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ABSTRACT 

 

Campylobacter jejuni is a major bacterial cause of food-borne enteritis, and its 

lipooligosaccharide (LOS) plays an initiating role in the development of the 

autoimmune neuropathy, Guillain-Barré syndrome, by induction of anti-neural cross-

reactive antibodies through ganglioside molecular mimicry.   

Herein we describe the existence and heterogeneity of multiple LOS forms in 

C. jejuni strains of human and chicken origin grown at 37°C
 
and 42°C. The C. jejuni 

NCTC 11168 original isolate (11168-O) was compared to the genome-sequenced 

variant (11168-GS), and both were found to have a lower-Mr LOS form, which was 

different in size and structure to the previously characterized higher-Mr form bearing 

GM1 mimicry. The lower-Mr form production was found to be dependent on the 

growth temperature as the production of this form increased from ~5 %, observed at 

37°C to ~35 % at 42°C. The structure of the lower-Mr form contained a 

Galβ1,3GalNAc disaccharide moiety which is consistent with the termini of the GM1, 

asialo-GM1, GD1, GT1 and GQ1 gangliosides, however, it did not display GM1 

mimicry as assessed in blotting studies but was shown by NMR analysis to resemble 

asialo-GM1. The production of multiple LOS forms and lack of GM1 mimicry was not 

a result of phase variation in the genes tested for NCTC 11168 and was also observed 

in most of the human and chicken isolates of C. jejuni tested.  

The presence of differing amounts of LOS forms at 37 and 42°C, and the 

variety of forms observed in different strains, indicates that LOS form variation may 

play a role in an adaptive mechanism or a stress response of the bacterium during the 

colonization of different hosts. 
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Surface glycosylation of bacteria is involved in many critical host-microbe 

interactions. Lectin arrays consisting of diverse carbohydrate binding proteins have 

proven to be an important tool for evaluating a wide variety of glycosylation, 

including that present on whole bacteria. However, assessing glycosylation on whole 

bacteria using lectin arrays may not reflect bacterial glycosylation, but interactions 

between bacteria and the glycosylation present on lectins. Using C. jejuni as a model 

system and a discrete lectin and antibody array, a method, applicable to many 

organisms has been developed and validated by screening of the purified 

lipooligosaccharide of C. jejuni for molecular mimicry to monosialylated 

gangliosides. In the case of C. jejuni, knowing whether clinically important bacterial 

strains are capable of inducing severe autoimmune responses may aid in the 

prevention and/or early diagnosis of debilitating post infection conditions. 

Subsequently this study endeavoured to correlate the genetic basis for the 

synthesis of LOS in C. jejuni and the actual LOS structures produced by the bacteria. 

As described earlier, environmental factors can influence gene expression, protein 

folding, enzymatic activity and generally modulate cell metabolism, possibly as an 

intended survival/adaptation mechanism employed by the bacterium to enhance its 

fitness. It was shown that the final C. jejuni LOS structure can not always be 

predicted from the genetic composition of the LOS biosynthesis cluster as determined 

by novel lectin array analysis of the terminal LOS glycans. The differences were 

shown to be partially facilitated by the differential on/off status of three genes wlaN, 

cst and cj1144-45 found in the LOS biosynthesis gene locus. Importantly, C. jejuni 

strains encoding cluster type C, were shown to produce different LOS, mimicking 

asialo GM1, asialo GM2 and GM1/GM2/asialo GM1/asialo GM2 gangliosides 

respectively. In addition, individual C. jejuni colonies were shown to consistently 
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produce heterogeneous LOS structures, irrespective of the cluster type and the status 

of phase variable genes. 

Furthermore we describe C. jejuni strains with LOS clusters that do not match 

any of the previously described LOS clusters, yet are able to produce LOS with asialo 

GM2-like mimicries. The LOS biosynthesis clusters of these strains are likely to 

contain genes, which code for LOS biosynthesis machinery previously not identified, 

yet capable of synthesising LOS mimicking gangliosides.  

Antigenic variation of surface structures plays a key role in bacteria-host 

interactions, adherence and immune evasion mechanisms. To investigate this, it was 

attempted to elucidate the function of the cj1144-45 gene that is assumed to play a 

role in the earlier described mechanisms. The putative galactosyltransferase cj1144-

45, which is encoded by an open reading frame 16 in the LOS biosynthesis cluster, is 

unique to C. jejuni strains with LOS biosynthesis cluster types C, D, F, G, L, Q, and 

R. The gene is thought to be phase variable due to presence of homopolymeric tracts 

in the middle of the sequence. The sequence of cj1145-45 from the genome of C. 

jejuni NCTC 11168 contains two homopolymeric tracts side by side, which consist of, 

a single run of 9 adenine residues followed by a run of 8 guanine residues. The 

localization of these variable tracts in the middle of the gene sequence suggests that 

the gene is being regulated during the translation of mRNA. In order for the gene to 

be correctly translated the polynucleotide tract sequence must contain 9As & 10Gs or 

10As & 9Gs. The reading frame of cj1144-45 from the published genome sequence of 

C. jejuni NCTC 11168 contains 9A & 8G rendering the gene nonfunctional. Solving 

the function of C. jejuni cj1144-45 is imperative to our understanding of how and 

what types of LOS epitopes are being produced, and what stimuli are responsible for 

inducing changes in epitope presentation. Herein several attempts at elucidation of the 
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cj1144-45 gene function are described using such techniques as site-directed 

mutagenesis and insertional inactivation. 

In conclusion this thesis describes the existence of novel C. jejuni LOS 

structures as well as the mechanisms for their production, which were regulated by 

environmental factors such as temperature. It was demonstrated that alterable on/off 

status of several genes found in C. jejuni LOS biosynthesis cluster were responsible 

for production of different LOS structures. Variable expression of these genes 

responded to the environmental factors such as temperature to facilitate the synthesis 

of different terminal LOS glycans as an adaptation to promote colonisation of 

different hosts. Furthermore, a new array based method was developed for elucidation 

of C. jejuni LOS terminal glycan structures. Lastly this study has identified C. jejuni 

strains with previously uncharacterised LOS biosynthesis clusters, which were 

capable of producing LOS mimicking asialo-GM2 gangliosides.  
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1.1 Campylobacter 

 

Campylobacter spp. are motile, microaerophilic, Gram negative rods with 

polar flagella (Skirrow 1977; Penner 1988; Parkhill et al. 2000). The size of the 

bacterial cell is approximatly between 0.2-0.5µm wide and 0.5-5µm long. 

Campylobacter spp. grow in unique microaerophilic conditions of low oxygen (5 %), 

carbon dioxide (10 %) and high nitrogen (85 %) which is consistent with a preference 

to colonise gastrointestinal tracts of different hosts (Skirrow 1977; Blaser 1997; 

Chaveerach et al. 2002). The first of the Campylobacter spp. was observed in 1909, 

Campylobacter fetus (Walker et al. 1986). However it was not cultured until 1947, 

when it became of interest for further research (Vinzent and Reynes 1947). The genus 

Campylobacter is highly diverse and contains 16 species and 6 subspecies 

(Vandamme 2000). 

Campylobacter spp. can either be classified as thermophilic or 

nonthermophilic (Penner 1988; Eyers et al. 1993). Campylobacter jejuni, 

Campylobacter lari and Campylobacter coli are the most common thermophilic 

Campylobacter spp. The optimum growth temperature for thermophilic 

Campylobacter spp. is around 42°C (Penner 1988; Allos and Blaser 1995). 

Nonthermophilic Campylobacter spp. include Campylobacter fetus, Campylobacter 

cryaerophila and Campylobacter mucosalis (Allos and Blaser 1995). The optimal 

growth temperature of nonthermophilic Campylobacter spp. ranges from 15º to 37°C 

(Penner 1988; Allos and Blaser 1995). The variety of temperatures at which 

Campylobacter spp. grows can be explained by the wide range of hosts that it 

colonizes (Blaser 1997; Parkhill et al. 2000). Thermophilic Campylobacter spp. most 

commonly infect humans and avian species (Eyers et al. 1993). Campylobacter jejuni 
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is recognised as a major cause of acute diarrhoea in humans world wide (Blaser 

1997). Nonthermophilic Campylobacter spp. are known to infect domesticated farm 

and common household animals such as cats and dogs (Bruce et al. 1980). 

The C. jejuni NCTC 11168 genome was sequenced in 2000 by Parkhill et al. 

(2000). C. jejuni NCTC 11168 has a circular chromosome of 1,641,481 base pairs 

long, which codes for approximately 1,654 proteins and 54 stable RNA species 

(Parkhill et al. 2000). The genome of C. jejuni is highly conserved, containing few 

insertion sequences, phage-associated sequences or repeat sequences (Bourke et al. 

1998; Parkhill et al. 2000; Vandamme 2000). Furthermore the genome has a high 

adenine-thymine ratio of 70 % (Nuijten et al. 1990; Bourke et al. 1998; Parkhill et al. 

2000; Vandamme 2000). C. jejuni NCTC 11168 has since been used as a model for 

analysis of other Campylobacter strains. 

 

1.2 Epidemiology 

 

Infection with Campylobacter spp. is a major cause of foodborne diseases 

globally with 400 million cases registered every year world-wide (Skirrow 1991; 

Blaser 1997; Ketley 1997; Altekruse et al. 1999; Friedman et al. 2000). Infection with 

Campylobacter spp. or campylobacteriosis causes a variety of gastrointestinal 

disorders with gastroenteritis being the most common (Walker et al. 1986; Skirrow 

1991). On average 15 cases are diagnosed for every 100,000 people in US, UK, 

Europe and Australia. The incidence rate of infection with Campylobacter spp. is 

higher in densely populated countries like China, Vietnam, Japan and India. In 

Australia cases of campylobacteriosis are steadily increasing as shown in Figure 1.1 

(Stafford et al. 2007; NNDSS 2011). 
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Figure 1.1 Reported campylobacteriosis cases in Australia (excluding NSW) from 

1991 to 2006 (NNDSS 2011). 
 

 

According to NNDSS (National Notable Disease Surveillance System), the 

rate of campylobacteriosis in Australia was 108.1 per 100,000 in 2009 (NNDSS 

2011). However, due to the fact that the infection is self-limiting and requires no 

hospitalisation, it its fair to assume that majority of cases are not being reported. It 

was suggested by the health officials in the Australian Government that only 1 out 10 

cases of campylobacteriosis are recorded (Stafford et al. 2007; NNDSS 2011). 

According to WHO (World Health Organisation) only 10 % of campylobacteriosis 

cases are recorded world-wide. This signifies the increasingly high incidence rate of 

the infection with Campylobacter spp. and its impact on the world economy. 

Campylobacter spp. follow faecal-oral route of transmission in animals where 

direct contact with infected faeces is common (Ketley 1997). Humans acquire the 

infection through zoonotic transmission where contact is made with an infected 
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animal and bacteria are ingested (Skirrow 1991). However, direct contact with 

infected water or animal food products seem to be the most common route for 

acquiring the infection with Campylobacter spp. (King 1957; Blaser 1997; 

Nachamkin et al. 1998). Furthermore, in rare cases Campylobacter spp. can be spread 

horizontally through person-to-person contact (Skirrow 1977; Newell and Fearnley 

2003). This type of transmission is arguable due to the lack of evidence available 

(Newell and Fearnley 2003). 

