultured from 

previous cultures exposed to ambient oxygen levels. The strains were grown microaerobically (02 == 5%) and in ambient oxygen levels (02 == 20%) on CBA. 
Within each individual measurement, 100 cells were counted. The samples were prepared and counted as described in section 2.1.2. These data are the mean 
of an individual experiment, which was done in triplicate with similar results each time. The error bars represent SD (N== 3). 
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Figure 3.13. Effect on growth of two C. jejuni strains in an aerobic environment in liquid media. 
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The optical density of A) C.jejuni 11168H and B) 81116 in liquid media cultures grown in microaerobic (02 = 5%) and ambient oxygenic (02 = 20%) 
conditions over a 4 day period. The liquid cultures were grown with shaking (- 200 rpm), starting at approximately 0.1 00600nm mrl. These data are the mean 

of an individual experiment, which was done in triplicate with similar results each time. The error bars represent SO (N= 3). 
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Figure 3.14. Effect on CFF of C. jejuni 11168H in aerobic environment in liquid media. 
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The mean percentage of CF in WT C. jejuni 11168H liquid cultures over a 4 day period, grown microaerobically (02 = 5%) and in ambient oxygenic 

conditions (02 = 20%) with shaking (-200 rpm), starting at approximately 0.1 OD6OOnm mrl. Within each individual measurement, 100 cells were counted. The 

samples were prepared and counted as described in section 2.1.2. These data are the mean of an individual experiment, which was done in triplicate with 

similar results each time. The error bars represent SD (N= 3). 
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Figure 3.15. Effect on CFF of C. jejuni 81116 in aerobic environment in liquid media. 
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The mean percentage of CF in WT C. jejuni 81116 liquid cultures over a 4 day period, grown microaerobically (02 = 5%) and in ambient oxygenic conditions 

(02 = 20%) with shaking (-200 rpm), starting at approximately 0.1 OD600nm mr!. Within each individual measurement, 100 cells were counted. The samples 

were prepared and counted as described in section 2.1.2. These data are the mean of an individual experiment, which was done in triplicate with similar 

results each time. The error bars represent SD (N= 3). 
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3.3. Discussion 

As found in previous studies with H pylori, no C. jejuni intermediate structures were 

visualised using light microscopy. However, the 'club' and 'doughnut' intermediate 

structures were previously visualised under scanning electron microscopy (Ng et al., 1985, 

Thomas et al., 1999, Moran & Upton, 1986). From the SEM images (Figure 4.4), the size 

of the intermediate structures do not differ greatly in comparison to the CF or the bacillary 

form and are therefore not too small to see under light microscopy. This furthers the 

speculation that intermediate structures are artefacts from the sample dehydration. 

DNA degradation studies by Hudock et al. (2005) exhibited CF formed under three 

different environmental stress factors: nutrient deprivation; aerobic; and stationary phase 

stress. The cells exhibited high levels of DNA degradation and loss within 72 hrs of 

incubation in 1 % peptone. However, within these experiments, degradation was not found 

in the day 3 and day 4 samples, which had a high percentage of CF within the population 

formed under stationary phase (Figure 3.5). The lack of DNA degradation could be due to 

the way the CF were formed. As previously stated, differential environmental stresses can 

vary the membrane integrity and the rate of accumulation ofCF. An additional theory for 

the lack of DNA degradation found in these present studies was possibly due to the sample 

being taken from only solid media samples despite there being almost 90% CF present. 

The lack of DNA degradation found from the CF would suggest the cells are not 

degenerative forms at this age despite the morphology. The initial transition to the CF is 

not indicative of cell degeneration or cell death, and would further suggest that the 

phenomenon of CF would not be indicative of cell viability. The degenerative DNA study 

was adapted for the purification of chromosomal DNA from intact C. jejuni cells. Though 

no degeneration was found in the high coccoid population samples, it is still possible the 
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CF could be part of a protective role of C. jejuni survival as DNA has been found in the 

extracellular matrix of C. jejuni biofilms by DNase I digestion studies (Svensson et al., 

2009). Though the method of inserting DNA into the biofilm has been theorised to be via 

two routes, either via degenerative lysed cells releasing DNA into the surrounding matrix 

or living cells secreting DNA using vesicles. It was theorised in P. aeruginosa, that the 

mode of transmission of DNA into the matrix was via small vesicles due to the lack of 

evidence suggesting cell death or cell lysis (Kadurugamuwa, 1995; Whitchurch, 2002). In 

C. jejuni it is possible that the exogenous DNA for the biofilm matrix could be contributed 

by CF forms as opposed to vesicles. However to test this hypothesis would require further 

research. 

The initial change in the CF accumulation within the C. jejuni population shows the effect 

of oxidative stress as a CF inducer (Figure 3.8). After several days of incubation, the 

amount ofCFs formed reached similar levels to cultures that were grown under 

microaerobic conditions for the same period of time. It has been found in previous years 

that there are varying effects of oxygen dependent on other external factors, e.g. 

temperature, reactive oxygen species (ROS) quenchers and strain differences. Garenaux et 

al., (2008) showed variable levels of sensitivity to oxidative stress at different 

temperatures, with the highest sensitivity at the optimal growth temperature of 42°C and 

the lowest sensitivity at 4°C. The high resistance against oxidative stress at low 

temperatures might be related to cross protection and the cold shock response as shown by 

the over-expression of several oxidative stress proteins at 4°C (Stintzi & Whitworth, 2003). , 

It is important to note whether the presence of the bacillary rod shape is due to selection of 

cells that are unable to form CF or whether it is a result of 'resuscitation' of CFs that were 

formed in the initial 24hrs of exposure to the aerobic environment. This was shown by the 
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strains that were continually sub-cultured whilst growing under aerobic conditions in 

comparison to the wild type strains in optimal conditions. However, the rate ofCFF in both 

continuous subcultures and fresh cultures appeared to show similar results in conversion in 

ambient oxygenic and microaerobic environments (Figure 3.9). This shows adaptive 

mechanisms in ambient oxygenic environments did not affect the accumulation of CF over 

time. 

The growth of cultures on solid media creates a microcosm biofilm-like environment. This 

was shown partly by the inconsistency and high variance in CF sampling from high 

inoculum growth from solid media (Figure 3.7). In a biofilm, bacteria form layers 

differentially exposed to oxygen, with the bacteria in the outer layer mostly affected and 

those in the inner layer protected from adverse effect of oxidative stress. The monospecies 

biofilms of C. jejuni have been shown to increase resistance to environmental stresses like 

oxidative/ aerobic stress (Joshua et al., 2006). It was found by Gunther & Chen, (2009) 

that biofilms formed by Campylobacter are heterogeneous in morphology, with 

approximately equal ratio of coccoid and rod morphologies when grown under stressful 

conditions on plastic. It was suggested that CFs in biofilms of C. jejuni may have a 

supportive role by forming a layer of coccoid cells as a means of protecting the viable 

spiral rods from the hostile environment (Karlyshev et al., 2005). 
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4.0. Investigation into the role of spoT in CFF 
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4.1. Introduction 

spoT (Cj 1272c) is a gene involved in the regulation of stringent response in C.jejuni. 

Stringent response is defined as a global stress response that promotes bacterial survival 

and adaptation under unfavourable environmental conditions and stresses, such as nutrient 

deprivation and aerobic shock (Gaynor et 01., 2005). The molecular signal or 'alarmone' of 

hyperphosphorylated guanosine nucleotide «p )ppGpp) is the effector module of stringent 

response; when it is hydrolysed the signal molecule binds to the RNA polymerase 

holoenzyme to alter transcription and promoter specificity (Magnusson et 01., 2005). 

Within the model organism E. coli, the molecular signal is modulated by two genes, relA 

and spoT, which encode for mono-functional (P)ppGpp synthase and guanosine-3',S'-bis 

pyrophosphate 3'-pyrophosphohydrolase, respectively. These enzymes are involved in the 

maintenance of the hyperphosphorylated guanosine nucleotide. The lack of relA 

homologues in Campylobaeter and Helieobaeter originally led to the theory that these 

organisms lacked stringent response, however this has since been disproven with 

bioinformatics and experimentally derived data (Scoarughi et al., 1999; Mouery et 01., 

2006). A single relAispoT gene that encodes a bifunctional synthetase-hydrolase has been 

identified in Campylobaeter and Helieobaeter (AIm et al., 1999; Gaynor et al., 2005,). 

Originally, this was thought to be a unique feature of Gram positive organisms but has 

since been found in Gram negative organisms such as alpha- and epsilonproteobacteria 

groups, including Campylobaeter (Masuda & Bauer, 2004; Gaynor et 01., 2005). 

Altering intracellular ppGpp levels has been previously shown to alter cell morphology in 

C. jejuni and other organisms. In C. jejuni strain 81-176 and the closely related bacterium 

H pylori, deletion of spoT resulted in an accelerated rate of CFF and decreased resistance 

to aerobic shock and acid stress (Gaynor et al., 2005; Mouery et 01.,2006). Increased 
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intracellular levels of ppGpp in M smegmatis lead to spherical morphology compared to 

the typical elongated rod morphology (Ojha et al., 2000). Mutation of spoT in B. abortus 

leads to branching and swelling of the bacterium, resulting in a rounder shape (Kim et al., 

2005). 

In the C. jejuni strain NCTC 11168 genome, spoT is downstream of amiA and is 

considered to be in the same operon (Gaynor et al., 2005). Several genes downstream of 

spoT have functions that could be considered essential, for example rpoZ (RNA 

polymerase omega subunit) and pyrH (uridylate kinase) (Gentry & Burgess, 1989). The 

other genes placed within this gene cluster could further implicate the importance of spoT 

in C. jejuni. 

Due to this gene's connection to CFF in C. jejuni and R pylori. it is important to see if the 

gene has a similar role in other strains of C. jejuni. Thus, the aim of this study is to 

determine the effect of the deletion of spoT in C. jejuni hypermotile derivative 11168H and 

81116, and to compare these results with the previous results shown with C.jejuni 81-176 

to verify if C. jejuni spoT can affect CFF. 
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4.2. Results 

4.2.1. Construction and verification of C. ;e;uni spoT::kan' mutants 

Inactivation of spoT was achieved via SDM with the insertion of a kan' cassette, 

preventing transcription of the full length gene and truncating the gene product. spoT was 

amplified by PCR from C.jejuni 11168H chromosomal DNA using primers spoT_for and 

spoT_rev. spoT was inserted into pGEM-T for further manipulation. The blunt ended kan" 

cassette was inserted into spoT via the native BgnI restriction site within the gene. The 

orientation of kan' was determined by restriction digestion using SphI, from which the size 

of the fragments demonstrated the orientation of the kan' cassette. The kan' cassette is in 

the correct orientation when it is read in the same direction as the target gene; the reverse 

could alter the expression. The restriction analysis was conducted to determine the 

orientation of the insert (Table 4.1, Figures 4.1 & 4.2). Figure 4.1 has a variation in the 

amino acid ORFs for segment 'd' due to an error from NEB Cutter v2. Plasmids containing 

both orientations were obtained and the correct orientation clones were used for further 

experiments. The pGEM-T-spoT- kan' plasmid was purified and used for transformation 

into C. jejuni via electroporation. Several stable C. jejuni mutant clones were isolated after 

transformation (Figure 4.3). The insertion of the kan' cassette was verified by PCR using 

High Fidelity Phusion DNA Polymerase, which amplified spoT showing a 1.5 kb increase, 

the size of the kan' cassette having inserted into the 2.2 kb gene (Figure 4.3). 
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Table 4.1. Restriction sites and the sizes of digested fragments from SpIll digest of pGEM-T
spoT-kanr. 

Dependent on the orientation of the kan' cassette within spoT, SphI restriction digestion leads to 
two different DNA fragment profiles. The native SphI sites in pGEM-T-spoT-kanr are located at the 
listed base numbers. The bands produced are the DNA fragment sizes after digestion, which were 
observed on agarose gel electrophoresis. 

Correct orientation Reverse orientation 

SphI site Bands pro_d_u_c_ed_(~b~) _--"SE .... h_I_s_it_e ____ B_a_n_d_s ""'~_ro_d_u_ce_d-.~_ 
1657 5084 3108 3633 
26 1631 26 3082 
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A 

B 

ORFs: 

a: 516 aa 
b: 286 aa 
c: 264 aa 
d: 242 aa 
e: 133 aa 
f: 108 aa 

ORFs: 

a: 516 aa 
b: 286 aa 
c: 264 aa 
d: 246 aa 
e: 133 aa 
f: 108 aa 

SphI 

6715 bp SphI 

SphI 

6715 bp 

SphI 

Figure 4.1. Illustration of the restriction sites of the spoT-kan' plasmid showing A) correct 
and B) reverse of the insertion of kan'. 
SphI restriction sites are also shown. Location of spoT is shown by a & c and the location of kan' is 
shown by f respectively. Image produced by NEB Cutter v2. 
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Figure 4.2. Restriction enzyme digest analysis ofpGEM-T-spoT-kan' plasmids. 
The digested DNA fragments shown on 1 % agarose gel to deduce the correct orientation of kan r 

within the plasmid according to DNA fragment sizes. The approximate sizes of the bands were 
determined by comparison with the DNA ladder. Uncut plasmid appears larger in size on the 

agarose gel due to DNA coiling. 
1- pGEM-T-spoT-kanr uncut, 2- pGEM-T-spoT-kanr digested with SphT, M- NEB 1 kb Ladder. 
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I kb -
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Figure 4.3. Verification of the insertion by peR amplification of spo T gene using C. jejuni 
11168B chromosomal DNA ofWT and spoT mutants. 
The presence of the kanr leads to a 1.5 kb increase in size to the spoT. DNA was run on 1 % agarose 
gel to determine the size of the spoTamplicons, which were determined by comparison with the 
DNA ladder. M- NEB I kb Ladder, 1- Negative control, 2- 11168H WT, 3- spoT::/kanr clone 1,4-
spoT::/kanr clone 2,5- spoT::/kanr clone I. 
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4.2.2. Phenotypic effects of C. jejuni spo T knockout on growth and morphology 

The difference in the OD600nm of the spoT::kan" mutant liquid media cultures and the WT 

C.jejuni strains over 48 hrs was recorded (Figure 4.4). The four time points were selected 

to show lag to early logarithmic (14 hrs), logarithmic to early stationary (24 hrs), stationary 

(38 hrs) and decline phase (48 hrs). The pattern of growth was the same for all strains, 

showing that the mutation did not hinder growth or induce premature death (strain 11168H 

- unpaired Student's I-test; - 1.1452, df= 28, P = 0.26), (strain 81116 - unpaired Student's 

I-test; - 1.5019 df= 28, P = 0.14). 

However, the OD600 values for the spoT::kan" in both strains were often higher at time 

points after 0 hr, as the culture grew, than the WT strains with the highest readings coming 

from 81116 spoT::kan" (Figure 4.4) 

Between the WT strains 11168H and 81116, the percentage of CF visualised and counted 

from Gram stain samples were very similar at each time point and replicate reading 

(unpaired Student's I-test; - 0.2701, df= 21, P = 0.79), (Figure 4.5). However, 

11168H::spoTlkan" and 81116::spoTlkan" Gram stain samples displayed an approximate 

10-20 % increase in CF in liquid cultures compared to WT strains (Figures 4.6 and 4.7). 

This increase in CF accumulation only became apparent and significant in samples after 24 

hrs (strains 11168H unpaired Student's I-test; - 2.1683, df= 10, P = 0.05) (strains 81116 

unpaired Student's I-test; - 2.4271, df = 10, P = 0.04). 

Inactivation of spoT in C. jejuni 11168H and 81116 showed similar phenotypic responses 

with increased CF accumulation and optical density readings in tandem with growth, as in 

the previously experimentally tested strain C. jejuni 81-176 (Gaynor el al., 2005). 
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Figure 4.4. Effect of spoT knockout compared with WT on growth in liquid media. 
The optical density of A) C. j ejuni 1I168H and B) 81116 WT and spoT mutants in liquid media cultures grown in microaerobic (02 = 5%) over a 48 hr 

period. The liquid cultures were grown with shaking (- 200 rpm), starting at approximately 0.1 00600nm mrl . These data are the mean of an individual 

experiment, which was done in triplicate with similar results each time. The error bars represent SO (N= 3). 
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Figure 4.5. The mean percentage ofCF in WT C.jejuni 11168H and 81116 liquid cultures over a 48 hr period. 

• C. jejllni 
11168H WT 

• C. jejlllli 
81116WT 

The liquid cultures were grown microaerobically with shaking (~200 rpm), starting at approximately 0.1 OD600nm mrl. Within each individual measurement, 

100 cells were counted. The samples were prepared and counted as described in section 2.1.2. These data are the mean of an individual experiment, which 

was done in triplicate with similar results each time. The error bars represent SD (N= 3). 
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Figure 4.6. Effect on CFF of spoT mutation in C.jejuni 11168H compared to WT. 
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The liquid cultures were grown microaerobically with shaking (-200 rpm), starting at approximately 0.1 OD6OOnm mrl . Within each individual measurement, 

100 cells were counted. The samples were prepared and counted as described in section 2.1.2. These data are the mean of an individual experiment, which 

was done in triplicate with similar results each time . The error bars represent SD (N= 3). 
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Figure 4.7. Effect on CFF of spoT mutation in C.jejuni 81116 compared to WT. 
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The liquid cultures were grown microaerobically with shaking (- 200 rpm), starting at approximately 0.1 00600nm mrl . Within each individual measurement, 

100 cells were counted. The samples were prepared and counted as described in section 2.1.2. These data are the mean of an individual experiment, which 

was done in triplicate with similar results each time. The error bars represent SO (N= 3). 

106 



4.2.3. Reduced rifampicin resistance in C. ;e;uni 11168H spoT::kanr and 81116 

spoT::kanr mutants compared to WT 

Previous studies with C. jejuni 81-176 spo T knockout strain experimentally showed a link 

between ppGpp and rifampicin binding to RNA polymerase p subunit (Gaynor et al., 

2005). The spoT knockout mutants showed a similar sensitivity to higher concentrations of 

rifampicin compared to WT strains, as with C. jejuni 81-176 (Gaynor et al., 2005). WT C. 

jejuni 11168H presented a very high resistance to rifampicin, still fonning single colonies 

at concentrations of 150 Ilg/ml and growth at 200 Ilg/ml, whilst C. jejuni 

11168H::spoTlkanr displayed sensitivity to 50 Ilg/ml and was unable to grow at 

concentrations higher than 100 Ilg/ml (Table 4.2). C. jejuni 81116 WT showed a higher 

sensitivity to rifampicin compared to C. jejuni strain 11168H and displayed attenuated 

growth at 50 Ilg/ml, whilst C. jejuni 81116::spoT/kanr was unable to grow at all at 50 

Ilg/ml. 

Table 4.2. The rifampicin resistance of C. jejuni WT and spoT knockout mutants. 
The strains from overnight plates were resuspended in BHJ broth and streaked onto MH plates of 
various rifampicin concentrations. WT and spot::kanr mutant strains were incubated on the MH 
plates at 37°C overnight. 
Key: *** full growth/no effect to single colonies, ** weaker amount of growth with smaller single 
colonies,* no single colonies/growth only within the thick part of the streak, - no growth 
This table is a combination of results from three experiments, conducted in replicate. 

Organism o "glml SO "glml 100 "glml ISO "glml 200 "glml 
11168HWT **. •• •• ./** • 
11168H::spoTlkan' ••• ./ .. -/* 
81116WT *** * 
81116::spoTlkan *** 
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4.4. Discussion 

The aim of this study was investigate the effect of deleting the spoT gene in C.jejuni 

11168H and 81116, to compare with previous experimentally shown C. jejuni strains and 

R pylori strains. The results presented here demonstrate that there is little difference 

between the strains 11168H, 81-176, and 81116 in the role of spoT with regards to CFF; 

each spoT::kanr strain displayed similar phenotypes. Although there was little difference 

between the strains investigated here and previously by Gaynor et al., (2005), spoT could 

have a different relationship to CFF in other Campylobacter spp., for example C. fetus that 

does not form CF regardless of environmental stress. 

In late growth stages, C. jejuni morphology transitions to the CF show the same trend 

found with C. jejuni spoT::kanr strains despite the increased percentage of CF present. 

The increase is only apparent after 24hrs incubation and is most likely due to the role of 

SpoT in stringent response, as after 24hrs the cultures would be entering early stationary 

phase. 

The increase in OD6oonmreadings ofspoT::kanr cultures compared to WT strains could be 

linked to the increase in CF accumulation and growth. The coccoid morphology of spoT 

mutant strains could also alter the absorbance readings. It is possible that an accumulation 

of proteins due to lack of spoT lead to the increase in the optical density and the higher CF 

percentage of the knockout mutants witnessed (Cashel et al., 1996). It was demonstrated 

by Gaynor et al. (2005) that the spoT knockout mutant lead to an up-regulation in the 

expression of several heat shock proteins as the bacteria entered stationary phase, thus 

altering the growth and absorbance readings. Higher expression of proteins could divert 
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energy for protein translation, leading to a hindrance in growth, though the expressed 

proteins could still increase absorbance readings. 

ppGpp is known to act on the transcription rates by binding to the ~ subunit of RNA 

polymerase. Rifampicin also binds to the ~-subunit of RNA polymerase, only 27 A from 

the binding site of ppGpp (Zillig et al., 1970; Reddy et al., 1995). It was a suggested theory 

that RNA polymerase in the presence of ppGpp could block the binding of rifampicin 

physically or by the induction of an RNA polymerase conformational change (Gaynor et 

al., 2005). A high level of resistance to rifampicin has been documented with several 

strains of C. jejuni and Campylobaeter spp. with rifampicin at ~1 OOJ.lglml being a common 

component to Campylobaeter selective media (Aleksandrova et al., 1990). The decrease in 

rifampicin resistance that was shown in spoT::kanr 81116 and 11168H in comparison with 

WT strains indicated there is a decrease in (p )ppGpp. 

Further experiments could have been conducted to show if the truncation of spoT was 

successful and phenotypic results were caused by the lack of a functional spoT and a 

depletion in (P)ppGpp. Complementation of the spoT mutant would help define the effects 

found in CFF and rifampicin resistance was due to the lack of a functional spo T. Western 

blotting is one method that could have been used to determine the lack of ppGpp 

bifunctional synthetase-hydrolase. 

It was concluded by Gaynor et al. (2005) that spoT was pleiotropic due to the effects spoT 

deficient mutants had on adhesion, invasion, antibiotic resistance, survival through 

stationary phase and aerotolerance. Despite the connection the gene may have to cell 

shape, it cannot be considered a genetic determinant for the CF in C. jejuni due to its 

pleiotropic nature. The effect this gene may have on cell shape could be indirect, for 
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example due to involvement with another pathway or gene product. The lack of a 

functional spoT could allow other environmental stresses to have a greater effect on the 

organism, inducing the morphology change earlier. The transition to CF in C. jejuni has 

been shown to increase under various environmental stressors and without the ability to 

mount a stringent response could present a more sensitive bacterium. 

SpoT may not be a genetic determinate ofCF in C.jejuni due to its pleiotropic nature. 

However, it is possible that other genes within the same cluster could be directly involved 

with cell shape transition and/or maintenance, which led to a particular interest in amiA. 
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5.0. Investig;ation into the role of amiA in 
connection with CFF 
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5.1. Introduction 

AmWCj1269c is annotated to encode for C.jejuni N-acetylmuramoyl-L-alanine amidase 

which cleaves peptidoglycan (Parkhill et al., 2000; Gundogdu et al., 2007). It has been 

demonstrated that the shape of bacteria can be influenced by the structure of peptidoglycan 

(Schwartz & Leutgeb, 1971; Stoker et al., 1983; Begg & Donachie, 1985). Located within 

the same gene cluster as amiA is spoT, which has also been associated with cell shape 

transition in C. jejuni, albeit in an indirect manner (Gaynor et al., 2005). Cell shape 

maintenance in other microorganisms is known to be genetically determined. MreB gene 

and gene products were shown by Doi et al. (1988) to have a possible determinative effect 

in cell morphology. Within the model organism E. coli, the role ofrodA was shown to be 

necessary for the rod morphology (Stoker et al., 1983; Begg & Donachie 1985). Chaput et 

al. (2005) considered amiA in H pylori 26695 to be the first genetic determinant of CFF as 

the mutation of the gene function lead to a decrease in the formation of the coccoid 

morphology under normal growth conditions. It was theorised that AmiA cleaves sacculi 

leading to a 'looser' macromolecule to enable the morphology transition (Costa et al., 1999; 

Chaput et al., 2005). In these and other bacteria (Costa et al., 1999), AmiA is known to be 

involved in peptidoglycan maintenance, suggesting a link between peptidoglycan 

biosynthesis and CFF. 

Despite the promising research with amiA in H pylori, there has been no research of the 

biological role or function of amiA within C. jejuni. Thus, as C. jejuni is closely related to 

H pylori, the aim was to determine whether amiA had the same role in C. jejuni. 
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5.3. Results 

5.3.1. The correlation between the expression of amiA with CF accumulation 

The expression of amiA in C. jejuni 11168H was measured from samples cultured from 

solid media at 1 to 4 day intervals and in liquid media at 0.5, I, 1.5 and 2 day intervals. 

The intervals used for measuring the expression of amiA on solid media were due to the 

dramatic increase of CF from day 2 to day 3 whilst the liquid culture samples represent the 

gradual increase ofCF in correlation with age and the growth phases of the culture: lag; 

logarithmic; stationary; and decline phase. As previously shown in Chapter 3 (Figure 3.3), 

CF accumulation in liquid media over a 2 day period increased from -15% CF at day 0.5 

to -40% by day 2. The quality of all mRNA samples were measured on a Nano Vue system 

and Bioanalyser to check quantity and quality, respectively (Figure 5.1.). 

Two different housekeeping genes were used to compare with amiA and determine the 

levels of expression. There is controversy regarding the use of 16S rRNA as an 

endogenous control in gene expression studies due to the relative levels of expression 

being approximately 100-fold higher for the rRNA locus than for protein encoding genes 

(Ritz et al., 2009). Other housekeeping genes are preferred within Campylobacter. rpoA 

was shown to be the most stable housekeeping gene and thus considered the most suitable 

internal control in C.jejuni for RT-PCR (Ritz et al., 2009). It is shown within these 

studies that the Ct levels of 16S rRNA were much higher than amiA and rpoA, with the 

average Ct value of 16S rRNA between 2 technical replicates of a biological sample being 

5 values higher than rpoA. The dramatically high levels of 16S rRNA transcripts may not 

be indicative of the whole cell expression levels whilst under stress, hence why many 

consider 16S rRNA not to be a good endogenous control within C. jejuni and other 
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organisms despite the stable transcript levels (Eleaume & Jabbouri, 2004; Desroche el al., 

2005; Ritz el al., 2009). 

Expression studies using C. jejuni samples cultivated from solid media over 4 days showed 

no consistent significant change in amiA expression with either endogenous control (rpoA 

control-unpaired Student's I-test; 2.1521, df= 10, P = 0.06) (l6S control-unpaired 

Student's I-test; 0.5526, df= 10, P = 0.59). As can be seen in Figure 5.2 the expression 

varied between samples and time points regardless of repetitions. The lack of significant 

results from biological replicates could be due to the heterogeneous nature of plate culture 

samples, leading to a mixture of various expression profiles. 

Within liquid culture samples, the expression studies have shown that the expression of 

amiA does not change dramatically, with the highest recorded increase of2.5 fold (Figure 

5.3) (rpoA control-unpaired Student's I-test; 1.1273, df= 14, P = 0.28) (16S control

unpaired Student's I-test; 0.0178, df= 14, P = 0.99). Similarly, in solid media samples, 

there was no significant change in expression across the different time samples with either 

endogenous control gene. However, unlike the solid media samples, all the samples 

exhibited a similar basal level of expression. The liquid culture samples enable a higher 

amount of homogeneity in mRNA between the biological samples. It appeared that amiA 

expression is fixed or the amount of expression is not significant through the different 

phases of growth in liquid media (Figure 5.2 and 5.3). 

The samples were analysed with all biological replicates combined at each time point. 

However, due to the results with the solid media culture samples showing such greater 

variance between biological samples, comparisons were made between each sample with 

its own endogenous control over time. This data was used to determine if there are 
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reoccurring expression profiles of amiA within each biological sample though no theme 

was found. This shows that the different expression on the solid media was not due to a 

mixture of different expression profiles being measured together. 