Poultry is a major reservoir for thermophilic Campylobacter spp., where it is 

believed to be a commensal (Nachamkin et al. 1993; Ketley 1995, 1997; Nielsen et al. 

1997; Nachamkin et al. 1998; Newell and Fearnley 2003; Wilson et al. 2010). Some 

Campylobacter spp. that infect poultry can also be associated with the human 

infection (Nielsen et al. 1997). C. jejuni and C. coli are the two most common 

Campylobacter spp. to cause human infection (Humphrey et al. 2007). Handling and 

consumption of poultry produce remains a major factor contributing to the infection 

with C. jejuni world-wide (Friedman et al. 2000). C. jejuni have been detected in 50-

80 % of all poultry meat products sold for human consumption (Goossens et al. 

1995). Evidence has been presented that at least 10
3
 organisms of C. jejuni (per 100 g) 

of raw poultry products can be found on the shelves of retail stores (Altekruse et al. 

1999).  

Characterization of the epidemiology of the infection with Campylobacter 

spp. is generally hard as infections are sporadic and outbreaks are rare (Butzler and 

Oosterom 1991). Human isolates of Campylobacter spp. are highly diverse. Rarely 

Campylobacter spp. of the same serotype cause human infections at different 

geographical locations. This illustrates the sporadic nature of infections with 

Campylobacter spp. (Butzler and Oosterom 1991). 
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Human campylobacteriosis follows seasonal patterns with the majority of 

cases observed in late spring early summer. This may indicate that human food 

preferences at the particular season are an important aspect of the infection incidence. 

Social activities such as picnics and barbeques commonly involve preparation and 

consumption of food in less sanitary conditions, which may contribute to the 

increased rate of the campylobacter infection during the summer season (Louis et al. 

2005). Statistics shows that the majority of cases are reported in children under the 

age of 5 and adults between the ages of 20 and 34 (Louis et al. 2005; NNDSS 2011). 

The high incidence of campylobacteriosis in young children is usually associated with 

milk contamination and the immature immune system of the child. 

 

1.3 Campylobacteriosis – the disease 

 

The gastrointestinal disease that is caused by an infection with Campylobacter 

spp. is commonly referred to as campylobacteriosis. This disease is manifested in a 

multitude of pathophysiological symptoms, which are very commonly confused with 

other gastrointestinal disorders caused by different pathogens [6]. Infection with 

Salmonella spp. is commonly confused with campylobacteriosis as both diseases 

produce similar physiological symptoms (Butzler and Oosterom 1991). 

Pathophysiological symptoms of campylobacteriosis are still poorly understood and 

their mechanisms are currently being investigated. 

Many epidemiological and clinical studies have been performed in order to 

characterize campylobacteriosis (Blaser 1997). The consensus suggests that the 

pathophysiological symptoms of campylobacteriosis are moderate to severe 

abdominal cramping and pain followed by diarrhoea in 92 % of all cases (Blaser 
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1997; Walker et al. 1986; Nachamkin et al. 1998; Louis et al. 2005). Furthermore, 25 

% of patients may have hematochezia (bloody stools) caused by mucosal invasion and 

enterocyte destruction caused by the Campylobacter spp. (Walker et al. 1986; 

Goossens et al. 1990; Blaser 1997; Allos 2001; Moore et al. 2005). However, the 

occurrence of blood in stools is highly common in infections with Salmonella spp. 

and Shigella spp., which again, contribute to the confusion in clinical diagnosis 

(Goossens et al. 1990). Furthermore, at least 20 % of patients will have leukocytes in 

their stool, which is highly symptomatic of severe inflammatory diarrhoea (Goossens 

et al. 1990; Allos and Blaser 1995; Moore et al. 2005). The onset of the infection can 

lead to severe dehydration as a result of severe diarrhoea, which would lead to 

electrolyte imbalance. Electrolyte imbalance is typically associated with abdominal 

cramping (Goossens et al. 1990; Moore et al. 2005). Further symptoms like fever, 

headache, nausea and vomiting are also common (Allos and Blaser 1995). Both 

nausea and vomiting can be associated with a variety of gastrointestinal disorders 

(Walker et al. 1986; Goossens et al. 1990; Allos and Blaser 1995; Nachamkin et al. 

1998; Moore et al. 2005). 

C. jejuni accounts for 90 % of all Campylobacter spp. associated infections in 

humans and C. coli accounts for 5-10 % of all Campylobacter spp. infections 

(Nachamkin et al. 1998; Tam et al. 2003). A successful infection with Campylobacter 

spp. can be initiated by ingestion of 5-500 organisms (Robinson 1981; Black et al. 

1988). The symptoms develop 2-10 days after infection, which may last up to 10 days 

(Goossens et al. 1990). However reports have been made of patients with severe 

infections with Campylobacter spp. that can last up to 3 months (Walker et al. 1986; 

Goossens et al. 1990; Nachamkin et al. 1998). These are commonly immuno-

compromised patients who are in danger of developing severe symptoms that will add 
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to the symptoms of the already contracted disease. Antibiotic treatment may be 

administered in severe cases to patients with suppressed immune system or blood 

infection (Altekruse et al. 1999). However, infection with Campylobacter spp. is 

generally self-liming and requires no drug therapy (Allos and Blaser 1995; 

Nachamkin et al. 1998). General treatment for the infection involves hydration and 

rest. 

In rare cases infections with Campylobacter spp. can initiate an autoimmune 

response against the host’s nervous system. This leads to serious diseases such as the 

Guillain-Barré and Fisher Syndromes, which can be life threatening. 

 

1.3.1 Guillain-Barré Syndrome and Fisher Syndrome 

 

Guillain-Barré Syndrome (GBS) is a rare medical condition that causes acute 

flaccid paralysis in patients who may have previously contracted a viral or bacterial 

infection such as campylobacteriosis (Yuki 1994; Moore et al. 2005; Yu et al. 2006). 

The incidence rate of GBS in a cohort of patients with campylobacteriosis is 1.17 per 

1000, which is at least 77 times greater than the estimates in general population (Tam 

et al., 2006). Other factors contributing to GBS are pathogens that also cause severe 

gastrointestinal infections. Figure 1.2 shows statistical data on the determinants of the 

gastrointestinal infection and the GBS. 
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Figure 1.2 The relationships between the infection and the development of the anti-

ganglioside antibodies to GBS causing bacteria and viruses and the GBS types 

(AMAN – acute motor axonal neuropathy, FS – Fisher Syndrome, Campylobacter 

jejuni, Mycoplasma pneumoniae, Epstein - Barr virus and Cytomegalovirus) (Yu et al. 

2006). 

 

 

Guillain-Barré Syndrome is an acute inflammatory polyradiculoneuropathy 

that is mediated by the autoimmune attack on the peripheral nervous system, in 

particular the Schwann cells or the myelin sheath of sensory and motor nerves 

(Nachamkin et al. 1998; Toyka 1999; Moore et al. 2005; Yu et al. 2006). There are 

three major types of the GBS. The acute or chronic inflammatory demyelinating 

polyneuropathy (AIDP/CIDP) are primarily due to damage to the myelin sheath 

(Nachamkin et al. 1998; Prendergast et al. 1998; Hughes and Cornblath 2005). The 

acute motor axonal neuropathy (AMAN) is mediated by the noninflammotary, 

antibody-initiated, complement-dependent mechanism that targets the motor axons 

(Nachamkin et al. 1998; Hughes and Cornblath 2005). In all instances of untreated 

GBS types, severe damage is done to the myelin sheath of the motor and sensory 

neurons (Toyka 1999; Yu et al. 2006). Myelin sheath or Schwann cells that generate it 

are responsible for insulating the axons, hence preventing the electrical signals from 

escaping the nerve. Demyelination of the axons prevents electrical signal transduction 
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down the neuron and ultimately causes loss of muscular function control (Hughes and 

Rees 1994; Nachamkin et al. 1998; Moore et al. 2005; Yu et al. 2006). 

Epidemiological surveys identified that 5-10 % of patients with GBS will die 

as a result of complications and at least 10 % will be left with severe residual 

disability (Hughes and Rees 1994; Buzby et al. 1997; Toyka 1999; NNDSS 2011).  

Table 1.1 illustrates the impact on the GBS patients in terms of treatment and 

treatment related visits to hospital or specialists in Australia in 2006. Over 2006, 122 

admitted patients with GBS were absent from 9900 working days that resulted in loss 

of $25 million dollars (NNDSS 2011). This signifies that GBS is a severe health 

threat and causes great economical burden to the society. 
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Table 1.1 Guillain-Barré syndrome due to C. jejuni infection
(a)

 in Australia in one 

year. Estimated number of cases, deaths, health care visits, treatments and time lost
(b) 

(NNDSS 2011). 
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Female 52 5 47 52 13 330 141 283 4,245 

 

Male 70 7 63 70 12 442 189 379 5,680 

Total(f)  

 

122 

 
12 110 122 13 770 330 660 9,900 

Source of 

data 

NHMD 

1998-99 to 
2001-02. 

Principal 

diagnosis 
all cases 

hospitalise

d.(c) 
Estimated 

20 % due 

to food 
borne 

Campylob

acter. 

10 % of 
cases(d) die 

(Hahn 

1998; 
Kuwabara 

2004) 

NHMD 

1998-99 to 
2001-02. 

Principal 

diagnosis 

 

NHMD 

1998-99 to 
2001-02 

Principal 

diagnosis 

Assume 

pre-
hospital 

isation = 1 

visit to GP 
and post-

hospital = 

6 visits. 

Assume 

post-

hospital = 
3 visits. 

Assume 6 
sessions 

rehab/ 

physio 
post-

hospital 

Mean 

duration 
estimated 

90 days for 

survivors. 

(a) The proportion of Guillain-Barré syndrome cases due to food borne Campylobacter was estimated at 20 % (95 % CrI: 15-25 
%). 

(b) Cases with ongoing disability not accounted for. 20 % have severe disability still at one year after onset of illness. Of these, 
22 % can’t run, 8 % walk aided and 10 % have ongoing lifelong disability (Hahn 1998). 

(c) There could be transfers of cases between hospitals, which would decrease the estimated number of cases. 

(d) Age distribution assumed 10 % cases each age group. Validation against mortality dataset 1999-2002 shows 23 per year for 
all Guillain-Barré syndrome. Taking 20 % as food borne gives five per year. 

(e) Each case can have more than one test or treatment. 

(f) Totals may not add due to rounding. 
 

 

Fisher Syndrome (FS) is a variation of the GBS, which causes acute external 

ophthalmoplegia, ataxia and areflexia without significant motor or sensory deficit 

(Yuki 1995; Yu et al. 2006). MFS patients usually make complete recovery without 

any specific treatment (Toyka 1999). However, patients admitted with FS are offered 

the same care and treatment as GBS patients (Hartung et al. 1995a, 1995b; Toyka 

1999). 
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Treatment for the GBS was shown to be more effective in the early stages of 

the disease (Hartung et al. 1995a). However, correct diagnosis of the disorder is rarely 

made at early stages due to the confusion among the general practitioners regarding 

the symptoms. General symptoms of GBS include limb weakness and numbness, 

which is also consistent with a variety of more common disorders (Nachamkin et al. 