Both on solid agar and in liquid media, there was no direct correlation between CFF and 

amiA expression in C. jejuni 11168H, however mRNA expression levels are not 

necessarily indicative of protein expression levels. 
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Figure 5.1. Analysis of total mRNA samples on the Agilent 2100 Bioanalyzer RNA 6000 Nano LabChip. 
This is a representative set of results to demonstrate the quality of RNA used in all qPCR experiments. 
A- Bioanalyser gel like image of the total mRNA samples showing no degradation . The distinct 16 and 23S bands are visible in all samples. 
B- The fluorescence plot is the electropherogram for lane I with I 6S and 23S peaks visible. 
The clear visible bands with no smearing show there is no degradation. 
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Figure 5.2. Fold expression of amiA using samples obtained from solid media at varying time points. 
A- using rpoA as the endogenous control, B - using 16S rRNA as the endogenous control. This set of results is one experiment shown as an example of the 

varying expression between 3 biological replicates for each time point. The error bars represent SO. 
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Figure 5.3. Fold expression profiles of amiA using samples obtained from liquid media at varying time points. 
A- using rpoA as the endogenous control, B - using 16S rRNA as the endogenous control. This set of results is one experiment shown as an example of the 
expression between 3 biological replicates with 2 technical replicates for each time point. Similar results were found in other replicates of the experiment. The 
error bars represent SO. 
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5.3.2. Construction of E. coli amiA::kan' and the non-viable C. ;e;uni knockout 

mutants 

To further explore the function of amiA, the creation of a knockout mutant via SDM with 

the insertion of lean", to truncate the gene product was attempted. PCR amplification of 

amiA from C.jejuni 11168H chromosomal DNA used primers amiA_for and amiA_rev 

(sequences in Chapter 2, Table 2.8). The amiA PCR amplicon was then inserted into the 

pGEM-T cloning vector (Promega). The pGEM-T-amiA had lean" gene inserted at two 

different sites to produce two different mutants: amiA-lean"N (N-terminal insertion of lean") 

and amiA-lean"C (C-terminal insertion of lean"). The native BsaBI site within amiA was 

used for the insertion of lean" in the N-terminal region. The native ClaI site in amiA was 

used for insertion in the C-terminal region. The same restriction sites were used for another 

version of amiA-kan"N and amiA-kan"C, which had a 0.5 kb extended flanking region at 

each terminal of amiA. This was to increase complementary regions, to improve horizontal 

gene replacement. These plasmids were called amiAXF-lean"N and amiAXF-lean"C. The 

reverse orientation of the lean" cassette could alter gene expression, therefore the 

orientation of lean" of all constructs was determined by restriction digestion using SphI 

(Figures 5.4 to 5.10 and Tables 5.1 to 5.4) and verified by sequencing. Transformation via 

electroporation was conducted for chromosomal gene replacement of the kan" derivatives 

conducted as previously described within Chapter 2 (2.3.5). The effect of different 

insertion sites of the lean" cassette determined whether deletion of specific regions of amiA 

lead to the lack of viability in the mutants. 

Attempts with the various plasmids yielded no successful viable transformants with allelic 

replacement. Several alterations to the transformation method were also attempted to 

improve transformation rates, such as changes in the DNA concentration used; 
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transformation via an alternative method using sepiolite (method described in Chapter 2 

(2.3.5»; and changes to competent cell quality and quantity. 

Due to the inability to create any amiA knockout mutants in C. jejuni, further investigation 

of amiA required the development of a system for regulated gene expression and 

construction of conditionally lethal mutants. 
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ORFs: ORFs: 

a: 450 aa a: 432 aa 
b: 286 aa b: 286 aa 
c: 264 aa c: 264 aa 
d: 248 aa d: 226 aa 
e: 133 aa SphI 

e: 133 aa SphI 
f: 108 aa f: 108 aa 
g: 100 aa g: 100 aa 

6503 bp 6503 bp 

SphI 

Figure 5.4. D1ustration of Spltl restriction sites of the pGEM-T-amiA-kan'N plasmid showing 
A) correct and B) reverse orientation of the insertion of kan'. 
Location of amiA is shown by a & d and the location of kan' is shown by c respectively. Image 

produced by NEBCutter v2. 

Table 5.1. Restriction sites and the sizes of digested fragments from Spltl digest of pGEM-T
amiA-kan'N constructs with kan'in the correct and reverse orientation . 

Correct orientation of kan' 

SphI site 
2211 
26 

Bands produced (bp) 
2185 
4318 

Reverse orientation of kan' 
SphI site Bands produced (bp LJ 
760 734 
26 5=76~9~--------------------~ 
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A ORFs : B ORFs : 
a : 462 aa a : 440 aa 
b: 286 aa b: 286 aa 
c : 264 aa c : 264 aa 
d: 236 aa d: 198 aa 
e: 133 aa SphI e : 133 aa 
f : 108 aa f: 108 aa SphI 
e: 100 aa g: 100 aa 

SphI 

SphI 

Figure 5.5. Illustration of Sphl restriction sites of the amiA-kan'C plasmid showing A) correct 
and B) reverse of the insertion of kan'. 
Location of amiA is shown by d & a and the location of kan' is shown by c & frespectively. Image 

produced by NEBCutter v2. 

Table 5.2. Restriction sites and the sizes of digested fragments from Spltl digest of pGEM-T
amiA-kan'C constructs with kan'in the correct and reverse orientation. 

Correct orientation of kanT Reverse orientation of kanT 

SphI site Bands produced (bp) SphI site 
~----------------- ---~~--~------------------~------~---2853 2827 1402 
26 3676 26 
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A 

ORFs : 
a : 4~ aa 
b: 286 aa 
c : 264 aa 
d : 248 aa 
e : 191 aa 
f : 176 aa 
i : 133 aa 
h : 108 aa 

B 

SphI 

7482 bp 
SphI 

ORFs : 
a: 432 aa 
b: 286 aa 
c : 264 aa 
d: 226 aa 
e : 191 aa 
f : 176 aa 
1/ : 133 aa 
h: 106 aa 

SphI 

7482 bp 

SphI 

Figure 5.6. Illustration of SphI restriction sites of the amiAXF-kan'N plasmid showing A) 
correct and B) reverse of the insertion of kan'. 
Location of amiA is shown by a, d, e & f and the location of kan' is shown by h & c respectively. 

Image produced by NEB Cutter v2. 

Table 5.3. Restriction sites and the sizes of digested fragments from SphI digest ofpGEM-T

amiAXF-kan~ constructs with kan'in the correct and reverse orientation. 

Correct orientation of kanT 

SphI site Bands produced (bp) 
1968 1942 
26 5566 

Reverse orientation of kanT 

SphI site 
3419 
26 

___ Bands produced (bp) 
3388 
4120 
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A 

ORFs : 
a : 450 aa 
b: 286 aa 
c : 264 aa 
d : 236 aa 
e : 191 aa 
F: 176 aa 
ll : 133 aa 
h: 108 aa 

B 

Sphl 

Sphl 

7486 bp 

ORFs : 

a : 454 aa 
b: 286 aa 
c : 264 aa 
d : 198 aa 
e : 191 aa 
f : 176 aa 
g: 133 aa 
h: 108 aa 

Sphl 

7486 bp 

Sphl 

Figure 5.7. Illustration of SphI restriction sites of the amiAXF-kanrC plasmid showing A) 

correct and B) reverse of the insertion of kan'. 
Location of amiA is shown by a, d, e & f and the location of kan' is shown by h & c respectively. 

Image produced by NEB Cutter v2. 

Table 5.4. Restriction sites and the sizes of digested fragments from SphI digest of pGEM-T

amiAXF-kanr C constructs with kan'in the correct and reverse orientation. 

Correct orientation of kan r Reverse orientation of kanr 

SphI site Bands produced (bE) SphI site Bands produced (bill 
1326 1300 2777 2751 
26 6208 26 4757 
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4.3 kb--. 
2.2 kb--' 

2 M 

- 3 kb 

- I kb 

Figure 5.8. Restriction enzyme digest analysis ofpGEM-T-amiA-kan'N plasm ids. 
The digested DNA fragments shown on 1% agarose gel to deduce the correct orientation of kanr 

within the plasmid according to DNA fragment sizes. The approximate sizes of the bands were 
determined by comparison with the DNA ladder. Uncut plasmid appears larger in size on the 
agarose gel due to DNA supercoiling. 

1- pGEM-T-amiA-kan'N uncut, 2- pGEM-T-amiA-kan'N digested with Sphl, M- NEB 1 kb Ladder 

3 kb-

2 kb-

I kb-

M 2 3 4 

'--3.6 kb 
'--2.8 kb 

Figure 5.9. Restriction enzyme digest analysis ofpGEM-T-amiA-kanrC plasm ids. 
The digested DNA fragments shown on 1% agarose gel to deduce the correct orientation of kanr 

within the plasmid according to DNA fragment sizes. The approximate sizes of the bands were 

determined by comparison with the DNA ladder. Uncut plasmid appears larger in size on the 

agarose gel due to DNA coiling. M- NEB I kb Ladder, 1- pGEM-T-amiA-kanrC uncut, 2- pGEM

T-amiA-kanrC clone 2 uncut, 3- pGEM-T-amiA-kanrC digested with SphI, 4 - pGEM-T-amiA

kanrC clone 2 digested with SphI. 
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6.2 kb 

3 kb 

2 kb 

1 kb 

Figure 5.10. Restriction enzyme digest analysis of amiAXF-kan'N and amiAXF-kan'C 
plasmids. 
The digested DNA fragments shown on 1% agarose gel to deduce the correct orientation of kan' 
within the plasmid according to DNA fragment sizes. The approximate sizes of the bands were 

determined by comparison with the DNA ladder. Uncut amiAXF-kan"N plasmid appears larger in 

size on the agarose gel due to DNA coiling. Only one uncut plasmid is shown, just to demonstrate 
that restriction digestion has occurred. 

M- NEB 1 kb Ladder, t - pGEM-T -amiAXF-kanN uncut, 2- pGEM-T - amiAXF-kanN digested 
with SphI, 3 - amiAXF-kanrC digested with SphI. 
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5.3.3. Construction of a C. jejuni specific. arabinose inducible system - pRRBC 

The pRRBC vector, derived from pRR plasmid, incorporates regulated expression of a 

gene of interest, regulated by an arabinose-inducible promoter from pBAD33. The pRR 

plasmid has complementary flanking regions of several highly conserved rRNA gene 

clusters in Campylobaeter, allowing for the insertion of the construct into the chromosome 

by homologous recombination (Karlyshev & Wren, 2005). The native Xbal site in pRR 

was cut, the DNA fragments at the site blunt ended and the plasmid was dephosphorylated 

to prevent self ligation. The pBAD regulatory region and promoter from pBAD33 plasmid 

were isolated by restriction digestion with Clal and San. The DNA fragment from 

pBAD33 was blunt ended and isolated by agarose gel extraction. The pRR and the pBAD 

DNA were ligated to form an intermediate construct pRRB. The orientation of the 

pBAD33 fragment in pRR was determined by EeoRV digestion. The cam" gene cassette 

was isolated from pA V35 by restriction digestion with KpnI. This was subsequently blunt 

ended and extracted by agarose gel extraction. The extracted cam" cassette was inserted 

into Xbal digested pRRB to form pRRBC, an arabinose-inducible vector specific for 

Campylobaeter. The orientation of the cam" was determined by digestion with SphI and 

ClaI (Figures 5.11 & 5.12 and Table 5.5). The pRRBC construct was also verified by 

primer walking sequencing using primers camRI, pBADfor and pBAD-up to ensure that 

no point mutations were introduced during construction. 

The native KpnI site was used to insert either amiA or egfp. The amiA gene was amplified 

from C.jejuni 11168H chromosomal DNA using primers amiAexpr_for and 

amiAexpr_rev, which added flanking KpnI restriction sites. The egfp gene was derived 

from pEGFP by Xbal digestion, blunt ended and agarose gel extraction. The orientation of 

amiA in pRRBC-amiA was determined by ClaI and Ps/I restriction digest (Figure 5.13 & 
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5.14 and Table 5.6). The orientation of egfp in pRRBC-egfp was detennined by SIyJ 

(Figure 5.16 to 5.18 and Table 5.7). The sequence of the pRRBC derivatives were verified 

by primer walking sequencing using internal primers amiA 1, amiA2 & amiA3 for pRRBC

amiA and gfp 1 & gfp2 for pRRBC-egfp whilst the flanking regions were detected using 

pBAD-up and ak237. The pRRBC derivative constructs were transfonned into C.jejuni by 

electroporation and chloramphenicol resistant clones were selected. However, due to the 

size of the construct (9000 bp), the efficacy of transfonnation was low, thus few 

transfonnants were obtained. 

The presence of pRRBC derivatives allelic replacement within C. jejuni was verified using 

2 set of primers. After transfonnation of pRRBC into the C. jejuni genome, there were 

three possible products of allelic replacement into three possible RNA clusters (Figure 

5.20). The presence ofpRRBC was detennined by PCR using primers pBAD-up and 

ak237, which amplifies the region in the camr cassette through the gene of interest to the 

pBAD region. The location of the rRNA gene cluster that the system was inserted into was 

detennined by PCR using primers ak233/234/235 and pBADfor for adjacent regions to 

RNA cluster I, II & III respectively, amplifying the region across part of 16S and the 

pBAD region. Potentially, recombination can occur with any three rRNA clusters, singular 

or multiple. Two clones of each were isolated for each construct (Figure 5.15 & Figure 

5.18). C.jejuni pRRBC-amiA derivative clones were created and both clones had the 

system located in rRNA cluster I (Figure 5.15). C.jejuni pRRBC-egfp derivative clones 

were created and were found to be located in rRN A cluster II (Figure 5.16 & 5.19). 

Analysis of C. jejuni pRRBC-egfp derivatives also showed low yield PCR products for the 

other primer pairs. This is due to a possible heterologous population with insertion into 2 

different rRNA clusters or the occasional recombination of the system to the other rRNA 
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clusters, neither have shown to effect cell growth or function (Karlyshev & Wren, 2005). 

The presence of the insertion into 2 different rRNA clusters could be determined by other 

methods as well, such as whole genome sequencing or pulse field gel electrophoresis. 
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ORFs: 
a: 309 aa 
b: 286 aa 
c: 208 aa 
d: 133 aa 
e: 115 aa 
f: 104 aa 

-*ClaI 

KpnI 

SphI 

7100 bp 

Figure 5.11. Diagram of pRRBC plasmid with individual KpnI site for the insertion of gene of 
interest shown. 
Verification restriction enzymes to determine the insertion of cam' are shown. The location of the 
pBAD promoter and regulatory region is labelled a and cam' is labelled as c. The blue star shows 
cleavage that can be affected by CpG methylation. (mage produced by NEB Cutter v2. 

Table 5.5. Restriction sites and sizes of digested fragments of pRRBC with digestion SphI and 

ClaI to verify the orientation of cam' cassette and pRRB. 

Correct orientation of cam' 

SphI & ClaI site Bands produced 
5783 1295 
7078 5805--

Reverse orientation of cam' 

SphI & Cia! site Bands roduced (bp) 
5245 1833 
707~8----"""5~26~7 
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M 2 

+-5.8 kb 
+-5.3 kb 

+-1.8kb 

+-1.3 kb 

Figure 5.12. Restriction enzyme digest analysis of pRRBC plasmids. 
The digested DNA fragments shown on 1 % agarose gel to deduce the correct orientation of kanr 

within the plasmid according to DNA fragment sizes. The approximate sizes of the bands were 
determined by comparison with the DNA ladder. 
M- NEB 1 kb Ladder, l-pRRBC reverse camr orientation, 2- pRRBC correct camr orientation. 
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ORFs : 
a: 659 aa 
b: 309 aa 
c: 286 aa 
d: 208 aa 
e: 133 aa 
f: 115 aa 
g: 104 aa 

*ClaI 

*ClaI 

9098 bp 

Figure 5.13. Diagram of pRRBC-amiA plasmid. 
Verification restriction enzyme site ClaI to determine the presence of amiA are shown. The 
location of the pBAD promoter and regulatory region is labelled b, cam' is labelled as d and amiA 

is labelled as a. The blue star shows cleavage that can be affected by CpG methylation. Image 

produced by NEB Cutter v2. 

Table 5.6. Restriction sites and sizes of digested fragments of pRRBC-amiA with digestion 
PstI to verify the orientation of amiA. 

Correct orientation of amiA Reverse orientation of amiA 

ClaI site Bands produced (bp) Cia} site___ Bands produced (bp) J 
7781 1370 7781 1418 
6411 -=77=2~8----------~63~6~3----~----7680 
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M 

7.7 kb 

1.4 kb 

Figure 5.14. Restriction enzyme digest analysis ofpRRBC-amiA plasm ids. 
The digested DNA fragments shown on 1 % agarose gel show the correct orientation of amiA 

according to DNA fragment sizes after ClaI digestion. The approximate sizes of the bands were 

determined by comparison with the DNA ladder. 
l-pRRBC-amiA digested with Clal, M- NEB 1 kb Ladder. 

3 kb-

2 kb-

2 3 M 4 5 

'-2.4 kb 

Figure 5.15. Verification of allelic replacement by PCR amplification of pRRBC-amiA using 
C. jejuni 11168H chromosomal DNA pRRBC-amiA derivatives. 
The presence ofpRRBC-amiA creates an amplicon length of2.4 kb with pBAD-up/ak237 primers 
(left) and pBADfor/ak233 (right). There were no products from using primers pBADfor/ak234 & 
pBAD/ak235 (not shown). DNA with both primer sets, was run on a 1% agarose gel and the size 
of each amplicon was determined by comparison with the DNA ladder. 

1- pRRBC-amiA plasmid, 2- pRRBC-amiA clone 1 with primers pBADup/ak237, 3- pRRBC
amiA clone 2 primers pBADup/ak237, M- NEB 1 kb Ladder, 4- pRRBC-amiA clone I with primers 

pBADfor/ak233, 5 - pRRBC-amiA clone 2 with primers pBADfor/ak233. 
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ORFs: 
a: 309 aa 
b: 286 aa 
c: 238 aa 
d: 208 aa 
e: 133 aa 
f: 11~ aa 
g: 104 aa 

Sty I 

St':lI 

7848 bp 

Figure 5.16. Diagram of pRRBC-egfp plasmid. 

Sty! 

Verification restriction enzyme site Styl to detennine the orientation of egfp are shown. The 

location of the pBAD promoter and regulatory region is labelled a, camr cassette is labelled as d 

and egfp is labelled as c. Image produced by NEB Cutter v2. 

Table 5.7. Restriction sites and sizes of digested fragments ofpRRBC-egfp with digestion StyI 

to verify the orientation of egfp. 

Correct orientation of egfp Reverse orientation of egfp 

StyI site Bands produced (bp) Sty! site Bands produced (bp) J 
7806 1635 7806 2006 

------------------------~~ 
5270 2535 5641 2209 
3635 3635 3625 3635 
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3 kb-
2 kb-

I kb-

M 2 3 4 

Figure 5.17. Restriction enzyme digest analysis of pRRBC-egfp plasmids. 

3.6 kb 

The digested DNA fragments on 1% agarose gel show the correct orientation of egfp in pRRBC 

according to DNA fragment sizes after Styl digestion. The approximate sizes ofthe bands were 

determined by comparison with the DNA ladder. 

M- NEB lkb Ladder, I-pRRBC-egfp clone 1 digested with Styl, 2- pRRBC digested with Styl, 3-

pRRBC-egfp clone 2 digested with Styl, 4-pRRBC-egfp clone 3 digested with Styl. 

2 3 

1.3 kb --. 

4 M 

3 kb 

2 kb 

Figure S.lS. Verification of allelic replacement by PCR amplification of pRRBC-egfp using C. 
jejuni 11168H chromosomal DNA pRRBC-egfp derivatives pBAD-up/ak237. 
PCR using the chromosomal DNA as template with pBADup/ak237 primer set, was run on a 1% 
agarose gel to and the size of product was determined by comparison with the DNA ladder. The 

presence of the system creates an amplicon length of 1.3 kb. pRRBC-amiA PCR sample with the 
same primer set was also run as a PCR control. 1- pRRBC-egfp clone 1 with primers 

pBADup/ak237, 2- pRRBC-egfp clone 2 with primers pBADup/ak237, 3- pRRBC-egfp clone 3 
with primers pBADup/ak237, 4- pRRBC-amiA clone 1 primers pBadup/ak237, M- NEB I kb 

Ladder. 
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2 3 4 5 

2.3 kb 

6 M 

3 kb 
2 kb 

1 kb 

Figure 5.19. Verification of allelic replacement by PCR amplification of pRRBC-egfp using C. 
jejuni 11168H pRRBC-amiA derivatives chromosomal DNA with pBADfor/ak233/ak2341235. 
The presence of the system creates an amplicon length of2.4 kb. PCR using the chromosomal 
DNA as template with the three primer sets, was run on a \ % agarose gel and the size of the 

product was determined by comparison with the DNA ladder. 
\_ pRRBC-egfp plasmid clone \ with primer pBADfor/ak233 , 2- pRRBC-egfp plasmid clone 2 

with primer pBADfor/ak233 , 3- pRRBC-egfp plasmid clone 1 with primer pBADfor/ak234, 4-
pRRBC-egfp plasmid clone 2 with primer pBADfor/ak234, 5 - pRRBC-egfp plasmid clone 1 with 

primer pBADfor/ak23 5, 6 - pRRBC-egfp plasmid clone 2 with primer pBADfor/ak235, M- NEB 1 

kb Ladder. 
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A Ak233/234/ 235 pBad-up pBadfor ak237 

B 
Pcam l> Xbal 

ak233 ~ 1 ak231 ::J .... . .... . . 
t;jOO2~ 16$ \RNA-A~ 'fU~-U(l 285 5S 

• •••• 

II 
Pc~ I'> Xbal 

ak234 .. ar231 .... • .::J.. • • ...... 
cj0431 16S (RNA-Ala tR"""~1 1e 28S 58 

Pea," t> Xbal 
a~235t • 1 a'(237 ::J .... • . u. • • 

cj0742 16S lRNA-Afa IRNA-IIB 285 58 
III . ... , 

Figure 5.20. Diagrams of A) pRRBC with gene of interest with an rRNA cluster and B) the three possible products of allelic replacement from 
recombination of pRRC plasmid into the C. jejuni genome. 
These are the same rRNA clusters that the pRRBC derivatives are located within after transformation. Both diagrams show the locations and the direction that 

the primers read from. Diagram B was taken from Karlyshev & Wren (2005). 
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5.3.4. Testing the inducible system with egfo derivative and phenotypic response of 

overexpression of C. jejuni AmiA in E. eoli 

Quantifying the expression of the pRRBC system was performed by using a visual 

quantifiable target gene, egfp. The E. eoli-pRRBC-egfp system was used as a pilot system 

to ensure expression and that the level of expression was due to the presence of, and 

controlled by, variable concentrations of arabinose. As the concentration of arabinose 

present in the media increases, the amount of fluorescence from the colonies increased 

(Figures 5.21 to 5.24). The system was tightly controlled and not 'leaky' as no fluorescence 

was detected when the culture was not induced. No autofluorescence was detected, 

therefore fluorescence was only due to egfp expression. High level expression of egfp did 

not affect colony size or growth on solid media. This was verified in triplicate experiments 

with controls of the same culture grown concurrently with the induced culture for 1 day on 

the same media without arabinose present. Figures 5.21 to 5.24 showed the system worked 

within E. eoli and the level of inducible expression could be regulated. 

pRRBC-amiA was created to allow for a Campylobaeter specific regulated expression 

system. To pilot the effects of the expression system, overexpression studies of C. jejuni 

amiA were primarily conducted within E. coli. Overexpression of the amiA was induced by 

arabinose at 0.1 % within LB media. This was tested on solid LB media and in liquid LB 

media and no difference was shown. Glucose was used at the same concentration as it acts 

as a suppressor to the pBAD promoter and to compare with the culture with no inducer and 

repressor added, to demonstrate the robustness of the system. To show any visible effects 

on growth, E. coli pRRBC-AmiA was grown on solid media containing either arabinose, 

glucose or neither. In Figure 5.25, the presence of arabinose within the media demonstrated 

a decrease in colony size and the amount of growth when compared with a culture on 
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media with no arabinose added. The rate of growth was shown to decrease in the liquid 

cultures with arabinose compared to non-induced culture and repressed (with glucose at the 

same concentration) cultures. The optical density readings of induced cultures showed an 

immediate retardation in growth, whilst the control and repressed cultures continued to 

grow at a normal rate (Figure 5.26) (unpaired Student's I-test; 7.1207, df= 10, P = 0.00). 

As can be seen in Figure 5.26 the presence of glucose has no effect on the growth of the 

culture and grows at a similar rate as the non-induced culture. The CFU readings of all the 

cultures were measured at each time point that was measured for growth by optical density. 

As shown in Figure 5.27 the overexpression of AmiA produced 1 log fold decrease of CFU 

(unpaired Student's I-test; 3.2415, df= 22, P = 0.00) . The control and repressed culture 

exhibited no significant difference in CFU or retardation in growth, which ensured 

pRRBC-AmiA was a robust system and does not have a 'leaky' promoter. 

To complement the results from the decrease in CFU concurrently with overexpression of 

AmiA, LIVEIDEAD viability stains were conducted. LIVEIDEAD staining used SYT09 

and propidium iodide (PI) for differential staining between fully intact cells and cells with 

damaged membranes. SYT09 can bind to both types of cells whilst PI is only able to bind 

to DNA, which would only be available if the membrane was 'leaky'. Figure 5.28 

demonstrates that as the expression of AmiA increased, more cells were stained with PI 

than just STY09, showing the membrane integrity was compromised (unpaired Student's 

I-test; 14.2045, df= 10, P = 0.00). 

The overexpression of C. jejuni AmiA led to no change in morphology (Figure 5.29) and 

all concentrations of arabinose tested all showed classical rod morphology in the E. coli. 

However, it was demonstrated from the pRRBC-amiA E. coli derivatives that the induction 
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of additional C.jejuni ArniA led to a decrease in viability, membrane integrity, CFU and 

colony size. 
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Figure 5.21. Effect of the no arabinose present within LB media on E. coli-pRRBC-egfp derivative. 
The fluorescence and brightfield images are of bacterial colonies with no arabinose present within the media. One day cultures grown at 37°e are shown. The 

white scale bar represent IOOJlm. 
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Figure 5.22. Effect of 0.002% arabinose present within LB media on E. coli-pRRBC-egfp derivative. 
The fluorescence and brightfield images are of bacterial colonies with 0.002% arabinose present within the media. One day cultures grown at 37°e are shown. 
The white scale bar represent I OO~m. 
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Figure 5.23. Effect of 0.02% arabinose present within LB media on E. coli-pRRBC-egfp derivative. 
The fluorescence and brightfield images are of bacterial colonies with 0.02% arabinose present within the media. One day cultures grown at 37°e are shown. 

The white scale bar represent 100flm. 
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Figure 5.24. Effect of 0.2 % arabinose present within LB media on E. coli-pRRBC-egfp derivative. 
The fluorescence and brightfield images are of bacterial colonies with 0.2% arabinose present within the media. One day cultures grown at 37°C are shown. 

The white scale bar represent 100~m. 
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A B 

Figure 5.25. Effect of arabinose on growth of E. coli-pRRBC-amiA on LB agar plates supplemented with chloramphenicol. 
One day cultures grown at 37°C are shown. 
A) E. coli-pRRBC-amiA colonies grown on media containing arabinose at 0.2% 
B) E. coli-pRRBC-amiA colonies grown on media with no arabinose. 

The images in the lower row are amplified regions highlighted in the red boxes in the higher row. 
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Figure 5.26. The effect of induction of AmiA on the growth of E. co/ilpRRBC-amiA over time. 

4.5 

• E.eoli pRRBC 
AmiA 

• E.eoli pRRBC 
AmiA with 0.2% 
arabinose 

• E.(oli pRRBC 
AmiA with 0.2% 
glucose 

Each time point was measured in triplicates. The induced/repressed liquid cultures had arabinose or glucose added at 2.5hrs respectively. These data are the 
mean of an individual experiment, which was done in triplicate with similar results each time. The error bars represent SO (N= 3). 
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Figure 5.27. The effect of induction of amiA on the CFU counts and viability of E. colilpRRBC-amiA. 