1998; Toyka 1999). Recognition of the life-threatening complications that arise due to 

GBS is the most important aspect of the disease management. Respiratory failure, 

venous thromboembolism and autonomic disturbance have been identified as the most 

common complications associated with GBS (Nachamkin et al. 1998). Currently the 

best treatment for the early stage patients with GBS is a combination of anti-

inflammatory and immunosuppressive drugs, as most cases are due to inflammatory 

demyelination (Hughes and Rees 1994). Plasma exchange has been accepted as the 

standard treatment for GBS patients as it attempts to remove anti-bacterial antibodies 

from the patient’s system, hence preventing further damage to the nerve cells. 

Intravenous immunoglobulin G has been shown to improve the treatment outcome if 

combined with plasma exchange (Toyka 1999). Prevention and treatment of the 

primary disease caused by the Campylobacter spp. is still the best available 

alternative to treatment of the GBS itself. However, development of a vaccine to 

Campylobacter spp. infection is not possible due to the great genetic diversity that 

exists among Campylobacter spp., thus, leaving prevention as the best method for 

management of the infection (Giesendorf et al. 1993; Hartung et al. 1995a, 1995b). 

As previously mentioned both Guillain-Barré Syndrome and Fisher Syndrome 

are autoimmune diseases (Yuki 1995; Yu et al. 2006). The cross-reactive antibodies 

produced to combat the infection with Campylobacter spp. mediate the autoimmune 

response against host’s nerve cells (Yuki et al. 1990; Moore et al. 2005). In GBS and 
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MFS antibodies are synthesised specifically against bacterial lipooligosaccharides or 

LOS (Yuki 1994; Prendergast et al. 1998). It has been demonstrated that C. jejuni 

LOS is capable of structural mimicry of human gangliosides, which are most 

abundant on the surface of mammalian nerve cells (Sonnino et al. 2007). Gangliosides 

are glycosphingolipid structures involved in cell-to-cell communication and a variety 

of signal transduction pathways (Moran et al. 1996; Sonnino et al. 2007). Ganglioside 

molecular mimicry as it has been termed is an important pathogenicity factor of 

Campylobacter spp. and is a major determinant in the onset of such neuropathies as 

GBS and FS (Moran et al. 1996; Prendergast et al. 1998). 

 

1.4 Pathogenicity 

 

The pathogenicity of Campylobacter spp. is characterised by its ability to 

colonise the host and cause the disease. Several pathogenicity factors have been 

identified and shown to contribute to the development of the disease: invasion, 

adherence, motility, toxin production, immune evasion and molecular mimicry 

(Walker et al. 1986). 

The mechanism by which Campylobacter spp. reaches the gastrointestinal 

tract of the host is not yet understood, but factors like motility and adhesion and 

immune evasion are thought to be involved. The ability to adhere to the intestinal 

epithelial cells is thought to be an important prerequisite for successful colonisation 

(Ketley 1997; Ashgar et al. 2007). A number of adhesins have been identified in 

Campylobacter spp. including flagellin, fibronectin-binding protein CadF, 

lipooligosaccharides (LOS), major outer membrane protein (MOMP), P95, PEB1 and 
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JlpA (McSweegan and Walker 1986; Grant et al. 1993; Pei and Blaser 1993; Konkel 

et al. 1997; Moser et al. 1997; Kelle et al. 1998; Jin et al. 2001). 

The motility of Campylobacter spp. allows the bacterium to navigate towards 

more favourable environments and is classified as a major pathogenicity factor 

(Ketley 1997; Sommerlad and Hendrixson 2007). The importance of motility to 

bacterial pathogenicity was demonstrated by generating mutants of the flagella (flaA) 

gene. An animal model study was conducted where chicks were infected with wild 

type and flaA mutant C. jejuni. The flA mutant failed to colonise chicks at the same 

rate as wild type bacteria, hence highlighting the importance of flagella as a 

pathogenicity factor (Nachamkin et al. 1993). 

The production of toxins by Campylobacter spp. plays an important role in its 

ability to invade the host mucosal lining and is mostly responsible for generating the 

clinical symptoms of the infection (Ketley 1997; Wassenaar 1997). Enterotoxin 

production by Campylobacter spp. has been documented in 1983 by Ruiz-Palacios et 

al. and was shown to cause diarrhoea in an animal model (Ruiz-Palacios et al. 1983). 

Also, a variety of cytotoxins including cholera-like toxin (CLT) and cytolethal 

distending toxin (CDT) were shown to be produced by the Campylobacter spp. 

(Wassenaar 1997). The importance of toxins in the generation of clinical symptoms 

associated with campylobacteriosis was demonstrated in the experiment where 

asymptomatic Campylobacter spp. infections tested negative for toxins. On other 

hand patients with watery diarrhoea tested positive for enterotoxic Campylobacter 

strains (Klipstein et al. 1985). This signified the importance of toxins in pathogenicity 

of Campylobacter spp. 

The capsular polysaccharide is thought to provide an avoidance strategy of the 

host immune response by “hiding” the antigenic structures on the surface of the 
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bacterial membrane with its long polysaccharide chains (Moxon et al. 1994; Moran et 

al. 1996; Karlyshev et al. 2005). Furthermore, the structural variability of the outer 

region of the capsular polysaccharide chains indicates the importance of the molecule. 

It is thought to be involved in the immune response evasion mechanisms by which the 

variable polysaccharide structures identify the bacterial cell as “nonthreatening” to the 

host’s immune system (Moxon et al. 1994; Karlyshev et al. 2005). 

Sialylation of the bacterial LOS is thought to play an important role in evasion 

of the host’s immune response, invasion of the GI tract epithelial cells and the onset 

of the post infection complications (Perera et al. 2007; Louwen et al. 2008; Habib et 

al. 2009; Mortensen et al. 2009; Howard et al. 2011). In C. jejuni, LOS sialylation 

was also shown to promote dendritic cell activation and enhanced B cell proliferation 

leading to the development of anti-ganglioside cross-reactive antibodies (Kuijf et al. 

2010).  

 

1.4.1 Ganglioside Molecular Mimicry 

 

Gangliosides are the external structures of the animal nerve cells consisting of 

glycosphingolipid (ceramide and oligosaccharide) with one or more sialic acids linked 

to a sugar chain and are involved in signal transduction pathways (Kuhn and 

Wiegandt 1963; Feizi 1985). Experimental data has shown that gangliosides are cell-

specific antigens that control cell growth and differentiation, and also are involved in 

cell interaction mechanisms. Gangliosides are thought to control nerve regeneration 

by binding to myelin-associated glycoproteins (Sonnino et al. 2007). Gangliosides 

account for 20-25 % of the outer layer of the neuronal membranes, making then one 

of the most abundant structures in the nervous system (Macher and Sweeley 1978). 

Gangliosides vary in structure and have been classified according to the number of 
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sialo groups: mono-, di- or trisialogangliosides (M, D or T) (Sonnino et al. 2007). 

Common ganglioside epitopes are GM-, GD-, GT- and less common epitopes are 

GQ1b and GGal. The numbering of the gangliosides ranges from 1 to 3 and refers to the 

order of the migration on the thin layer chromatography (order of migration GM3 – 

GM2 – GM1). To indicate that variation that exists between these epitopes a system of 

subscripts a to c has been introduced. For example, GM1- gangliosides are most 

abundant in the peripheral nerve cells (Chiba et al. 1993; Kusunoki et al. 1993). 

One of the most important pathogenicity factors of Campylobacter spp. is 

ganglioside molecular mimicry (Moran et al. 1996; Yuki et al. 2004). The outer core 

region of the Campylobacter spp. LOS have been demonstrated to mimic the 

structures of previously mentioned gangliosides (Figure 1.3), hence “provoking” the 

immune system to attack the ganglioside rich myelin sheath of sensory and motor 

neurons (Moran 1997; Hahn 1998; Ang et al. 2000; Ang et al. 2004).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Campylobacter jejuni LOS mimicry of the GM1 ganglioside which is a 

common nerve cell membrane component (Yu et al. 2006).  

 

 

GM1 ganglioside in nerve cell membrane 

Lipooligosaccharide in C. jejuni 
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This process has been termed molecular mimicry (Damian 1965). 

Campylobacter spp. have been shown to exhibit glycoconjugate mimicry to GM1, 

GM2, GM3, GD1, GD2, GD3 and GQ1b ganglioside epitopes (Aspinall et al. 1993; 

Yuki 1994; Neisser et al. 1997; Prendergast and Moran 2000; Moran et al. 2005). 

Furthermore, GM1, GM1b, GalNAc-GD1a and GQ1b, GT1a ganglioside mimicries have 

been directly implicated in GBS and FS respectively (Chiba et al. 1993; Yuki 2010; 

Fujikawa et al. 2011). 

The presence of high titres of anti-ganglioside antibodies have been confirmed 

in GBS patients who developed acute flaccid paralysis as a result infection with 

Campylobacter spp. (Ilyas et al. 1988). Furthermore, it has been demonstrated that 

Campylobacter LOS cross-react with anti-ganglioside antibodies from 

campylobacteriosis associated GBS patients (Yuki 1994; Moran et al. 2005). It has 

been also possible to achieve an anti-ganglioside antibody response in animal models 

after injection with Campylobacter LOS which causes acute flaccid paralysis (Yuki et 

al. 2001). The mechanism behind the ganglioside mimicry is currently being 

investigated as it is of great interest for development of more effective treatments and 

preventative methods for GBS and FS. 

 

1.4.2 Lipooligosaccharides (LOS), Lipopolysaccharides (LPS) and Gangliosides 

 

Lipopolysaccharides (LPS) are a major component of the Gram negative 

bacterial cell wall and are thought to be involved in host immune evasion mechanisms 

(Moxon et al. 1994; Moran et al. 1996; Karlyshev et al. 2005). LPS is an endotoxic 

molecule consisting of a polysaccharide chain covalently linked to the lipid moiety 

known as lipid A which anchors the LPS in the bacterial outer cell membrane 
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(Progulske and Holt 1984). LPS binds CD14/TLR4/MD2 receptor complex that 

promotes the secretion of pro-inflammatory cytokines in macrophages (Hu et al. 

2006). LPS also plays a role in stabilizing the bacterial cell membrane by increasing 

the overall negative charge (Perez et al. 1985; Moxon et al. 1994; Yu et al. 2006). The 

core of the LPS consists of both inner and outer regions. The inner core region is 

bound to the anchoring Lipid-A molecule and outer region is covalently linked to the 

O-specific polysaccharide chain (Oldfield et al. 2002; Karlyshev et al. 2005). The O-

antigen (O-specific polysaccharide chain) consists of a variable O-polysaccharide 

chain which acts as an antigenic binding site (Karlyshev et al. 2005; Yu et al. 2006). 

Lipooligosaccharides (LOS) are highly similar structures to LPS that are 

found in some bacteria, like Neisseria spp. and Campylobacter spp., (Zhu et al. 2002; 

Karlyshev et al. 2005). The LOS consists of lipid-A anchor which is covalently linked 

to the core region (inner and outer). Unlike in LPS, the O-antigen structure is absent 

in LOS (Figure 1.3 illustrates the structure of C. jejuni LOS) (Aspinall et al. 1993).  