• E.coli pRRBC 
A.niA 

• E.coll pRRBC 
AmiA with 0.2% 
arabino~e 

• E.coli pRRBC 
AmiA with 0.2% 
glu cose 

The induced/repressed liquid cultures had arabinose or glucose added at 2.5hrs. These data are the mean of an individual experiment, which was done in 

triplicate with similar results each time. The error bars represent SO (N= 3). 
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Figure 5.28. Effect of C. jejuni amiA induction on growth and membrane integrity of E. coli using BacLight LIVEIDEAD staining. 
The graph and the images display the same samples. PI stains cells red and SYT09 stains cells green. 

A) the percentage of red cells in E. colilpRRBC-amiA culture before and after induction compared with E. coli WT without the construct. Within each 

individual measurement, 50 cells were counted. These data are the mean of an individual experiment, which was done in replicate with similar results each 
time. The error bars represent SO (N= 3). 

B) BacLight LIVElDead staining of E. coli pRRBC/amiA cells visualised using a confocal fluorescence microscope. 1- arabinose present at 0.2%, 2 - no 

arabinose. Scale bar represented in image corresponds to 111m. 
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Figure 5.29. Effect of C. jejuni amiA induction on E. coli cell morphology. 
One day cultures grown at 37°C are shown. Samples were prepared and visualised as described in section 2.1.2. The black bar in the bottom right hand corner 

of each image is representative of lO~m. The samples were all visualised under xl 000 magnification and images were all taken with a Nikon SOi. 
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5.3.5. pRRBC in C. jejuni: troubleshooting and improvements 

After integration of the pRRBC derivative constructs into C.jejuni, expression was tested. 

However, regardless of the concentrations of arabinose present in the media the systems 

would not activate in C. jejuni. 

The transformation rates of pRRBC into C. jejuni were very low (no more than 4 colonies 

isolated in total) and it was hypothesized that this was possibly due to the large size of the 

plasmid (-7000bp without the presence of egfp or amiA). To increase the rates of 

successful insertion into the genome, pRRBC was reduced in size, eliminating redundant 

regions to create pRRBCD (Figure 5.30). The egfp gene was inserted into pRRBCD to 

pilot the system. 

To remove redundant areas, pRRBC-egfp was digested with Noll producing two DNA 

fragments of3 kb and 4.8 kb (Figure 5.31). Both products were blunt ended and each band 

was isolated separately using agarose gel extraction. The 3 kb band was subsequently 

digested with Eco53KI and AhdI to produce two DNA fragments of 1.3 kb and 1.6 kb 

(Figure 5.31). The 1.6 kb band contains the redundant region of pRRBC-egfp. The 1.3 kb 

region was kept as it contained the origin of replication. This 1.3 kb fragment was 

subsequently blunt ended and isolated via agarose gel extraction and was ligated with the 

previously isolated 4.8 kb DNA fragment. The new reduced construct was verified by 

EcoRV digestion, which if correctly ligated would produce DNA fragments of the sizes 0.9 

kb and 6.9kb (Figure 5.32) and the orientation was determined by primer walking 

sequencing of clones 1 and 3. This construct had the same efficiency to produce 

fluorescence upon induction and robustness with no 'leaky' promoters or auto-fluorescence 

in E. coli as the previous construct. However induction with the reduced pRRBC derivative 

showed no fluorescence like C. jejuni pRRBC-egfp derivative. 
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Although pRRBC-egfp and pRRBC-amiA were successfully inserted in the C. jejuni 

genome and the presence was verified by PCR, no phenotypic response was ever observed 

after induction. In particular, there was no fluorescence with cultures on both solid media 

and in liquid culture. 

The lack of fluorescence with the pRRBC-egfp and pRRBCD-egfp derivatives was later 

thought to be due to the lack of sugar transporters within C. jejuni. The metabolism of C. 

jejuni is mainly dependent on amino acids such as aspartate, glutamate, proline and serine, 

unlike E. coli that is based on sugars (Guccione e/ al., 2008; Stahl e/ al., 2012). To allow 

the system to be induced, an E. coli sugar transporter gene was added to the reduced 

derivative. Previous reports on expression studies using the araBAD promoter in E. coli 

showed regulated expression by using a different concentration, it also demonstrated an 

'all or nothing' or autocatalytic induction with individual cells within a culture. The 

presence of a mutant lac Y (lac YA 177C), a lactose permease gene from E. coli would allow 

diffusion of arabinose and for homogenous regulation of the araBAD promoter (Morgan

Kiss e/ al., 2002). 

The reduced pRRBCD-egfp derivative enabled for the insertion of lac YA 117C into the 

system using a singular native San site (Figure 5.30). lacY was amplified from E. coli K12 

chromosomal DNA using primers lacY_for and lacY_rev by PCR. The lacYWT PCR 

product had San flanking restriction sites introduced by the primers and was then inserted 

into the pGEM -T vector. Figure 5.34 shows the presence of the lac Y gene in the vector 

determined using San, which would cut out just the lac Y gene. The vector was then used as 

a template for PCR with another set of primers, lacYA177C_for and lacYA177CJev to 

introduce the point mutation, converting GCA to TGT at a reduced annealing temperature 

with High Fidelity DNA polymerase containing proof reading enzymes to prevent other 
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unintended point mutations. The new set of primers start at the point mutation although the 

primers have been designed with an altered sequence to change the base to create the 

amino acid change. The new PCR amplicon of pGEM-T -lac YA 177C was linear and 

required phosphorylation to enable self-ligation to recreate the circular plasmid. The point 

mutation was confirmed by restriction enzyme digestion and primer walking sequencing. 

The amino acid mutation to convert alanine to cysteine created another BsmAI restriction 

site for a specific restriction enzyme profile for clones with the point mutation (Figure 5.33 

& 5.34 and Table 5.8).lacYA177C sequence was verified by primer walking sequencing 

using lacYA177C_for and lacYA177C_rev primers. 

The singular native san site in pRRBCD-egffi was used for the insertion of lacYA177C to 

create pRRBCD-egffi-lacYA177C. Due to the inability for directional insertion by using 

blunt ended lacYA177C, there was a possibility for reverse orientation of lacYA177C after 

ligation. This was verified by restriction digest using NdeI (Figure 5.35 & 5.36 and Table 

5.9). 

However, the insertion did not occur and no transformants were made with this construct. 

Within E. coli, pRRBCD-egffi-lac fA 177C functioned in the same manner as pRRBC-egffi 

and pRRBCD-egfiJ upon induction, with still no additional effects on growth. The lack of 

expression of pRRBC and derivatives in C. jejuni could be due to faults within the flanking 

regions that were not visible by restriction digestion. Several restriction enzymes were 

used to determine if large portions of the rRNA flanking sequences were missing during 

construction of the mutant, however, to no avail. 

The final attempt of enabling induction of the pRRBC system within C.jejuni was with an 

additional pRR based construct to occupy one other rRNA cluster, which contained 
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lacYA177C and an additional antibiotic selective marker to determine insertion of the new 

construct within C. jejuni pRRBC derivatives, that are already resistant to 

chloramphenicol. 

pRR T is a plasmid derived from pRR containing the flanking regions of the 

Campylobacler rRNA gene clusters, with lef cassette present as the selective marker. 

pRRT is digested with XbaI, blunt ended and dephosphorylated using Antarctic 

phosphatase. The linear pRRT was ligated with blunt ended lacYA177C DNA fragment 

from pGEM-T -lac YA 177C to form pRR T -lac YA 177C. Verification of the insert and 

determination of the orientation of the insert was conducted by restriction enzyme analysis 

using NdeI (Figure 5.37 & 5.38 and Table 5.10). Two tetracycline and chloramphenicol 

resistance clones were isolated and exhibited the correct restriction digestion profile, 

however, only clone 1 was shown to be correct via primer walking sequencing using 

lacY A 177C _for and lacY A 177C _rev primers. The other clones were not correct due to a 

point mutation located in other parts of the sequence, which would alter the protein 

sequence as well. The pRRT-lacYA177C plasmid was purified and used for transformation 

into C. jejuni pRRBC-amiA derivative via electroporation. Six tetracycline and 

chloramphenicol resistance clones were isolated but were unable to be tested due to a lack 

of time. 
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ORFs : 
a : 309 aa ORFs : 
b 286 aa a : 309 aa 
c 238 aa b: 238 aa d 208 aa c: 208 aa e 133 aa d: 133 aa 
f 11:5 aa 

e : 104 aa 
i 104 aa 

lSa11 
*Sa11 

7849 bp 

*Sall 

Figure 5.30. Diagram showing the difference between A- pRRBC-egfp and B- pRRBCD-egfp. 
The size of the plasmid was reduced by approximately 1.6 kb whilst maintaining all the genes and 

the origin of replication. pRRBC-egfjJ had two SalT sites, which was reduced to a single s ite. The 

SalT site was used for the insertion of lacYA 117C. The star shows cleavage that could be affected 

by CpG methylation. Image produced by NEBCutter v2 . 

M 2 3 4 5 6 7 8 M 

- 5 kb 
3 kb 

2 kb 

Figure 5.32. Verification of pRRBCD-egfp ligation using restriction enzyme digest analysis. 
pRRBCD-egfjJ after EcoRV digestion was run on a 1 % agarose gel. pRRBCD-egfjJ clones I and 3 

exhibited the correct restriction digestion profile. The approximate sizes of the bands were 

determined by comparison with the DNA ladder. 

M- NEB 1 kb Ladder, 1- pRRBCD-egfjJ clone 1 uncut, 2- pRRBCD-egfp clone I cut with EcoRV, 

3- pRRBCD-egfjJ clone 2 uncut, 4- pRRBCD-egW clone 2 cut with EcoR V, 5- pRRBCD-egjp clone 

3 uncut, 6- pRRBCD-egjp clone 3 cut with EcoRV, 7- pRRBCD-egfp clone 4 uncut, 8- pRRBCD

egfjJ clone 3 cut with EcoRV, M- NEB 1 kb Ladder. 
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4.8 kb 
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+---3.1 kb 

Figure 5.31. Agarose gel images showing the DNA fragments of pRRBC-egfp after various restriction enzyme digestions for the construction of 
pRRBCD-egfp. 

The approximate sizes of the bands were determined by comparison with the DNA ladder. 
A) M- NEB I kb Ladder, 1- 3.1 kb pRRBC-egfp DNA fragment after Noll digestion and agarose gel extraction, 2- 4.8 kb and 3.1 kb pRRBC-egfp DNA 
fragments after Noll digestion. 

B) M- NEB I kb Ladder, 1- 3.1 kb DNA fragment after Eco53KI and AhdI digestion producing two large fragments of 1.6 kb and 1.3 kb. 

C) 1- 4.8 kb pRRBC-egfp DNA fragment after agarose gel extraction, 2- 1.3 kb pRRBC-egfp DNA fragment after agarose gel extraction, M- NEB I kb 
Ladder. 

3 kb 

2 kb 
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ORFs: 
a : 436 aa 
b: 286 aa 
c : 133 aa 

BsmAI " 

*BsmAI 
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B 

ORFs: 
a: 436 aa 
b: 286 aa 
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BsmAI ...... 
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Figure 5.33. Diagram showing the difference the base point mutation has on the presence of 
BsmAI restriction sites of A) pGEM-T -lac Y and B) pGEM-T -lac YAl77C plasmids. 
lac Y is labelled as a and the newly acquired restriction site from the point mutation is located in 
ORF labelled a. The stars show cleavage sites that could be affected by CpG methylation. Image 
produced by NEBCutter v2. 

Table S.S. Restriction sites and sizes of digested fragments of pGEM-T-lacY and p-GEM-T
lacYAl77C with digestion BsmAI to verify the point mutation. 

pGEM-T-lacY 

BsmAI site 
2752 
3528 

Bands produced (b) 

776 "-----
3523 -..,;;;;~~--

pGEM-T-lacYAl77C 

BsmAI site 
615 
2752 
3528 

Bands produced (b) 
776 

1386 
2137 
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M 2 

'-2.1 kb 
'-1.4 kb 

'-0.8 kb 

Figure 5.34. Restriction enzyme digest analysis showing the presence of the lacY in pGEM-T 
with Sail, and the presence of the point mutation in pGEM-T-lacYA177C with BsmAI. 
The digested DNA fragments are shown on 1% agarose gel and the approximate sizes of the bands 
were determined by comparison with the DNA ladder. 
M- NEB I kb Ladder, 1- pGEM-T-lacYA I77C digested with San, 2- pGEM-T-lacYA 177C digested 

with BsmAI. 

A B 

ORFs: 
ORFs: a: 417 aa 
ell: 417 elIeli b: 309 aa 
b: 309 aa c: 238 aa 
c: 238 aa d: 208 aa 
d: 208 elIeli e: 133 aa 
e: 133 elIeli 

f: 104 aa 
f: 104 aa 

NdeI 

7427 bp 

NdeI 

NdeI NdeI 

Figure 5.35. Diagram of pRRBCD-egfp-lacYA177C constructs with the verification 
restriction enzyme sites NdeI showing the A) correct and B) reverse orientation of 
lacYAl77C. 
Verification restriction sites NdeJ are shown on image. The location of the pBAD promoter and 
regulatory region are labelled b, cam' cassette is labelled as d, lacYA 177C is labelled as a and egfp 

is labelled as c. Image produced by NEB Cutter v2. 
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Table 5.9. Restriction sites and sizes of digested pRRBCD-egfp-lacY Al77C after digestion 
with NdeI to verify the orientation of lacYA177C insert. 

pRRBCD-egfp-lacYA177C in correct 
orientation 

pRRBCD-egfp-lac YAl77C in reverse 
orientation 

Ndelsite 
3699 
6016 

Bands produced (bp) 
2317 

Ndelsite 
3699 
5325 

Bands produced (bp) 
1626 

5110 5801 

M 2 3 4 

5 kb-
3 kb-

2 kb-

+- 5.1 kb 

+-2.3 kb 

Figure 5.36. Restriction enzyme digest analysis showing the orientation of the lacY in 
pRRBCD-egfp-lacYAl77C with NdeI. 
The digested DNA fragments are shown on 1% agarose gel and the approximate sizes of the bands 
were determined by comparison with the DNA ladder. 
M- NEB I kb Ladder, 1- pRRBC-egjp digested with NdeI, 2 - pRRBC-egjp uncut, 3 - pRRBCD
egfp-lacYA 177C digested with NdeI, 4 -pRRBCD-egjp-lacYA 177C uncut. 
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A B 

ORFs: ORFs: 

a: 639 aa a: 639 aa 
b: 417 aa b: 417 aa 
c: 286 aa c: 286 aa 
d: 133 aa d: 133 aa 
e: 115 aa e: 11~ aa 
F: 104 aa F: 104 aa 

NdeI 

8483 bp 
NdeI 

8483 bp 

NdeI NdeI 

NdeI NdeI 

NdeI NdeI 

Figure 5.37. Illustration of the restriction sites of the pRRT-lacYA177C plasmid showing A) 
correct and B) reverse insertion of lac YAl77C. 
NdeI restriction sites are also shown. Location of lacYA 177C is shown by a and the location of let 
is shown by b. Image produced by NEBCutter v2. 

Table 5.10. Restriction sites and the sizes of digested fragments from Ndel digest of pRRT
lacYAl77C for the determination of the orientation oftbe lacYA177C. 

Correct orientation 
NdeI site Bands produced (bp) 
2919 4373 
4282 1665 
5947 
7029 

1363 
1082 

Reverse orientation 

NdeI site 
2919 
428"....2~----

5947 
6338 

J Bands produced (bp) 
5064 
1665:-~-----' 

1363 
391 
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4.3 kb-+ 

1.7 kb -+ 
1.4 kb -+ 

I kb-+ 

2 3 M 

-~ 3kb 
2 kb 

I kb 

Figure 5.38. Restriction enzyme digest analysis ofpRRT-lacYA177C. 
The digested DNA fragments were run on a 1% agarose gel, showing the correct orientation of 

lacYA 177C according to DNA fragment sizes. Unmarked bands that appear above 5 kb are due to 

incomplete digestion. pRRT-lacYA 177C clone I and 3 show the correct orientation and insertion of 

lacYAI77C. 
1- pRRT-lacYA 177C clone I digested with NdeI, 2- pRRT-lacYAI77C clone 2 digested with NdeI , 
3- pRRT-lacYA 177C clone 3 digested with NdeI, M- NEB I kb Ladder. 
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5.4. Discussion 

Expression studies using samples attained from solid media exhibited highly varying 

results with no correlation between biological samples. Compared with the expression 

studies using liquid culture samples, the results appear completely different where no 

marked change in expression was found across all of the time points. The biological 

samples were also compared with one another and each showed a different expression 

profile, with no reoccurring expression profiles found. The large difference in fold-change 

in the solid media culture samples could be due to two main factors: the various ages of the 

cells and the heterogeneous nature of solid media plate cultures. The solid media cultures 

that were older than the liquid culture samples e.g. 3 and 4 days have -90% CFs. Some 

theories consider CF as degenerative forms with 'leaky' walls and the mRNA would have 

also degenerated prior to isolation thus the mRNA would not be representative of the CF 

present but just of the sub-population of stressed, more viable cells. However, this does not 

fully explain the inconsistent expression of samples with fewer CF and all mRNA samples 

were measured for integrity on the Bioanalyser prior to all expression studies. 

Bacterial culture grown on a solid surface will have a heterogeneous population, creating a 

biofilm-like growth. By day 3 and 4 the cultures would be under a high level of stress due 

to depletion of nutrients and the build up of toxic products due to an increase in death of 

previous sub-populations. The culture would have cells at the surface interface exposed to 

different environmental stress compared to those underneath closer at the media apex. The 

heterogeneous environments would enable various sub-populations within the culture of 

stressed live and dead cells, which would skew the total mRNA collected and the 

expression of amiA and possibly other controls as well. Though solid media samples were 

not representative, the liquid media samples revealed interesting results. As stated 
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previously, no significant consistent change in the expression of amiA was shown between 

biological samples and maintained consistent expression, indicating there was no direct 

relationship between CFF and amiA expression. 

Several attempts were made to knockout amiA using various different strains (11168H and 

81116), constructs, different transformation methods, different insertion sites of the kan" 

and the presence of extended flanking regions to encourage allelic replacement. However, 

all of these proved to be unsuccessful and led to the potential hypothesis that amiA in C. 

jejuni may be essential. According to Metris et al. (2011), C.jejuni amiA was labelled as 

'non-essential', based on an in sileo method that determined genes that were essential 

based on predictions of whether they coded for products that were necessary for generating 

energy or biomass. However, using two mapped transposon libraries, it was shown there 

were no successful inserts in amWCj1269c (Metris et al., 2011). The absence of an insert 

in the transposon libraries does not necessarily mean that the gene is essential and could be 

due to several reasons, e.g. sequence bias, transposon depletion, polar effects due to operon 

structure and chance. It is also considered that some areas are just resistant to accepting an 

insert. 

The overexpression of AmiA in E. coli showed a dramatic effect on growth and membrane 

integrity, which was not previously expected whilst attempts at knocking out the amiA 

gene function showed a similar dramatic effect with no viability. Expression studies within 

C. jejuni showed that the expression of amiA did not increase dramatically in tandem with 

CFF. As it was shown previously within this chapter, the attempts to knockout amiA 

function in C. jejuni lead to no viable mutants, and the overexpression of the same gene in 

E. coli also leads to a drop in viability and a retardation of growth. In combination with the 

liquid culture expression studies in C. jejuni, a new possible theory is that the levels of 
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AmiA within the cell need to be maintained at a threshold level, where both over or under 

expression can be detrimental to the organism's viability and growth. The link of amiA 

with morphology change in C. jejuni has not been elucidated fully yet, though the 

LIVEIDEAD cell staining within E. coli pRRBC-amiA showed the decrease in membrane 

integrity during overexpression of amiA. This could be due to the change in peptidoglycan 

due to amidase activity, despite the lack of change in amiA expression. The lack of 

morphological change after amiA overexpression could be due to the differential structure 

of peptidoglycan in E. coli and C.jejuni. The model structure of peptidoglycan has been 

defined within E. coli and HPLC studies with H. pylori have demonstrated a high 

abundance of anhydro muropeptides and muropeptides with D-Ala- and Gly-terminated 

pentapeptide side chains suggesting alternative peptidoglycan structure models to E. coli 

(Costa et al., 1999). C.jejuni has been shown to have a similar muropeptide profile to the 

closely related H. pylori (Frirdich et al., 2012). Costa et al. (1999) demonstrated that an 

amiA mutation in H. pylori hindered the ability of the mutant to form CF, however the 

effects of overexpression were not investigated. The effects of high levels of AmiA on C. 

jejuni are still to be investigated. 

pRRBC constructs used pRR as the basis for integration into Campylobacter. As stated by 

Karlyshev & Wren (2005) using the rRNA gene clusters in C.jejuni as the site for gene 

insertion has several advantages compared to other sites. The rRNA gene clusters 

in Campylobacter are redundant with multiple copies, reducing any effect the insertion 

may have on cell function and the highly conserved nature of these sites within the 

genome. Previous studies found that there was no effect on cell growth with insertion into 

the rRNA clusters (Karlyshev & Wren, 2005). Hence this was the reason for using the 

plasmid as the basis of the pRRBC. 
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The introduction of a sugar transporter into pRRBC was to enable expression with C. 

jejuni. The choice of sugar transporter was not limited to just mutated lac Y. lac YA 177C 

instead of lacYA177V was chosen as Morgan-Kiss et al. (2002) found a three fold increase 

in expression of their induced fluorescent protein in lacYA177C than lacYA177V. The 

relaxed specificity of the lacY mutant was shown to allow for homogenous regulation 

unlike the WT E. coli arabinose transporter araE. 

The lack of difference between the non-induced culture and culture repressed expression 

with glucose in E. coli shows there was no 'leaking' within the construct and the 

overexpression results were due to induction and not due an external component within the 

media; the promoter was constitutively being expressed and the system was robust. The 

inability for pRRBCD-egW or the lacY derivative to transform and function in C.jejuni 

was possibly due to a mutation that could not be determined by restriction enzyme analysis 

and primer walking sequencing, within the flanking regions or within another part of the 

construct as the mutation could be located in another area of the construct. The potential 

new biological role of amiA within C. jejuni requires further exploration hence further 

work into AmiA and the effects it has on peptidoglycan were carried out. 
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6.0. The elucidation of AmiA function and the 
effects on peptidoelycan 
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6.1. Introduction 

Previous HPLC studies within C. jejuni, H pylori and E. coli have shown the effects of 

several peptidoglycan enzymes on muropeptide compositions, which can alter cell 

morphology. HPLC studies have shown differing muropeptide compositions between E. 

coli and the epsilon proteobacteria, suggesting an alternative structural model of 

peptidoglycan within these organisms (Costa et al., 1999; Frirdich et al., 2012). Costa et al. 

(1999) showed a high abundance of anhydro muropeptides and muropeptides with D-Ala

and Gly-terminated pentapeptide side chains with H pylori peptidoglycan. 

The knockout mutant of AmiA function in H pylori is unable to form a coccoid 

morphology. According to HPLC studies, the mutant showed an accumulation in the N

acetyl-D-glucosaminyl-p(1 ,4)-N-acetylmuramyl-L-Ala-D-Glu (GM-dipeptide), which may 

indicate an alternative AmiA function separate from amidase activity (Chaput et al., 2006). 

The aim of the study was to isolate C. jejuni AmiA protein and use enzymatic and 

proteolytic studies to determine the effect it has on E. coli peptidoglycan. 
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6.3. Results 

6.3.1. Production and purification of AmiA x6His tagged protein 

Due to the inability to knockout amiA within C. jejuni, the next step was to detennine the 

function of AmiA. The amiA coding region was cloned into an arabinose-inducible system 

pBAD33 via PCR using a forward primer incorporating a XbaI restriction site, C. jejuni SD 

sequence, a start codon and a reverse primer incorporating a Pstl restriction site and hexa 

histidine-tag sequence. These restriction enzyme sites allowed directional cloning of the 

insert into the pBAD33 cloning vector multiple cloning site. The 2 kb amiA-x6His 

amplicon was produced via High Fidelity PCR at a low annealing temperature for the 

insertion of the various flanking regions with primers AmiAHis_for and AmiAHis_rev. 

Both pBAD33 and the amiA-x6His tagged products were digested with XbaI and PsI!. The 

vector was then dephosphorylated to reduce self-ligation of the plasmid and favour ligation 

of the insert. The insertion of amiA-x6His tag into pBAD33 was verified by restriction 

analysis using Pstl and Xbal, which cut out amiA-x6His tag sequence. If the insert was not 

present the plasmid would linearise (Figure 6.1 and 6.2). The sequence was verified by 

primer walking sequencing. 

Several systems were used to try to purify the AmiA-x6His tagged protein. First, the 

pBAD33 -amiAHis plasmid was transfonned into XL2 E. coli competent cells, which 

yielded very little AmiA-His protein and high levels of contaminant proteins, despite 

various alterations to the salt, glycerol, and imidazole concentrations and to the pH. Two 

different methods of protein purification were perfonned: large scale protein purification 

using a Ni-NTA column and small scale protein purification using Ni+ agarose magnetic 

beads. Neither method purified a higher concentration of AmiA-x6His tag protein 
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compared to WT E. coli cultures. WT E. coli does not produce C. jejuni AmiA or AmiA 

fusion protein and is used as a control. WT E. coli culture sample products purified from 

the purification methods were histidine rich contaminant proteins, one protein had a similar 

mass to AmiA-x6His tag protein. The protein samples were run on an SDS-P AGE gel and 

proteins were visualised using Coomassie staining or Western blotting. Coomassie staining 

showed similar protein bands in both the WT and the pBAD33-amiAHis E. coli purified 

protein samples; both showed a band at -75kDa, which is the size of AmiA-x6His tagged 

protein (Figure 6.3). The presence of the tagged fusion protein was shown through western 

blotting using antibodies specific to the epitope of the x6His tag (Figure 6.4). Figure 6.3 

shows AmiA-x6His tag fusion protein eluted primarily within just the first eluate. Second, 

C. jejuni genomes are AT rich, therefore BL21-(DE3)-RIL codon plus competent E. coli 

cells were used to potentially increase the protein yield. The extra Codon Plus plasmid 

within the cell line coded for rarer E. coli tRNAs, enabling better translation from AT rich 

genomes and potentially increased heterologous protein yield. The resistance markers 

within this cell line were not compatible with previous constructs and so a new plasmid 

was required. The vector, pTrc99a, an IPTG-inducible system was used instead of 

pBAD33. An alternative set of primers, AmiAHis_foralt and ArniAHis_revalt were used to 

create amiA-x6His tag gene with an E. coli SD site for insertion into pTrc99a; to improve 

protein expression within E. coli. The pTrc99a plasmid has similar mUltiple cloning sites 

as pBAD33 and had single XbaI and Pst! sites enabling directional insertion as previously. 

The new plasmid was constructed and verified by restriction analysis using XbaI and PslI 

(Figure 6.5 and 6.6). The restriction enzyme analysis for purified plasmid samples from the 

BL21-(DE3)-RIL cell line revealed the presence of the Codon Plus plasmid. which only 

had the Pstl restriction site. The full sequence of the Codon Plus plasmid was not disclosed 
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due to copyright regulations, however Agilent were able to disclose the restriction maps of 

the plasmid showing commonly used restriction enzymes. 

However, after several alterations, the protein yield was still very low with the same 

contaminate bands present in the WT and purified extracts in the BL21-(DE3)-RIL and 

XL2 cell lines. Different purification methods were conducted including purification under 

native and denatured conditions, column and bead based purification with various 

amendments to the methodology. However, all variations produced low yields ofprotein. 