The LOS outer core region acts as antigenic binding site and displays structural 

variability (Aspinall et al. 1993). 

At first it was believed that Campylobacter spp. could produce either LPS or 

LOS structures in a strain-dependent manner because genes involved in LPS synthesis 

were identified in all Campylobacter strains (Linton et al. 2000; Parkhill et al. 2000; 

Karlyshev et al. 2005). However, immunobloting failed to identify core regions of the 

LPS molecule, revealing only the high molecular weight polysaccharide structures in 

some Campylobacter spp. (Salama et al. 2000). Also, adding to the confusion, silver 

staining detected LOS core regions and not polysaccharide chains (Mandatori and 

Penner 1989; Salama et al. 2000). Later it was confirmed that in fact, Campylobacter 
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serotypes have LOS structures as well as separate capsular polysaccharide structures 

which lacked variable core regions (Karlyshev et al. 2000). 

 

1.5 Genetics of the LOS Biosynthesis 

 

Fully sequenced and annotated C. jejuni NCTC 11168 has been used 

extensively as a model for characterization of the genes and mechanisms in other 

Campylobacter spp. (Parkhill et al. 2000). The LOS biosynthesis locus has been 

identified and characterized in C. jejuni NCTC 11168. The entire region spans from 

waaC to rfaD genes. The available 20 LOS clusters are grouped based on their gene 

composition and orientation. Figure 1.4 illustrates C. jejuni LOS biosynthesis cluster 

types A, B, C, M and R, which are implicated in production of sialylated LOS with 

partial or complete ganglioside mimicry. 

 

Figure 1.4 Genetic organization of the C. jejuni LOS biosynthesis clusters types A, B, 

C, M and R. Cluster types A, B, C, R and M contain genes (pink) required for 

sialylation of LOS. Highlighted in green are phase variable orf6 (wlaN) and orf16 

(cj1144-45). Uncharacterised orf14 and orf15 (orange) are unique to cluster type C. 

Highlighted in beige is orf51, unique to cluster type M (based on work by Gilbert et 

al., 2000). 

 

C. jejuni with LOS biosynthesis cluster types A, B and C are commonly 

associated with GBS and FS (Gilbert et al. 2000). Altogether, 37 distinct genes have 

been identified in different C. jejuni strains. All Campylobacter LOS biosynthesis 

clusters start with waaC (orf1), htrB (orf2) genes positioned in the same orientation. 

Several genes are conserved throughout some of the classes (wlaN (orf6) is conserved 
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in classes A, B and C) and others are specific to only one class (cj1137 (orf14) and 

cj1138 (orf15) are specific to class C only). This illustrates the diversity of the LOS 

biosynthesis cluster that is exhibited by a single Campylobacter species. To further 

demonstrate the diversity of C. jejuni LOS, three strains (NCTC 11168, ATCC 43429 

and ATCC 43430) with LOS biosynthesis cluster type C have been demonstrated to 

produce GM1, GM2 and GM3-like ganglioside mimicries, respectively, as shown in 

Figure 1.5 (Aspinall et al. 1993; Hanniffy et al. 2001; Gilbert et al. 2002; St Michael 

et al. 2002). The variation within C. jejuni LOS outer core structures was proposed to 

be due to differential gene expression mechanisms such as phase variation (Moran et 

al. 1996). 

 

Figure 1.5 C. jejuni NCTC 11168 (GM1), ATCC 43429 (GM2), ATCC 43430 (GM3) 

LOS epitope structures (Gilbert et al. 2005). 
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1.5.1 C. jejuni NCTC 11168 LOS Biosynthesis 

 

The major genes involved in the biosynthesis of LOS are conserved in all 

sequenced C. jejuni LOS clusters (shown in white, Figure 1.4) (Gilbert et al. 2002; 

Karlyshev et al. 2005). Table 1.2 lists class C genes and their proposed functions 

involved in biosynthesis of LOS. The lipid A synthesis in C. jejuni NCTC 11168 is 

thought to be similar to that in E. coli as lpxA, lpxC, lpxD, lpxB and lpxK homologues 

have been identified in the C. jejuni NCTC 11168 genome (Klena et al., 2004). The 

Kdo (3-deoxy-α-3-manno-oct-2-ulopyranosonic acid) transferases gene (WaaA) has 

been localised to the LOS biosynthesis cluster in C. jejuni NCTC 11168 as well 

(Karlyshev et al. 2005). 

Table 1.2 C. jejuni NCTC 11168 LOS biosynthesis cluster (C) genes and their 

function. 

Geneome ref. Gene name Status Function Reference 

cj1133 waaC characterised Heptosyltransferase I Klena et al., 1998 

cj1134 htrB putative Lipid A biosynthesis Acyltransferase Millar et al., 2003 

cj1135 - putative Two-domain Glucosyltransferase Parkhill et al., 2000 

cj1136 - putative β1,3 Galactosyltransferase Parkhill et al., 2000 

cj1137 - putative Glycosyltransferase Parkhill et al., 2000 

cj1138 - putative Galactosyltransferase Parkhill et al., 2000 

cj1139 wlaN characterised β1,3 Galactosyltransferase* Linton et al., 2000 

cj1140 cstIII putative Sialyltransferase Parkhill et al., 2000 

cj1141 neuB putative NeuNAc synthase Parkhill et al., 2000 

cj1142 neuC putative ManNAc synthase Parkhill et al., 2000 

cj1143 neuA/cgtA putative N-Acetylgalactosaminyltransferase & CMP-NeuNAc Synthetase Gilbert et al., 2000 

cj1144-45 - characterised α1,4 Galactosyltransferase* Houliston et al., 2009 

cj1146 waaV putative Glycosyltransferase Parkhill et al., 2000 

cj1147 waaF characterised Heptosyltransferase II Oldfield et al., 2002 

 * phase variable due to presence of homopolymeric tract 

 

The hypothetical mechanism for the biosynthesis of the C. jejuni NCTC 11168 

LOS was proposed by Karlyshev et al. and is shown in Figure 1.6 (Karlyshev et al. 

2005). The waaC gene codes for Heptosyltransferase I and is thought to transfer 

Heptose I (Hep I) to Kdo. The waaF gene codes for second Heptosyltransferase II 
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(Hep II) which subsequently transfers second Heptose unit to Heptose I. The 

hypothetical Cj1136 (encoded by cj1136) transfers first β1,3 galactose (Gal I) to the 

second Heptose unit. The cj1138 encodes galactosyltransferase that transfers a second 

Galactose unit to the inner core of the LOS.   

The sialic acid biosynthesis pathway is encoded by four genes (neuA, neuB, 

neuC and cst), homologues of which are found in LOS cluster types A, B, C, M and R 

(Figure 1.4; Table 1.2). The sialic acid biosynthesis pathway in C. jejuni NCTC 

11168 includes 3 genes; cgtA/neuA1, neuB1 and neuC1. Furthermore, a cstIII gene 

encodes for the sialotransferase responsible for the transfer of the lateral sialic acid 

(α-Neu5Ac) to the Galactose II (Figure 1.6). The addition of the distal N-acetyl-D-

galactosamine (β1,4 GalNAc) is performed by a β1,4-N-

acetylgalactosaminyltransferase activity coded by the cgtA gene from C. jejuni NCTC 

11168 LOS cluster (Karlyshev et al. 2005). The described structure is a GM2 epitope 

and the structure is shown in Figure 1.6. Transfer of an additional Galactose (β1,3 

Gal) unit to the distal N-acetyl-D-galactosamine (β1,4 GalNAc) interchanges the LOS 

structure from GM2 to GM1. The wlaN encodes for a β1,3 galactosyltransferase which 

is responsible for this interchange (Linton et al. 2000). This gene is of particular 

interest as it contains a 9(8)-G homopolymeric tract, which regulates its expression 

through a phase variation mechanism (Parkhill et al. 2000). 
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Figure 1.6 C. jejuni NCTC 11168 Hypothetical LOS Biosynthesis pathway 

(Karlyshev et al. 2005). 

 

 

1.6 Phase Variation 

 

The expression of the bacterial genes is usually controlled at the 

transcriptional and translational levels. However, several bacteria utilize “ALL or 

NONE” gene expression mechanism, which allows adaptation of the organism to 

multiple environments. Phase variation is one of such mechanisms and is defined as a 

random or environmentally triggered event that promotes or inhibits the transcription 

or translation of genes that are required for adaptation or survival of the organism in a 

given environment (Henderson et al. 1999). The slipped-strand mispairing mechanism 

is considered the most common type of phase variation and has been identified in 

several Campylobacter spp. (Levinson and Gutman 1987; Parkhill et al. 2000). The 

slipped-strand mispairing occurs in the regions of DNA consisting of a single base 

pair homopolymeric tract. These homopolymeric tracts are considered to be “hot-

spots” for transient base pair mispairing during DNA replication. The mutations are 
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usually single base deletions or insertions which result in changing the translational 

reading frame. The positioning of the homopolymeric tracts in the gene defines the 

type of regulatory control utilized by the mechanism. Homopolymeric tracts localised 

in the promoter region of the gene result in transcriptional regulation of gene 

expression. Positioning of the homopolymeric tract within the gene effects the 

translation of the reading frame of the gene (Henderson et al. 1999). 

The wlaN and cj1144-45 gene sequences from the C. jejuni strain NCTC 

11168 contain polynucleotide tracts and hence are thought to be involved in slipped-

strand mispairing mechanisms (Parkhill et al. 2000). The wlaN was shown to contain 

8(9) homopolymeric G-tract and cj1144-45 was shown to contain two adjacent A and 

G-tracts (Parkhill et al. 2000).  The wlaN gene is present in three (A, B and C) LOS 

biosynthesis cluster class types and cj144-45 is present in cluster types C, R, D, F, Q, 

L and G (Figure 1.4). The wlaN has been characterized and codes for a β1,3 

galactosyltransferase that adds a terminal galactose residue to the galactosamine in the 

outer core of the LOS (Linton et al. 2000). The addition of an extra galactose unit to 

the outer core results in the formation of a different GM- epitope (Figure 1.4). The 

cj1144-45 codes for α1,4 galactosyltransferase which was proposed to add an 

additional galactose unit to the terminal end of LOS (Houliston et al. 2009). Hence, it 

has been confirmed that C. jejuni utilizes gene regulation mechanisms such as phase 

variation to generate diversity in the LOS outer core regions (Moran et al. 1996). The 

ability of C. jejuni to regulate the expression of genes involved directly in modulation 

of antigenic structures can be seen an essential characteristic which adds to its innate 

ability to adapt to variety of environments and may also account for the diversity of 

the hosts Campylobacter spp. are known to colonize. 
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1.7 Aims and Significance 

 

Host-pathogen interactions are an essential element of bacterial pathogenicity 

which determines the final outcome of the infection. Due to paucity of information 

available on Campylobacter-host interactions this study aimed to investigate one of 

the major factors associated with Campylobacter spp. infection and its significance in 

causing human disease. This study aimed to investigate LOS phenotypes of C. jejuni 

strains grown in host adapted conditions and to determine whether factors such as 

temperature and host milieu play a role in modulation of these important surface 

antigens. The ensuing experimental data prompted further investigations into 

mechanisms involved in C. jejuni LOS biosynthesis and to address the following 

questions:  

 What are the bases for the production of different LOS structures? 

 Does the LOS biosynthesis cluster composition dictate the final structure of 

the LOS molecule? 

 What genes are involved in production of the different LOS structures? 

 What mechanisms are involved in regulating these genes?  

 What conditions are required for these changes to occur and how do these 

changes influence the outcome of the infection?  

 Do they influence survival and or promote colonisation of different hosts?  

 Is this a simple stress response or an evolved mechanism? 
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2.1 Abstract 

 

Campylobacter jejuni is a major bacterial cause of food-borne enteritis, and its 

lipooligosaccharide (LOS) plays an initiating role in the development of the 

autoimmune neuropathy, Guillain-Barré syndrome, by induction of anti-neural cross-

reactive antibodies through ganglioside molecular mimicry.   

Herein we describe the existence and heterogeneity of multiple LOS forms in 

C. jejuni strains of human and chicken origin grown at 37°C
 
and 42°C, respectively, 

as determined on sodium dodecyl sulphate-polyacrylamide electrophoresis gels with 

carbohydrate-specific silver staining and blotting with anti-ganglioside ligands, and 

confirmed by nuclear magnetic resonance (NMR) spectroscopy. The C. jejuni NCTC 

11168 original isolate (11168-O) was compared to its genome-sequenced variant 

(11168-GS), and both were found to have a lower-Mr LOS form, which was different 

in size and structure to the previously characterized higher-Mr form bearing GM1 

mimicry. The lower-Mr form production was found to be dependent on the growth 

temperature as the production of this form increased from ~5 %, observed at 37°C to 

~35 % at 42°C. The structure of the lower-Mr form contained a Galβ1,3GalNAc 

disaccharide moiety which is consistent with the termini of the GM1, asialo-GM1, 

GD1, GT1 and GQ1 gangliosides, however, it did not display GM1 mimicry as assessed 

in blotting studies but was shown in NMR to resemble asialo-GM1. The production of 

multiple LOS forms and lack of GM1 mimicry was not a result of phase variation in 

the genes tested of NCTC 11168 and was also observed in most of the human and 

chicken isolates of C. jejuni tested.  

The presence of differing amounts of LOS forms at 37 and 42°C, and the 

variety of forms observed in different strains, indicate that LOS form variation may 
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play a role in an adaptive mechanism or a stress response of the bacterium during the 

colonization of different hosts.  
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2.2 Introduction 

 

            Campylobacter jejuni is now well established as the leading cause of bacterial 

food-borne gastroenteritis worldwide (Blaser and Reller 1981; Allos 2001). Infection 

symptoms vary in severity and may include nausea, severe or bloody diarrhea, 

abdominal cramping and fever (Blaser et al. 1979). C. jejuni infection is usually self-

limiting, but in some cases may progress to the debilitating, polyneuropathic disorders 

Guillain-Barré syndrome (GBS) or the oculomotor variant Miller Fisher syndrome 

(MFS) (Nachamkin et al. 1998; Godschalk et al. 2007). Importantly, C. jejuni is the 

commonest antecedent infection in these neuropathies and expression of carbohydrate 

epitopes mimicking host gangliosides is considered a prerequisite for neuropathy 

development since such mimicry can induce pathogenic, cross-reactive antibodies 

(Prendergast and Moran 2000; Ang et al. 2004). Gangliosides are glycosphingolipids 

occurring in high concentration in the peripheral nervous system, particularly in the 

nerve axon (Ledeen and Yu 1982). A humoural response against these glycolipids 

(e.g. anti-GM1, GM1b, GD1a, GalNAc-GD1a GT1a and GQ1b antibodies) plays a central 

role in GBS and MFS development (Prendergast and Moran 2000; Ang et al. 2004). 

Mimicry of the saccharide component of gangliosides within the outer core of C. 

jejuni lipooligosaccharides (LOS) is well documented (Ropper 1992; Gilbert et al. 

2008). Supporting a pathogenic role of C. jejuni in GBS, C. jejuni LOS-induced anti-

GM1 ganglioside antibodies react at the nodes of Ranvier, where the axon is exposed 

in the nerve fiber (Moran et al. 2005), resembling the pathology observed in GBS 

patients, and inoculation of C. jejuni GM1-mimicking LOS has been reported to 

induce GBS-like symptoms in a rabbit model (Yuki et al. 2004). 



 31 

C. jejuni is capable of growth at temperatures ranging from 30 to 47 C and 

therefore is capable of growth at the body temperatures of human and avian hosts, 37 

and 42 C, respectively (Blaser et al. 1983; Garenaux et al. 2008). Different 

temperature environments may trigger events to accommodate the colonization, 

commensalism, pathogenesis or dormancy of this bacterium. Over 350 genes have 

been reported to be differentially expressed at 37 C compared to 42 C, including the 

galE and wlaE genes found in the LOS biosynthesis locus (Stintzi 2003). Moreover, 

LOS is an important pathogenic factor of C. jejuni. Arising from this, it is possible 

that C. jejuni LOS expression is affected by temperature, whether it is by variable 

gene expression or at the enzymatic activity level. Although mimicry of gangliosides 

by C. jejuni LOS has been extensively studied structurally over the last two decades 

(Ropper 1992; Gilbert et al. 2008), it is important to note that these previous 

characterization studies have been performed on strains grown at 37 C.  

The human isolate C. jejuni NCTC 11168 has been a basis for studying this 

bacterial species since the late 1970s. The sequencing and annotation of its genome 

was published by the Sanger Centre (Parkhill et al. 2000). A later study revealed that 

the genome-sequenced strain of C. jejuni NCTC 11168 (11168-GS) is a poor 

colonizer of 1 day-old chicks and showed that this variant had an altered morphology 

and a different transcriptional profile compared with the original NCTC 11168 isolate 

(11168-O) (Gaynor et al. 2004). Recurrent passaging of C. jejuni 11168-O in 

laboratory conditions was considered responsible for this variation.  

To date, a number of genes from the LOS biosynthesis cluster of C. jejuni 

NCTC 11168 (HS:2) have been characterized (Karlyshev et al. 2005) and the 

structures of the lipid A and saccharide components of the LOS have been reported 

(Moran et al. 1992; Oldfield et al. 2002; St Michael et al. 2002). The LOS outer core 
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mimics the oligosaccharide (OS) region of GM1 ganglioside (Oldfield et al. 2002; St 

Michael et al. 2002) and is likely to be capable of switching from a GM1-like epitope 

to a GM2-like epitope as a result of phase variation (Gilbert et al. 2000; Linton et al. 

2000).  

The lack of knowledge of the structure of C. jejuni LOS at 42°C compared to 

37°C prompted us to examine the effect of incubation temperature on the phenotypic 

variation of LOS, including the mimicry of gangliosides, in C. jejuni 11168-GS and 

11168-O. Variation in LOS structure was assessed by electrophoretic analysis and 

immunoblotting and confirmed by nuclear magnetic resonance (NMR) spectroscopy. 

Carbohydrate epitopes produced by both strains were assessed for ganglioside 

mimicry using various anti-ganglioside ligands (i.e. antibodies, lectins and cholera 

toxin) as probes. In addition, LOS structural variation at these two incubation 

temperatures was examined in minimally subcultured C. jejuni isolates from humans 

and chickens. Importantly, notable differences were observed in the relative 

production by C. jejuni of varying size and ganglioside mimicries at 37 C and 42 C. 
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2.3 Materials and Methods 

 

2.3.1 Bacterial strains and growth conditions  

The original isolate of C. jejuni NCTC 11168 (11168-O) that had been 

characterized by Gaynor et al. (2004) (Gaynor et al. 2004), C. jejuni 11168-GS 

(genome-sequenced NCTC 11168) that had been sequenced and annotated at the 

Sanger Centre (Hinxton, Cambridge, UK) (Parkhill et al. 2000), and strain 81116 

were kindly supplied by D.J. Newell (Veterinary Laboratories Agency, Weybridge, 

UK). C. jejuni RM1221 has been described (Parker et al. 2006) and was kindly 

provided by R. E. Mandrell (United States Department of Agriculture, CA, USA.). C. 

jejuni clinical isolates 224, 291, 351, 375, 388, 421, 520, and chicken isolates 008, 

019, 331, 434, 506, 913, 7-1 were obtained from the Royal Melbourne Institute of 

Technology (Melbourne, Vic., Australia) and Griffith University (Gold Coast, Qld., 

Australia) culture collections. All C. jejuni strains were subcultured no more than 

once to avoid the influence of passaging. Strains were grown on blood agar, 

composed of Columbia agar containing 5 % (v/v) defibrinated horse blood and 

Skirrow’s antibiotic supplement (Oxoid), under microaerobic conditions (5 % O2, 10 

% CO2 and 85 % N2) at 37 C for 48 h and 42 C for 24 h. 

 

2.3.2 LOS preparations 

For gel electrophoresis: Blood agar-grown bacteria were harvested in 1 mL of 

sterile water, washed once in 1 mL of sterile water, and lysed by heating. Prior to 

lysis, samples were adjusted for numbers of bacteria using the OD600 measurements of 

bacterial suspensions. Mini-preparations of LOS were prepared by treating the whole-
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cell extracts with proteinase K as described previously (Hitchcock and Brown 1983). 

The LOS mini-preparations from single colonies were prepared by collecting and 

washing cells in 40 L of sterile water and then lysing by heating. Purified C. jejuni 

LOS was prepared by subjecting the biomass to hot phenol-water treatment using 90 

% (v/v) aqueous phenol at 65°C for 10 min (Westphal 1952). Extracted LOS was 

purified by enzymatic treatment as described previously (Moran et al. 1992). The 

LOS preparations were made up to 15 g/ L in distilled water prior to gel 

electrophoresis.  

For NMR analysis: C. jejuni 11168 was grown for 24 hr as described above 

and bacterial biomass was harvested and washed twice using phosphate-buffered 

saline pH 7.4 (PBS; Sigma) and centrifugation (5000  g, 4 C, 15 min). Biomass was 

lyophilised and 21 g and 20 g dry-cell mass was collected from cultures grown at 

37 C and 42 C, respectively. Dried biomass was pretreated using pronase-E (Chester 

and Murray 1975). Extraction of LOS was carried out using hot-phenol water 

technique (Westphal 1952). Water-soluble LOS was purified using RNaseA, DNase II 

and proteinase K (Sigma) and ultra-centrifugation, as previously described (Moran et 

al. 1992). The LOS were treated with 0.1 M HCl at 100 C for 2 hours to cleave the 

acid-labile ketosidic linkage between the core OS and lipid A [19]. The lipid A 

precipitate was removed by centrifugation (5000  g, 4 C, 30 mins), washed and both 

this and supernatant were lyophilised. The supernatant was fractionated using gel-

permeation chromatography on a column of Bio-Gel P4 (1 m  2 cm) with 0.05 M 

pyridinium acetate (pH 4.5) as the eluent. The resultant fractions were monitored by 

capillary-tube spotting on silica gel 60 TLC plates (Merck), followed by charring with 

20 % H2SO4 in EtOH at 150 C. The water-soluble carbohydrate-containing fractions 

of core OS were flash-frozen in dry-ice/acetone bath and lyophilized. 
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2.3.3 CPS and whole-cell protein preparations 

For assessing CPS production, proteinase K-treated whole cell extracts were 

prepared as described above. Whole-cell protein samples were prepared by incubating 

SDS-PAGE loading buffer with C. jejuni biomass at 100°C for 5 min to facilitate 

bacterial lysis and binding of the SDS to the denatured proteins.  