Though the yield from bacterial cultures was shown to be unsuccessful, they all showed 

the same effect on growth after induction. After induction the growth retarded dramatically 

and then plateaued with the pTrc99a-amiAHis culture after induction in comparison with 

the non-induced culture, the culture not synthesising AmiA or the WT culture (unpaired 

Student's I-test; 2.3093, df= 16, P = 0.03). This was compared with WT cultures, 

containing pTrc99a without an insert and uninduced cultures to ensure the change in 

growth was due to the induction of AmiA (Figure 6.7) 

Finally, the S30 High Yield T7 cell-free protein expression system was used. A possible 

reason for the lack of protein expression is that the protein is toxic to the cells in higher 

concentrations, therefore a cell-free system may allow purification of protein. This system 

required a plasmid or peR DNA with a T7 promoter region, meaning that both the 

pBAD33 and pTrc99a vector constructs generated previously were not suitable and a new 

construct was made using the plasmid pGEM-T EASY (Promega). The amiA coding 

region was amplified using the primer sets AmiAHis_foralt and AmiAHis_revalt for 

insertion into pGEM-T EASY to make pGEM-T-amiAHisalt. Another construct was made 

to compare the expression of AmiA without the His tag in the cell-free system because 

fusion proteins can have a decreased level of synthesis. The amiA peR product using 
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primers AmiAHis_foralt and AmiA_rev was cloned into pGEM-T EASY to make pGEM

T -amiA (Figure 6.8). Insertion and orientation of construct was verified by XbaI and PstI 

digestion (Figure 6.9). Figure 6.10 shows the S30 High yield T7 cell-free protein 

expression system produced AmiA-x6 His tagged protein and AmiA without the hex a 

histidine tag, which was confirmed with western blotting using unpurified samples. The 

cell-free system compared AmiA samples with a positive control; S30 T7 Control DNA 

encoding for Renilla luciferase and a negative control with no template DNA to measure 

the background protein levels. Even with this method, the yield was still not high enough 

for proteolytic studies; the background protein levels were very high and purification using 

the methods mentioned previously further decreased the yield. The protein synthesis in the 

cell-free system was not hindered by higher levels of AmiA, further suggesting the cause 

of low yield in the bacterial model was due to the detrimental effect on viability. 

Further techniques could have been used to confirm the protein produced, such as mass 

spectrometry, creating a construct with the histidine tag on the N-terminal and western 

blotting using AmiA specific antibodies. 

All the methods described to isolate AmiA proved inefficient for generating the higher 

yield necessary for further studies; for example proteolytic studies to fully elucidate the 

enzymatic function of AmiA. The proteolytic studies could be conducted by two methods; 

using a standardized proteolytic assay, which uses casein as the substrate and create 

another using peptidoglycan as the substrate. The peptidoglycan samples of E. coli and C. 

jejuni would be incubated with the purified C. jejuni AmiA protein. After incubation the 

samples would be compared using HPLC and mass spectrometry to determine the effects 

the enzyme would have on peptidoglycan subunits and structure. 
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ORFs: 
a: 659 aa 
b: 309 aa 
c: 219 aa 
d: 112 aa 
e: 108 aa Pst I 

XbaI 

.--<"""T't->"'''""'___ 

7359 bp 

Figure 6.1. Diagram of pBAD33-amiAHis construct. 
Image displays the restriction sites, Xbal and PstI flanking the x6 His tag gene. The location of 
pBAD promoter region and amiA is shown as b and a respectively. Image produced by NEBCutter 

v2. 

M 

5.3 kb -+ 

2kb -+ 

5 kb 

3 kb 

2 kb 

Figure 6.2. Restriction enzyme digest analysis for the verification of amiA insertion into 
pBAD33 using XbaI and PstI. 
\- pBAD33-amiAHis digested with XbaI and PS/J, M- NEB I kb DNA Ladder. 
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M 2 3 4 5 6 7 8 

80 kDa-
~75kDa 

25 kDa 

Figure 6.3. SDS gel image of E. coli XL2 pBAD33-AmiAHis and WT samples extracted from 
large scale protein purification. 
The same samples were also used for western blotting. The fusion protein elutes mostly in eluate I 
with no visible levels of the protein present within eluate 2. 
M- prestained protein ladder, 1- pBAD33-AmiAHis lysate, 2- WT lysate, 3- pBAD33-AmiAHis 

wash, 4- WT wash, 5- pBAD33-AmiAHis eluate T, 6- WT eluate T, 7- pBAD33-AmiAHis eluate IT, 
8- WT eluate II. 

2 3 4 5 6 7 8 

-75 kDa 

Figure 6.4. Western blotting SDS gel image of E. coli XL2 pBAD33-AmiAHis and WT 
samples extracted from large scale protein purification. 
Antibodies used detect the epitope ofx6 Histidine, The histidine tagged AmiA is detected. 
1- pBAD33-AmiAHis lysate, 2- WT lysate, 3 - pBAD33-AmiAHis flow through, 4- WT flow 
through, 5- pBAD33-AmiAHis wash, 6- WT wash, 7- pBAD33-AmiAHis eluate I, 8- WT eluate I. 
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ORFs: 
a: 665 aa 
b: 363 aa 
c: 286 aa 
d: 133 aa 
e: 108 aa 

6179 bp 

Figure 6.5. Diagram of pTrc99a-amiAHis construct. 

XbaI 

Pst I 

The image displays the restriction sites, XbaI and PstI flanking the x6His tag sequence. The 

location of amiA is shown as a. Image produced by NEBCutter v2. 

4.2 kb 
3 kb 
2 kb 

2 3 4 M 

3 kb 
2 kb 

Figure 6.6. Verification of the presence ofpTrc99a-amiAHis plasrnids in RIL codon plus E. 

coli after restriction enzyme digestion of XbaI and Pst!. 
The 4 .2 and 2 kb bands are the approximate sizes ofpTrc99a and amiA respectively. The additional 

3 Kb band is the size of the codon plus plasmid, which linearised due to the presence of a singular 

PstI site. 1- pTrc99a-amiAHisalt clone I digested with XbaI and PstI, 2- pTrc99a-amiAHisalt clone 

2 digested with XbaI and PstI, 3- pTrc99a-amiAHisalt clone 3 digested with XbaI and PSII, 4-
pTrc99a-amiAHisalt clone 4 digested with XbaI and Pstl, M- NEB I kb DNA Ladder. 
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0.8 

0.6 
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0.2 
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0 O.S 1 1.S 2 

Time (hr) 

Figure 6.7. Effect 00 growth of E. coli with the overexpressioo of his tagged AmiA. 

2.5 4 

• E.coli WT 

• E.coli pTrc99a 

• E.coli pTrc99a
amiAHis 

• E.coli I>Tr(99a
dmiAHis induced 

Growth was measured by optical density readings at OD600nm over a 4 hr period. The induction of E. coli WT, pTrc99a and pTrc99a-amiAHis(induced) 

occurred at 2 hrs with I OO/lM IPTG. The cultures were grown with shaking (- 200 rpm), starting at approximately 0.1 OD600nm mrl. These data are the mean 

of an individual experiment, which was done in triplicate with similar results each time. The error bars represent SD (N= 3). 
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ORFs: 
a: 665 aa 
b: 286 aa 
c: 133 aa 

5056 bp 

Pst! 
Pst! 

Figure 6.S. Diagram showing the insertion of amiA histidine tagged gene in pGEM-T. 
This construct was used for fusion protein synthesis using the cell free system. Image shows the 
restriction enzyme sites of XbaT and PstI flankin g the amiA histidine tagged gene, labelled as a. 
Image produced by NEBCutter v2. 

3 kb-
2 kb-

M 2 

'-3kb 

'- 2kb 

Figure 6.9. Restriction enzyme digest showing the insertion of amiAHis in pGEM-T. 
Restriction enzymes XbaI, PstT and StyT were used. XbaI and PstI are flanking the amiA gene whilst 
StyT digestion showed the orientation of the gene, which is in the forward orientation. 
M- NEB Ikb DNA Ladder, 1- pGEM-T-amiA His digested with StyI, 2- pGEM-T-amiAHis 

digested with XbaI and PstI, 
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80 kDa-

35 kDa-

25 kDa-

M 2 3 4 

Figure 6.10. SDS PAGE gel showing AmiA production using S30 T7 high yield protein 

expression system. 
AmiA with and without the presence of a histidine tag was synthesized for yield comparison with a 

positive and negative control. AmiA was visible at -75kDa and the S30 control codon optimised 

DNA used as the positive control produced Renilla luciferase, which is visible at - 37kDa. The 

positive control shows the protein expression system is able to synthesize proteins. The presence of 

the synthesized proteins were shown by the comparison with the negative control, as the negative 

control is used to determine the protein expression background. The red boxes highlight the bands 

of the synthesized fusion proteins. 

M- Prestained Protein Marker, 1- pGEM-T -amiAHis, 2- pGEM-T -amiA, 3- positive control (S30 

T7 control DNA), 4- negative control (no template DNA). 
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6.3.2. The isolation and analysis of peptidoglycan from C. ;e;un;, E. coli pRRBC. 

AmiA and WT E. coli 

The effect of AmiA was studied to detennine if the N-acetylmuramoyl-L-alanine amidase 

had the same effect on peptidoglycan as previously studied in other organisms. Four 

peptidoglycan samples from E. coli pRRBC-amiA (induced and non-induced sample). E. 

coli WT and C. jejuni WT were isolated and compared. Peptidoglycan was isolated from 

E. coli pRRBC-amiA, with and without induction with 0.1 % arabinose whilst the liquid 

culture was grown. The peptidoglycan was also isolated from C. jejuni 11168H wild type 

culture grown to mid-log phase. A commercially available peptidoglycan isolated from E. 

coli K12 (Biosource) was used for comparison. The peptidoglycan samples were first 

compared with a TLC method as used by Barzilai et al. (1984) to detennine if any changes 

to the structure were visible. The signal for the peptidoglycan was very faint, being only 

just visible, showing the system was unable to show the peptidoglycan (data not shown). 

Unfortunately, TLC lacked the resolution required to analyse the abundance of 

peptidoglycan, which could be due to the solvent system, and thus HPLC was used. 

The HPLC method was similar to Glauner et al. (1988) for amidase treated peptidoglycan 

to analyse the muropeptide composition. Figure 6.11 shows very clear differences between 

the peptidoglycan samples. The E. coli pRRBC-AmiA without induction peptidoglycan 

sample and the commercially bought WT E. coli sample both have two peaks, a smaller 

peak at 2.8 mins and a larger peak at 3.2 mins. However, the overexpressed AmiA E. coli 

sample had just one peak at 2.9 mins. Likewise, the C.jejuni peptidoglycan had only one 

peak at 3.2 mins. There was a lack of the 3.2 mins peak in the E. coli peptidoglycan after 

induction ofC.jejuni AmiA expression. The native C.jejuni peptidoglycan had only a 3.1 

mins peak, close to the 3.2 mins peak naturally in E. coli WT and E. coli-pRRBC AmiA 
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without induction. This difference in peaks could be linked to AmiA on C. jejuni 

morphology change. However, more research is required on the action of AmiA. Further 

techniques like mass spectrometry to study the abundance of different muropeptide 

structures between the C. jejuni induced E. coli peptidoglycan and non-induced. 

(on next page) 
Figure 6.11. Muropeptide profiles from E. coli pRRBC-amiA and C jejuni peptidoglycan 
samples. 
HPLC chromatograms showing the different peaks between peptidoglycan samples extracted from 
E. coli pRRBC-amiA cultures A) induced for high level AmiA synthesis and B) without induction 
culture at native levels of AmiA and C) C.jejuni. The peaks of particular interest are highlighted 
within the red boxes. 
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6.4. Discussion 

After induction there was a decrease in growth of E. coli cultures with pRRBC-ArniA 

construct according to OD6OOnm and CFU, as shown in chapter 6 (Figure 6.26 & 6.27). This 

could be due to two possible reasons: firstly, the divergence of energy to the protein 

translation or secondly the protein has a toxic nature if overexpressed. Other protein 

constructs were used to verify the cell lines, plasmids, inducers and protein purification 

methods. As these all appeared valid and functioned as presumed, along with the previous 

results showing a hindrance in growth and an increase in membrane permeability after 

AmiA overexpression, it is more likely that the inability to purify large yields was due to 

the 'toxic' nature of high levels of C.jejuni that AmiA has upon E. coli. 

The expression of the protein potentially requires a high level of regulation and/or 

maintenance, and the over or under expression of the protein could lead to a hindrance in 

growth and then cell death. 

TLC was used to determine if there were dramatic changes to the muropeptide profile. 

However no signal was visible despite several attempts. Enzymatic treatments did not 

create an additional signal. The solvent system used by Barzilai et al. (1984) was originally 

designed for Gram-positive Staphylococcus aureus peptidoglycan samples and this could 

explain the lack of signal from the Gram-negative C. jejuni and E. coli. A higher amount or 

concentration of the sample could have improved the signal and the resolution for 

comparing the muropeptide profiles. Higher quantities of the sample were used but these 

did not produce any visible signals on the TLC either. TLC lacked the resolution to analyse 

the abundance of peptidoglycan and the muropeptide profiles, and thus HPLC was used. 
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The HPLC results have shown that higher levels of AmiA activity affect the muropeptide 

profile. The muropeptide profiles have shown a difference between the E. coli and C. 

jejuni peptidoglycan even with a method specialised for the muropeptides treated with 

amidases. This supports the previous studies that suggest an alternative peptidoglycan 

structure for C. jejuni and the potential different effects C. jejuni AmiA may have on C. 

jejuni peptidoglycan compared to E. coli. 

Further work to elucidate each of the peaks using MALDI-MS and MSIMS analysis would 

be required. Additional further work to study the effect of AmiA on peptidoglycan is to use 

purified C. jejuni AmiA protein on isolated peptidoglycan from C. jejuni and amiA 

knockout C. jejuni and compare the muropeptide profiles using HPLC and mass 

spectrometry. It would also be of interest for further research on the effects of different 

growth conditions on the muropeptide profiles of C. jejuni peptidoglycan, especially 

conditions that induce CFF. 
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7.0. Discussion and Future Work 
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7.1. Summary and interpretation of the Results 

The main aim of this study was to investigate the potential genetic detenninants of CF, 

amiA and spoT, in C.jejuni 11168H, the hypennotile derivative ofNCTC 11168 and 

81116. No genes within C.jejuni are currently considered as genetic determinants for CFF, 

unlike in the closely related organism H. pylori, in which amiA was defined as the first 

genetic detenninant for the CFF (Costa et al. 1999). SpoT, which is located downstream of 

amiA, has been previously linked to CFF in another strain of C. jejuni (Gaynor el al., 

2005). 

Bioinfonnatic studies were conducted to compare the amiA and spoT gene and protein 

sequences from C. jejuni. H. pylori and E. coli to help detennine functionality. Between 

the different organisms, spoT sequences (DNA and protein) showed high conservation and 

similarity, suggesting the biological role and function is similar. However, the main 

findings showed that between the different N-acetylmuramoyl-L-alanine amidases, the N

terminus showed high variability whist maintaining conservation of the 'amidase' C

tenninal end. This conservation was found at both the DNA and the protein level and even 

within the same organism, as E. coli has five N-acetylmuramoyl-L-alanine amidases 

present within the genome, all of which were highly similar to one another. The 

redundancy within E. coli suggests the genes, despite having the same biological function, 

may play differential roles within the bacterial life cycle or that they may be activated as 

part of different regulatory networks. However, this was not investigated within these 

studies. 