 

2.3.4 Electrophoretic analyses 

Equal quantities of samples, either LOS mini-preparations or purified LOS, 

and CPS samples were resolved on 10 % (v/v) SDS-PAGE containing urea (6 M) and 

tricine (0.3 mM) (Tricine-SDS-PAGE) with tricine-containing cathode buffer as 

previously described (Schagger 2006). Stacking and separating gels contained 5.5 % 

and 10 % (v/v) acrylamide, respectively. Following the electrophoresis of LOS 

samples, gels were fixed and the resolved molecules were detected using the 

carbohydrate silver staining method (Tsai and Frasch 1982) or CPS by Alcian Blue 

staining (Karlyshev et al. 2001). Electrophoresis was conducted at 30 V for 1 h to 

maximize stacking and then separated at 200 V for 30 min. Whole-cell protein 

samples were resolved on glycine-buffered 15 % (v/v) polyacrylamide gels (Glycine-

SDS-PAGE) as previously described (Laemmli 1970). Electrophoresis was conducted 

at 100 V for 1.5 h. Proteins were detected by conventional Coomassie Blue staining 

(Moran et al. 1992). Densitometry image analysis was performed using the 

QuantityOne software package (Bio-Rad). The published M. catarrhalis LOS from M. 

catarrhalis wild-type (strain 2951) and the lgt4 LOS biosynthesis mutant (Peak et al., 

2004) were used as a control for relative size determination of LOS structures due to 

the loss of a single hexose sugar from the known OS structure. 
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2.3.5 NMR spectroscopy 

Purified OSs were dissolved in D2O (CIL 99.998 %) and cycled through 3 

steps of lyophilization/dissolution to remove exchangeable protons. 
1
H and 

13
C NMR 

experiments were performed at 600 MHz and 150 MHz respectively at 298 K or 278 

K in D2O using a Bruker Avance spectrometer. Chemical shifts are reported in ppm 

referenced to DSS. Spectral assignment was aided by recording of
 1

H 1D, gradient 

correlation spectroscopy (COSY), TOCSY, (60 and 120 ms mixing time), 
13

C 

attached proton test (APT), 
1
H-

13
C-HSQC and edited 

1
H-

13
C-HSQC (CH and CH2 

correlations opposite sign), 
1
H-

13
C-HSQC-TOCSY and edited 

1
H-

13
C-HSQC-TOCSY 

(60 and 120 ms mixing time) (one bond C-H correlations opposite sign), and 
1
H-

13
C-

HSQC-nuclear Overhauser enhancer spectroscopy (-NOESY), NOESY (400 ms) 

spectra. In addition, 1D selective TOCSY experiments were used to assist with the 

assignment process. All spectra were acquired using unmodified pulse sequences 

from the Bruker pulse sequence library. 

 

2.3.6 Ligand and Western blotting 

In addition to chemical staining, the fractionated C. jejuni LOS was 

transferred from Tricine SDS-PAGE gels onto a Pall
®
 PVDF membrane using a semi-

dry transblotter (Bio-Rad). After transfer, the membrane was reacted with horseradish 

peroxidase-(HRP-) conjugated CTB (3 g mL
-1

), or with HRP-conjugated PNA 

(lectin from Arachis hypogaea) (5 g mL
-1

), or with HRP-conjugated anti-GM1 

ganglioside IgG (diluted 1:3000) in PBS. Membranes were developed using HRP 

Color Development Solution (Bio-Rad) or SuperSignal HRP Chemiluminescent 

Substrate (Thermo Scientific) according to the manufacturer’s instructions. 
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2.3.7 Colony lift 

C. jejuni was grown on Columbia agar containing 2 % (v/v) horse blood under 

microaerobic conditions as described above. The lower concentration of blood was 

used to reduce the background during the blotting procedure. Colonies were bound to 

the nitrocellulose membrane by overlaying the agar plate. The membrane was then 

baked for 1 h at 80°C as described elsewhere (Appelmelk et al. 1998). Subsequently, 

the membrane was blotted with HRP-CTB as described above.  

 

2.3.8 Amplification and sequencing of phase variable genes wlaN and cj1144-45 

For PCR wlaN G-tract forward 

(GATATAGCTAAAGAGTATGCTAGTAAAG) wlaN G-tract reverse 

(GGATAATATAATAAGGCATCTTCTGCC) and cj1144-45 G-tract forward 

(GGGTTGATGAAGCAAGAAATTAGTAG) cj1144-45 G-tract reverse 

(GCTAAAAACCAAGGTCCTATAACACC) primer combinations wee used. 

Twenty (20) reactions were inoculated with bacteria from single colonies of C. jejuni 

11168-O grown at 42 C. Amplified ~500bp fragments were cleaned up using an 

Eppendrof Perfectprep Gel Cleanup kit and were sent for sequencing at the Australian 

Genome Research Facility (University of Queensland, St. Lucia, Brisbane, QLD, 

Australia).  
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2.4 Results  

 

2.4.1 Electrophoretic analysis of C. jejuni LOS preparations 

Mini-preparations of LOS isolated from C. jejuni 11168-GS and 11168-O 

strains grown at 37 C and 42 C were examined using sodium dodecyl suphate-

polyacrylamide gel electrophoresis (SDS-PAGE) analysis. The LOS from C. jejuni 

11168-O and 11168-GS strains resolved into two distinct forms, referred to from here 

on as higher-Mr and lower-Mr LOS (Figure 2.1b).  

 

Figure 2.1 Silver-stained SDS-PAGE gel of the LOS extracted from C. jejuni NCTC 

11168 and 520. (a) Controls of M. catarrhalis serotype A (strain 2951) LOS for 

relative sizing LOS. Lanes: 1, M. catarrhalis wild-type LOS (WT); 2, M. catarrhalis 

M¯mutant LOS lacking the terminal glucose; (b) C. jejuni 11168-O and 11168-GS 

LOS extracted from bacteria grown at 37°C and 42°C. Lanes: 3, 11168-O at 37 C; 4, 

11168-O at 42 C; 5, 11168-GS at 37 C; 6, 11168-GS at 42 C. (b) C. jejuni 520 LOS 

extracts from bacteria grown at 37°C and 42°C. Lanes: 1, 520 at 37 C; 2, 520 at 

42 C. Higher-Mr LOS resolved at ~6 kDa and lower-Mr LOS at ~4 kDa. 

 

Two control LOS with a known size (Figure 2.1a) from M. catarrhalis 

serotype A (strain 2951) were used for relative sizing of C. jejuni LOS. The first was 

wild-type LOS and resolved on the SDS-PAGE with the lower band at ~4 kDa (lane 

1). The second was a LOS from a lgt4 mutant (2951 lgt4) of M. catarrhalis 2951, 

lacking one glucose and resolved at ~3 kDa (Peak et al. 2007) (lane 2). Therefore, the 
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difference of one hexose unit corresponded to a relative migration of ~1 kDa. 

Accordingly, these controls were used to compare the sizes of the C. jejuni LOS 

forms (Figure 2.1b and 2.1c). The higher-Mr form of C. jejuni LOS resolved at 

approximately 6 kDa (and corresponds to the previously described LOS bearing GM1 

mimicry (Gilbert et al. 2000; Linton et al. 2000; Oldfield et al. 2002; St Michael et al. 

2002), whereas the lower-Mr form, which has not been previously reported, was 

observed at ~4 kDa. Figure 2.1b shows that C. jejuni 11168-O (lanes 3 and 4) and 

11168-GS (lanes 5 and 6) have a greater amount of the 4 kDa LOS form at 42 C, than 

at 37 C. For both 11168-O and –GS at 42 C the amount of LOS produced appears 

greater than at 37 C, both in terms of quantity of the 6 kDa form and the 4 kDa form. 

Densitometry analysis revealed that for 11168-O at 37 C (Figure 2.1b, lane 3) 6.3 % 

of the total LOS produced was the 4 kDa form and 93.7 % was the 6 kDa form. In 

contrast, at 42 C 35.5 % of total LOS produced was the 4 kDa form and 64.5 % was 

the 6 kDa form. Similar results were observed for 11168-GS variant. These results 

were confirmed using purified LOS preparations from C. jejuni 11168-O and 11168-

GS, which gave identical electrophoretic profiles (data not shown) as those of the 

LOS mini-preparations. Also, the total amount of protein isolated from the same cell 

populations of C. jejuni 11168-O and C. jejuni 11168-GS were unaffected by the 

change of growth temperature (data not shown), thus allowing normalisation of cell 

samples prior to proteinase K digestion to produce LOS mini-preparations for 

comparison. In contrast to LOS, the CPS profiles from the same populations were 

unaffected by change of growth temperature (data not shown). 

The LOS of the wild-type human isolate C. jejuni 520 was analysed 

identically (Figure 2.1c) to determine whether the temperature-related phenomenon 

was unique to C. jejuni NCTC 11168. The LOS of strain 520 was found also to 
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separate into the two distinct forms; the higher-Mr and lower-Mr LOS form. The 

relative LOS form profile of C. jejuni 520 was also noted to be affected by growth 

temperature (Figure 2.1c), whereby a slightly greater amount of the lower-Mr LOS 

was produced at 42 C (lane 2).   

 

2.4.2 NMR spectroscopic analysis of the higher-Mr and lower-Mr LOS form of C. 

jejuni 11168 at 42 C 

Analysis of the OS isolated from C. jejuni 11168-O at 37 C with 1D NMR 

gave spectra (data not shown) consistent with the previously published structure of C. 

jejuni NCTC 11168 (St Michael et al. 2002) (Figure 2.2).  

 

 

Figure 2.2 C. jejuni NCTC 11168 core OS structure. Shown is the structure of the 

higher-Mr LOS form (Oldfield et al. 2002; St Michael et al. 2002), the lower-Mr form 

can lack the Neu5Ac residue thereby producing an asialo-GM1 mimic. Abbreviations: 

Gal, galactose; GalNAc, N-acetylgalactosamine; Glc, glucose; Hep, heptose; Neu5Ac, 

N-acetylneuraminic acid; Kdo, 3-deoxy-D-manno-oct-2-ulosonic acid; PEtn, 

phosphorylethanolamine. 

 

 

Given that the previous structural studies of C. jejuni NCTC 11168 core OS 

(St Michael et al. 2002) had been performed on bacteria grown at 37˚C it was of 

interest to investigate the differences in the core OS structure that were observed at 

42˚C.  To this end, bacteria were grown at 42˚C, the LOS extracted and purified, and 

the core OS acid-liberated. Examination of the 
31

P spectrum of the OS so obtained, 
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showed a single 
31

P peak at ~0 ppm, and which was confirmed from a heteronuclear 

single quantum coherence (HSQC)-total correlation spectroscopy (TOCSY) spectrum 

to be a phosphorylethanolamine (PEtn) residue. Doubling up of the anomeric line of 

the signal attributed substitution to the 3,4,6-L- -D-Hep- (C) which is probably due 

to some heterogeneity in the phosphorylation of the heptose (see Figure 2.2). Signals 

consistent with -linked N-acetylneuraminic acid ( -Neu5Ac, sialic acid), and N-

acetylgalactosamine (GalNAc) were also noted. Furthermore, the anomeric region of 

the HSQC spectrum revealed the presence of nine anomeric signals, in addition to the 

-Neu5Ac. Taken together, these spectra were consistent with the previously 

published structure of C. jejuni NCTC 11168 grown at 37˚C (St Michael et al. 2002) 

as shown in Figure 2.2.  Nevertheless, examination of the NMR spectra of another 

isolated minor fraction of the core OS of 11168-O grown at 42 ˚C revealed that there 

was heterogeneity in the fractions with regards to the sialylation of residue (G). Two 

separate regions of the 1D 
1
H are shown in Figure 2.3; a portion of the anomeric 

region (5.56-5.70 ppm) and the region of the spectrum where the H3eq protons of -

Neu5Ac are expected (2.65-2.85 ppm).  

Figure 2.3 
1
H 1D spectrum (298 K, 600 MHz) of the C. jejuni NCTC 11168 OS. 
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(a) The major fraction. (b) The minor fraction. The anomeric signal of residue A is 

shown (between 5.62 – 5.70 ppm) and the H3eq proton of -Neu5Ac (between 2.65-

2.85 ppm). 

 

Spectrum 2.3a shows the major fraction consistent with that published in [21]. 

In spectrum 2.3b, the anomeric proton found at 5.67 ppm (residue A) is doubled up 

and there is a concomitant decrease in the signal intensity of H3eq protons of 

Neu5Ac. The anomeric resonance of A is distinct from the other anomeric resonances 

and conveniently provides a monitor of the structure of the OS in its vicinity.  It is 

expected that the chemical shift of the anomeric resonance of A would be affected by 

differences in the sialylation of the galactose (Gal) residue (G). Accordingly, in the 

minor fraction, which has less sialylation of residue (G), there is the appearance of a 

new anomeric signal of residue A at 5.64 ppm.  

Collectively, the NMR data shows that there is a difference in sialylation 

between the higher-Mr form of C. jejuni 11168 LOS (~6 kDa) and the lower-Mr form 

(~4 kDa); in the latter Neu5Ac can be absent, thus exhibiting asialo-GM1 mimicry. 

Sialic acid is a 9-carbon sugar and has different charge properties to hexose sugars, 

which accounts for the approximately 2 kDa difference in apparent mass of the two 

LOS forms as seen in Figure 2.1. 

 

2.4.3 Analysis of GM1 epitope mimicry in C. jejuni LOS using cholera toxin 

subunit B (CTB) 

C. jejuni 11168-GS has been previously reported to mimic the structure of the 

GM1 ganglioside and hence displays strong binding to CTB (Kuziemko et al. 1996; 

Gilbert et al. 2000; Linton et al. 2000; Oldfield et al. 2002; St Michael et al. 2002). 

Therefore, to determine whether the higher- or lower-Mr LOS forms of C. jejuni 
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11168-O and 11168-GS mimic the GM1 epitope, the ability of both LOS forms to 

bind CTB was analysed using a blotting assay. The higher-Mr LOS of C. jejuni 

11168-O and 11168-GS isolates grown at 37 C or 42 C bound CTB strongly (Figure 

2.4, lanes 1-4).  

 
Figure 2.4 Cholera toxin blot of the LOS extracts from C. jejuni 11168-O, 11168-GS 

and 520 grown at 37°C and 42°C. Lanes: 1, 11168-O at 37 C; 2, 11168-O at 42 C; 3, 

11168-GS at 37 C; 4, 11168-GS at 42 C; 5, 520 at 37 C; 6, 520 at 42 C. A control 

lane without blotted material did not show reactivity (not shown). Positive binding to 

the higher-Mr LOS, resolved at ~6 kDa. 

On the other hand, the lower-Mr LOS did not bind to CTB, indicating that it 

does not exhibit GM1 mimicry. In contrast, the higher-Mr LOS form of C. jejuni strain 

520 grown at 37 C or 42 C bound CTB weakly, indicating that the saccharide 

terminus may exhibit some ganglioside-related mimicry, though probably not GM1. 

Binding of CTB to the lower-Mr form was not detected (Figure 2.4, lanes 5 and 6).  

 

2.4.4 Analysis of C. jejuni LOS epitope mimicry using peanut agglutinin (PNA) 

To further investigate the molecular mimicry of C. jejuni 11168 LOS forms, 

lectin blotting was performed using PNA which binds Galβ1,3GalNAc and 

Galβ1,3Gal. The disaccharide Galβ1,3GalNAc is present as the terminal disaccharide 

of GM1 ganglioside, but is also present in other gangliosides (e.g. asialo-GM1, GD1, 
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GT1 and GQ1 gangliosides).  PNA strongly bound both the higher-Mr and lower-Mr 

LOS forms of C. jejuni 11168-O and 11168-GS grown at 37 and 42 C (Figure 2.5; 

lanes 1-4). Binding of the PNA to the higher-Mr LOS is consistent with the presence 

of GM1-like mimicry and CTB binding observed above. Binding of PNA to the 

lower-Mr LOS is also probably due to the occurrence of a terminal Galβ1,3GalNAc in 

the truncated lower-Mr LOS. Taking the results of CTB and PNA together suggests 

that the most likely structure for the lower-Mr LOS form is an asialo-GM1-like 

structure.  

 

 

Figure 2.5 PNA lectin blot of the LOS extracts from C. jejuni 11168-O, 11168-GS 

and 520 grown at 37°C and 42°C. Lanes: 1, 11168-O at 37 C; 2, 11168-O at 42 C; 3, 

11168-GS at 37 C; 4, 11168-GS at 42 C; 5, 520 at 37 C; 6, 520 at 42 C. A control 

lane without blotted material did not show reactivity (not shown). Positive binding to 

higher-Mr LOS resolved at ~6 kDa and lower-Mr LOS at ~4 kDa. 

 

In contrast, both higher-Mr and lower-Mr LOS of C. jejuni 520 did not bind PNA 

(Figure 2.5; lanes 5-6) in a similar blotting procedure. This finding was consistent 

with the results of CTB-binding analysis of the LOS with this strain and indicated the 

absence of GM1-like mimicry, but does not exclude other ganglioside mimicry in the 

LOS forms of C. jejuni 520.  
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2.4.5 Analysis of LOS from C. jejuni NCTC 11168-O single colonies 

To determine whether the production of multiple LOS forms occurs as a result 

of a phase variation, LOS mini-preparations from 30 randomly selected, single 

colonies of C. jejuni 11168-O grown at 37 or 42 C were analysed. Higher- and lower-

Mr LOS forms were present within each clonal population of C. jejuni 11168-O 

grown at 37 or 42 C. Figure 2.6 shows a representative sample of LOS profiles from 

single colonies grown at 42 C which showed identical profiles with ~35.5 % of the 

total LOS produced being of 4 kDa form and ~64.5 % of the 6 kDa form.  

 

Figure 2.6 Silver-stained SDS-PAGE gel of LOS extracted from single colonies of C. 

jejuni 11168-O grown at 42 C. Lanes: 1-3, LOS from selected individual colonies. 

Higher-Mr resolved at ~6 kDa and lower-Mr LOS observed at ~4 kDa. 

 

LOS profiles for single C. jejuni 11168-O colonies grown at 37 C were also 

identical to each other and to that shown in Figure 2.1b, lane 3 (data not shown). 

Equally strong binding of CTB to higher-Mr LOS was observed for all the colonies 

tested suggesting that the phenomenon is unlikely to have been caused by phase 

variation. This was further confirmed by DNA sequence analysis of homopolymeric 

G- and A-tracts in wlaN and cj1144-45 genes as described below. 
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The observed GM1 mimicry of the LOS epitope was also confirmed by a 

colony lift whereby each of the single colonies of C. jejuni 11168-O grown at 37 C 

was found to bind the GM1-binding ligand CTB (data not shown).  

2.4.6 Analysis of the homopolymeric tracts from the phase variable genes wlaN 

and cj1144-45 in C. jejuni NCTC 11168-O single colonies 

To further examine the nature of LOS variation in C. jejuni, gene expression 

of the homopolymeric regions of two known phase variable genes, wlaN (responsible 

for addition of terminal Gal to OS (Linton et al. 2000)) and cj1144-45 (function 

unknown), located in the LOS biosynthesis locus of C. jejuni were analysed. Both 

genes were amplified from 20 randomly selected single colonies of C. jejuni 11168-O 

grown at 42 C and were subsequently sequenced. Each clonal population contained 

an 8-residue G-tract in the wlaN, which allows for complete translation of the gene. 

The sequence of cj1144-45 was consistently found to contain a 9-residue G-tract 

which interrupts the reading frame. In addition, a homopolymeric A-tract of cj1144-

45 was also examined and no sequence variation could be detected in any of the 

clonal populations. As further confirmation of the lack of phase variation in the wlaN 

and cj1144-45 genes, the total bacterial cell population from a confluent agar plate, 

was subjected to similar polymerase chain reaction (PCR) analysis and sequence 

analysis and consistently only a single sequence for each homopolymeric tract was 

detected. These analyses confirmed that the growth temperature did not induce 

sequence variation in the lengths of the homopolymeric G-tract and A-tract in cj1144-

45 as well as in the G-tract of wlaN of C. jejuni 11168-O. 

 

2.4.7 LOS form variation in human and chicken isolates of C. jejuni  
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C. jejuni strains originally isolated from human patients and broiler chickens 

were examined to determine whether multiple LOS forms are common in 

Campylobacter strains (Table 2.1). Figure 2.7a illustrates the diversity of the LOS 

forms observed in extracts from a representative selection of human and chicken 

isolates of C. jejuni from those listed in Table 2.1.  

Table 2.1 Summary of the LOS phenotypes from different C. jejuni isolates. 

Origin C. jejuni strain LOS phenotype at 37°C LOS phenotype at 42°C 

chicken 331
* 

H, L H, L
•
 

 434 H, L H, L
•
 

 506
*
 H, L H, L 

 913
*
 H H 

 008 H H 

 019 H H 

 7-1 H, L H, L 

 RM1221 H, L H, L 

human 224
*
 H, L H, L

•
 

 291 H, L H, L 

 351 H, L H, L 

 375 H H 

 388 H, L H, L 

 421
*
 H, L H, L

•
 

 520 H, L H, L 

 11168-GS
*
 H, L H, L

•
 

 81116 H, L H, L 
H, higher-Mr LOS form; L, lower-Mr LOS form ; 

•
 Increase in the amount 

of LOS produced; *Shown in Figure 2.7.  

 

C. jejuni chicken isolates strains 331, 434, 506, 7-1 and RM1221 expressed 

both higher and lower-Mr LOS forms whereas in strains 913, 019 and 008 only the 

higher-Mr LOS form was detected (Table 2.1). All the human isolates were found to 

express both higher- and lower-Mr LOS forms except for strain 375 where only one 

Mr form (higher- Mr form) was detected (Table 2.1). C. jejuni strains 331 (chicken), 

434 (chicken), 224 (human), 421 (human) and 11168 (human) were also shown to 
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increase the production of lower-Mr LOS form, and a corresponding total increase in 

LOS production, at 42°C in contrast to 37°C (Table 2.1).  