The classical structure of peptidoglycan was elucidated within E. coli, however the 

abundances of the various muropeptides was shown to differ within H. pylori and C. jejuni 
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(Costa et al., 1999; Frirdich et al., 2012; Frirdich et al., 2014). The high variation of the N

tenninal end could be linked to the specificity to each organism and the N-tenninus 

accounts for the variation. Studies with human serum amidases by Wang et al. (1999) were 

shown to have specificities for muropeptides with amino acid chains between the length of 

three and five. The variable N-tenninus could alter the specificity dependent on the length 

of the amino acid chain to fit the enzyme site, possibly explaining an increase in 

muropeptide dipeptide motifs in an amiA knockout in H. pylori (Chaput et al., 2005). The 

bioinfonnatics offered substantial possibilities for amiA as an annotated peptidoglycan 

hydrolase with a conserved 'amidase' region. 

In Chapter 3, the progression ofCFF within C.jejuni 11168H and 81116 was measured 

under different environmental stresses and different phases of growth in media. The 

progression of CF on solid and liquid media differed, as on solid media the percentage of 

coccoids ranged from 15% to 90% within a day while the progression in liquid media was 

slower and more gradual. The CFF of C. fetus samples were measured on solid and liquid 

media across a 4 day period, as with C. jejuni. The current findings regarding C. fetus 

NCTC 10842 and 82-40 agree with previous studies by Amano & Shibata (1992) that C. 

fetus is unable to fonn the coccoid morphology. DNA degradation was measured from C. 

jejuni samples of various ages with increasing amounts ofCF to detennine if the coccoid 

morphology is a degenerative state. Results in Chapter 3 showed that the CF was not 

indicative of DNA degeneration. 

The presence of intennediate structures was observed under light and scanning electron 

microscopy in Chapter 3. The presence of these structures is controversial and within our 

studies, a possible intennediate doughnut structure was found under SEM. However, no 

intennediate structures were visible under light microscopy. There has been speculation 
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regarding the intennediate structure being either a transient state, existing for a very short 

period of time or an artefact of the fixation during the sample preparation, as the structure 

has only been visualised under SEM in previous studies (N g et al., 1985, Thomas et al., 

1999, Moran & Upton, 1986). 

In Chapter 4, the phenotypic effects of spo T SDM were studied within C. jejuni 11168H 

and 81116. The knockout of SpoT function led to an increase in the accumulation ofCFF 

on solid and liquid media over a 4 day period. The results from these two strains were 

compared with another previously studied strain C. jejuni 81-176, which was shown by 

Gaynor et al. (2005) in knockout studies to have similar effects. Though all the strains 

showed an increase in the accumulation ofCF with age related stress, the effects of spoT 

knockout are pleiotropic, meaning the gene is not an exact detenninant of cell morphology 

transitioning. 

Chapter 5 studied the phenotypic effects of amiA knockout and overexpression. As shown 

previously, no viable knockout mutants of amiA were created within C.jejuni. The 

knockout of AmiA function within C. jejuni appeared to be lethal, which has not been 

shown within other organisms like E. coli and H. pylori. The knockout of amiA within the 

closely related organism H pylori showed no defects to growth but an inability to fonn 

CF. This provoked possible theories of C. jejuni amiA being linked to viability. However, 

its connection with CFF has still to be investigated. 

The inability to obtain large yields of AmiA within E. coli as shown in chapter 6 and the 

overexpression studies testing the pRRBC construct illustrated a potential role of C. jejuni 

AmiA, as both these experiments lead to the decrease in cell viability. The theory of C. 

jejuni amiA being linked to viability has not been shown before, and the differential 
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LIVEIDEAD staining helped show the possible reasoning was due to weakened cell 

membranes. The expression of amiA within C. jejuni was shown not to change in tandem 

with the accumulation of CFF, but interestingly remains at a similar level at all times on 

solid (rpoA control-unpaired Student's I-test; 2.1521, df= 10, P = 0.06) (16S control

unpaired Student's I-test; 0.5526, df= 10, P = 0.59) and liquid media (rpoA control

unpaired Student's I-test; 1.1273, df= 14, P = 0.28) (16S control-unpaired Student's I-test; 

0.0178, df= 14, P = 0.99). The overexpression and the knockout of AmiA both have a 

dramatic effect on viability, suggesting that levels of amiA within C. jejuni require 

maintenance at a particular level. 

In Chapter 6, HPLC studies showed a difference between the E. coli cultures with and 

without the expression of C. jejuni amiA. Pilot studies to verify the presence and compare 

the muropeptide profiles using TLC lacked the resolution required and hence required 

HPLC. These preliminary studies have shown that there is a difference with the 

overexpression of AmiA. This leads to a change in the muropeptide profile and, as 

previously mentioned within the chapter discussion, full elucidation of the change of 

muropeptides abundances requires MALDI-MS. 
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7.2. Discussion of the Results 

The studies of coccoid morphology and the pathways for the shape change still have not 

been currently elucidated within the paradoxical organism C.jejuni. Despite our current 

attempts of finding genes that cause CFF, research within this field is still ongoing and 

requires further investigation into possible genes connected to the morphology change and 

the role of peptidoglycan within CFF. 

The comparison of the spoT (DNA and protein) sequences showed very high similarity 

across R pylori and E. coli sequences for relA and spoT, suggesting the role of the gene 

was similar across the various organisms. 

Spo Tin C. jejuni has been previously linked to being involved not only with morphology, 

but also to the adaptive abilities of the organism to aerobic stress (Gaynor e/ al., 2005). 

Gaynor e/ al. (2005) showed the effects of an increased accumulation of CF with the 

knockout of spoT within C.jejuni strain 81-176. To compare strains and to determine 

whether the same effect was found within C.jejuni strains 81116 and 11168H, spoT was 

knocked out via SDM. The knockout of this gene was conducted in the other strains to 

compare if the effect was pleiotropic as found within C. jejuni strain 81-176. This showed 

that spo T was not a genetic determinant for CFF in C. jejuni however the gene is linked to 

morphology change. Due to the other genes that are located within the gene cluster, it is 

possible that the cluster is related to cell morphology and bacterial life cycle. 

C. jejuni amiA has many similarities to the N-acetylmuramoyl-L-alanine amidases within 

H pylori and E. coli as a peptidoglycan lytic enzyme, and thus could playa role within 

CFF. However, the current studies with C.jejuni AmiA have shown the enzyme may have 

a role not just within morphology but potentially within viability and bacterial life cycle. 
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R pylori CF was considered a degenerative state and did not playa role within the life 

cycle of the organism (Kusters et al., 1997). However, the role of the C.jejuni CF has been 

shown to be more complicated than just a degenerative state, as previous studies showed 

that different stressors lead to variation in viability and membrane permeability (Haze1eger 

et al, 1995, Haze1eger et al, 1998, He & Chen, 2010). The aim of this study was to 

demonstrate if C. jejuni amiA played the role as a genetic determinant of CFF, similar to H. 

pylori amiA. However, the unsuccessful SDM studies with amiA in chapter 5 showed the 

putative role of C. jejuni amiA was not linked just to bacterial morphology. This was also 

not the only reported unsuccessful knockout of amiA, as demonstrated by transposon 

libraries by Metris et al. (2011). Chapter 5 showed the expression of amiA within C. jejuni 

remained constant regardless of the percentage ofCF present within the samples (rpoA 

control-unpaired Student's t-test; 1.1273, df= 14, P = 0.28) (l6S control-unpaired 

Student's t-test; 0.0178, df= 14, P = 0.99). Also in chapter 5 and chapter 6, the knockout 

of amiA function and the overexpression of C. jejuni AmiA in E. coli showed similar 

results of decreased viability. This furthers the potential role of amiA in C. jejuni being 

linked to the bacterial life cycle and not just morphology, though these events are not 

independent of one another. However, to stipulate the role of C. jejuni amiA within 

bacterial viability, overexpression studies are required due to the lack of results from 

knockout studies. An alternative method for overexpression studies would be to insert 

another amiA gene within the C. jejuni rRNA cluster using pRRC plasmid with a 

constitutive expressed promoter to see the phenotypic effects of amiA overexpression. 

Although this would not be controllable as with the pRRBC system created, it could have 

revealed more regarding the effects of AmiA levels greater than native levels would have 

on morphology and viability. 
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Further studies for the elucidation of AmiA protein function within C. jejuni requires 

AmiA produced from a different production and purification system with fewer resultant 

impurities and contaminants, which were not obtainable within this study. The AmiA 

protein function could be determined by structural studies with the protein to determine 

specificity to specific products. Wang et al. (2003) showed human serum amidase was 

unable to cleave peptide chains with less than 3 amino acids and structural studies could 

show if such specificity exists within the C jejuni and R pylori AmiA protein. This could 

explain accumulation of dipeptide motifs in muropeptide profile of H pylori CF. The 

theorised bifunctionality of C. jejuni AmiA could be elucidated by proteolytic assays and 

determining the effects the purified protein has on various peptidoglycan samples from C. 

jejuni and C. fetus. The purified protein could also be used to see the effects on C. jejuni 

peptidoglycan samples of various ages to determine if the protein does alter the 

muropeptide profile and explain the potential morphology change. 

Currently there is no standard genetic model regarding CFF of C. jejuni despite extensive 

studies on the classical model of the maintenance and structure of peptidoglycan. However, 

it can be established from its close relation to H pylori that amiA is not a genetic 

determinant for CFF in C.jejuni. Despite the fact that the role of spoT has been linked to 

CFF and that amiA has been shown to be connected to viability within these studies, a 

potential feedback loop within the gene cluster these genes are located within could lead to 

CFF or contain the gene which controls CFF. This would require further work into 

homology of other genes and gene products within the cluster that could be related to 

peptidoglycan maintenance. 
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7.3. Future work 

There are several opportunities and avenues for further studies that could be taken based on 

the results obtained in this project. 

Neither amiA nor spoT were shown to be genetic detenninants for CFF in C.jejuni. Further 

research is needed into the other potential gene targets of the morphological transition from 

the rod to the coccoid morphology. A possible route for further research is to use 

microarray or RNA sequencing technology to search for more putative gene targets in C. 

jejuni which may be responsible for morphology change and/or are putative peptidoglycan 

hydrolases. Using several samples of C. jejuni from varying time points under differential 

stresses at transition points, (approximately 50% CFs) compared across the whole genome 

expression profile for specific genes, the changes in gene expression observed could be 

linked to the cell morphology change, by looking for genes that are highly expressed whilst 

the accumulation of CF is highest. However, this study would require a comparison 

between several strains of C. jejuni to ensure the change in morphology is not strain 

specific. In addition, this sort of experiment would require several biological replicates to 

reduce the likelihood of identifying genes involved in other processes. This study would 

produce lots of data on stress response and genes activated under various stress and so the 

data could also be used to compare gene expression in tandem with other stress responses, 

e.g. adhesins and surface proteins. 

It was also shown by Amano & Shibata (1994) using peptidoglycan studies that C. fetus 

82-40 was unable to form CF like C. jejuni and C. coli. In Chapter 4, a brief study of the 

CFF of the organism C. fetus was conducted and was shown not to produce CF under the 

same age related stress, which led to over 90% CF in C. jejuni. A possible avenue of 
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research is to demonstrate the phenotypic effects of amiA and spoTSDM within Cfotus 

strains to detennine if these genes playa role in morphology change. Comparative 

genomics is another approach that could be used to investigate the possible genes that may 

playa role within CFF by the identification of all possible peptidoglycan lytic enzymes in 

C. jejuni and C. coli that are not present in C. fetus. Using the comparative genomics data, 

it would be possible to look for conserved DNA sequences, gene order or regulatory 

sequences that are related to peptidoglycan maintenance across various Campylobacter spp 

that fonn CF with species that cannot. 

The construction of pRRBC system was shown to work. However, due to the inability to 

induce the system within C. jejuni, a possible avenue of further work is enabling the 

system to work efficiently. The pRRBC system could be used to test the regulated 

expression of other gene targets within C. jejuni or possibly other organisms and could be a 

benefit to several other studies as well. There are alternatives for the overexpression of 

genes within Campylobacter as used by Frirdich et al. (2012) utilized the pRRC plasmid, 

which could be used to demonstrate the effects of AmiA overexpression on C. jejuni 

morphology and muropeptide profile. 

Initial HPLC studies, which were conducted in Chapter 6, have shown a difference in the 

muropeptide profiles between the high expression levels of AmiA and basal levels within 

E. coli. Additional research into the effects of AmiA overexpression on the muropeptide 

profiles within C.jejuni using HPLC and MALDI-MS to elucidate the abundances of each 

of the peaks is needed. As previously mentioned, C.fetus has been shown not to be able to 

fonn coccoids under stress, however, HPLC studies could elucidate the peptidoglycan 

structure of C. fetus (Amano & Shibata, 1992). If the structure of the peptidoglycan differs 
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from C.jejuni, H pylori and E. coli, it could explain if the peptidoglycan is more 'rigid' 

and not able to alter morphology easily. 

Further work on the purification of C. jejuni AmiA could be done by using mass 

spectrometry, purification of AmiA with histidine tag on the N-terminal and western 

blotting using amidase specific antibodies. If C. jejuni AmiA is isolated efficiently and in a 

high yield, it would be possible to do proteolytic studies, using a standardized proteolytic 

assay and another using isolated peptidoglycan as the substrate. The isolated peptidoglycan 

from E. coli and C. jejuni would be incubated with the purified C. jejuni AmiA protein and 

compared using HPLC and mass spectrometry. It would also be of interest to investigate 

the effects of the purified protein on the peptidoglycan of C. jejuni amiA knockout mutant 

and measure the effects using HPLC and mass spectrometry. 

The role of amiA in C. jejuni and the genetic determinants of CFF have still not been 

elucidated. However a potential role of amiA in C. jejuni to viability has been hypothesized 

and spoT and amiA were linked to CFF. Nevertheless, further work is required to 

determine the role of the CFF within the C. jejuni life cycle and genetic determinants 

responsible for the morphology change. 
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