A CTB blot of LOS from a representative selection of human and chicken 

isolates of C. jejuni (Figure 2.7b), demonstrated the variability in LOS expression in 

different strains with respect to ganglioside mimicry. Only the higher-Mr LOS form 

was found to bind CTB in the tested strains. Furthermore, the higher-Mr LOS of some 

C. jejuni strains (506 and 913) did not bind CTB, indicating the absence of GM1 

ganglioside mimicry in both forms of LOS. 

 

Figure 2.7 Analysis of the LOS extracts from C. jejuni strains of human and chicken 

origin grown at 37 and 42 C. (a) Silver-stained SDS-PAGE gel. (b) CTB blot of LOS 

extracts resolved as in (a). Lanes: 1, 11168-O at 37  C; 2, 11168-O at 42  C; 3: 224 at 

37  C; 4, C. jejuni 224 42  C; 5, C. jejuni 331 37  C; 6, C. jejuni 331 42  C; 7, C. 

jejuni 421 37  C; 8, C. jejuni 421 42  C; 9, C. jejuni 506 37  C; 10, C. jejuni 506 42  

C; 11, C. jejuni 913 37  C; 12, C. jejuni 913 42  C. A control lane without blotted 

material did not show reactivity (not shown). Positive binding of the CTB to the 

higher-Mr LOS resolved at ~6 kDa.  
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2.5 Discussion 

 

This study has shown that C. jejuni NCTC 11168-O and 11168-GS, as well as 

most randomly chosen chicken and human strains produce at least two distinct LOS 

forms when incubated at the core temperatures of human (37°C) and avian (42°C) 

hosts. This is consistent with previous observations that C. jejuni is capable of 

producing a variety of polysaccharide-related structures that are influenced by growth 

conditions, such as temperature (Corcoran and Moran 2007).  

Surface antigen modulation and generation of host-adapted variants are 

common attributes of many bacteria and enhance the pathogenicity and survivability 

of the microorganism, as well as the ability to evade the host immune response during 

the infection (van der Woude and Baumler 2004). This variation may be achieved 

through several mechanisms, such as differential gene expression or enzymatic 

activity and specificity modulation, which can be triggered by a random and/or 

environmental stimuli (Lipsitch and O'Hagan 2007). It is possible to speculate that in 

the case of C. jejuni LOS, glycosyl transferases have the highest activity or are more 

stable promoting maximum functionality.  

It is interesting to note that the growth temperature of C. jejuni NCTC 11168 

was previously reported to influence the oxidative stress response (Garenaux et al. 

2008). In addition, approximately 20 % of C. jejuni genes were reported to be up- or 

down-regulated in response to increasing the temperature from 37 to 42 C, including 

genes from the LOS and protein glycosylation clusters (Stintzi 2003). However, the 

change in LOS phenotype was not resolved to date. 
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In the present study, the phenotypic expression of the lower-Mr LOS form 

appeared to be modulated by the growth temperature. This prompts speculation that 

the increased production of this form may be directly or indirectly caused by either 

specific changes in gene expression of the glycosyltransferases or glycosyl synthesis 

genes affecting LOS biosynthesis, thus leading to the production of varying amounts 

of the LOS forms. Due to the apparent loss of sialylation in the lower Mr LOS 

structure it is likely that the variation of the structure is attributable to functional 

differences in the synthesis of the transport machinery of sialic acid under the 

different temperatures. We consider the most likely candidate for this difference to be 

the dual functioning enzyme, GalNAc transferase and CMP-Neu5Ac synthase, CgtA 

(Karlyshev et al. 2005). 

It is also tempting to speculate that the increased production of the lower-Mr 

LOS form at 42°C might play a role in the bacterial-host interactions of C. jejuni. The 

increased production of the 4 kDa form which occurred at 42°C, the avian host body 

temperature, raises a possibility that this form could contribute to the commensalism 

by this bacterium in poultry (Gaynor et al. 2004). The increase at 37°C in the 

proportion of the higher Mr LOS, the portion of the LOS that is sialylated and is a 

GM1 mimic [20, 21], indicates an increase in the production of an LOS structure that 

is thought to have a role in immune evasion and survival in mammalian hosts (Guerry 

et al. 2002). These hypotheses, however, will require further investigation, 

particularly chicken and murine infection studies. 

Phase variation is the most commonly described mechanism, for antigenic 

variation and changes in the phenotype of the microorganism. Like Neisseria 

meningitidis and Haemophilus influenzae, C. jejuni is also known to exhibit 

modulation of its surface polysaccharide structures as a result of phase variation 
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(Bacon et al. 2001; van der Woude and Baumler 2004); however, this does not appear 

to be the case with production of the temperature-related LOS form in C. jejuni. Both 

forms were consistently produced by all clonal populations of C. jejuni 11168-O 

examined in this study suggesting that modulation of LOS forms is unlikely to be 

caused by phase variation. Furthermore, we have analyzed the “on-off” status of 

phase variable genes (wlaN and cj1144-45) in C. jejuni LOS biosynthesis cluster to 

further demonstrate that the described variation of LOS forms is not being caused by 

phase variation of LOS genes. C. jejuni 11168-O grown at 42 C was used in this 

experiment as it shows greater abundance of the lower-Mr LOS form, hence 

increasing the chance of detecting changes in phase variable genes. Lengths of the 

homopolymeric G and A tracts from wlaN and cj1144-45 genes did not vary in any of 

20 randomly selected colonies, suggesting that these genes are under regulatory 

mechanisms unaffected by growth temperature and the described variation of LOS 

forms is not caused by variation in the lengths of the homopolymeric tracts.  

Furthermore, no change in the GM1 mimicry of the clonal populations had been 

observed.  It is also interesting to note that not all strains of C. jejuni expressed 

multiple LOS forms irrespective of the isolation origin, human or chicken.  

No differences were observed in the production of the various LOS forms 

between the two variants of 11168, the genome sequenced and original isolate. The 

higher-Mr form of C. jejuni 11168 (~6 kDa) exhibited GM1-like mimicry and, 

therefore, corresponded to the previously characterized LOS (Linton et al. 2000; 

Oldfield et al. 2002; St Michael et al. 2002). Studies with CTB, a well-known binder 

of GM1 ganglisoide (Kuziemko et al. 1996), confirmed the presence of a GM1 mimic 

in this form of NCTC 11168.  Similar mimicry was also detected among the higher-

Mr LOS forms of the other isolates of humans and chickens tested, but not in the 
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lower-Mr form of any other strains. The weak binding of CTB to the higher-Mr LOS 

variant of C. jejuni 520 reflects that the saccharide terminus may exhibit some 

ganglioside-related mimic, though not GM1 mimicry. This is shown by the CTB 

binding to ganglioside-related structures not just GM1 and PNA did not confirm the 

presence of a terminal Galβ1,3GalNAc. A CTB binding affinity study showed that the 

lower-Mr form of C. jejuni NCTC 11168 failed to bind to the lectin. Nevertheless, the 

results of the present study showed that it contains a Galβ1,3GalNAc disaccharide 

moiety in the core consistent with production of a truncated (because of its lower 

molecular mass), but related form, of the NCTC 11168 structure previously described 

(St Michael et al. 2002), and is an asialo-GM1-like structure. 
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2.6 Conclusion 

 

In conclusion, this study identified the presence of a lower-Mr LOS form 

produced by C. jejuni NCTC 11168 and other clinical and avian strains. The lower-Mr 

form production was growth-temperature related as higher quantities were observed at 

42°C. It is tempting to speculate that the occurrence of greater quantities of this form 

at avian body temperature might play a role in an adaptative mechanism to aid 

commensal colonization of such hosts. Alternatively, changes in the relative 

production of the two forms of LOS at the higher temperature could be related to a 

stress response. Such a phenomenon has already been seen with increased oxygen 

tension in the growth atmosphere of C. jejuni influencing the structural mimicry 

exhibited in the LOS of this bacterium (Hanniffy et al. 2001). Although an intriguing 

phenomenon, further investigations are required to evaluate these alternate 

hypotheses. 
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3.1 Abstract 

 

Surface glycosylation of bacteria is involved in many critical host-microbe 

interactions. Lectin arrays consisting of diverse carbohydrate binding proteins have 

proven to be an important tool for evaluating a wide variety of glycosylation, 

including these present on whole bacteria. However, assessing glycosylation on whole 

bacteria using lectin arrays may not reflect bacterial glycosylation, but interactions 

between bacteria and the glycosylation present on lectins. The lipooligosaccharide of 

Campylobacter jejuni NCTC 11168 and 81-176 are known to mimic the human 

monosialylated gangliosides. This molecular mimicry by C. jejuni can result in the 

post infection sequelae Guillain–Barré syndrome. Using C. jejuni as a model system 

and a discrete lectin and antibody array, a method, applicable to many organisms has 

been developed and validated by screening of the purified lipooligosaccharide of C. 

jejuni for molecular mimicry to monosialylated gangliosides. In the case of C. jejuni, 

knowing whether clinically important bacterial strains are capable of inducing severe 

autoimmune responses may aid in the prevention and/or early diagnosis of debilitating 

post infection conditions. 
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3.2 Introduction 

 

Bacterial surface glycosylation is involved in many critical and diverse host-

microbe interactions including adherence and immune modulation (Hsu et al. 2006). 

The analysis of bacterial surface glycosylation traditionally has been performed using 

nuclear magnetic resonance (NMR) spectroscopy, mass spectrometry (MS) and 

blotting based techniques (Fogg et al. 1990; Gilbert et al. 2000; St Michael et al. 

2002; Moran et al. 2005; Peak et al. 2007; Gilbert et al. 2008). Both NMR 

spectroscopy and MS are powerful techniques, but require relatively large quantities 

of highly purified glycan for structural analysis. Blotting methodologies, such as 

lectin blotting, have the advantage of only requiring small amounts of partially 

purified glycosylated protein or lipid for analysis, however only a single lectin 

interaction can be assessed per blot and the results can be ambiguous due to the 

difficulties in ensuring equimolar loading of test compounds into individual wells on 

the gel (Fogg et al. 1990). In all cases these methodologies only provide low-

throughput capabilities.  

Lectin arrays consisting of diverse carbohydrate binding proteins covalently 

immobilised on glass microarray slides, have proven to be an important tool for 

evaluating cell surface glycosylation on whole bacteria and eukaryotic cells, 

eliminating the need to purify the surface glycoproteins and lipids prior to analysis 

(Hsu and Mahal 2006; Hsu et al. 2006; Tateno et al. 2007; Tao et al. 2008). However, 

assessing glycosylation on whole bacteria using lectin arrays may not be an accurate 

reflection of the bacterial glycosylation. Lectins are glycoproteins, therefore when 

immobilized on microarray slides they may themselves act as receptors for bacterial 

carbohydrate binding proteins (Ashford et al. 1991; Debray et al. 1992). That is, 
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bacterial glycan recognising adhesins may interact with carbohydrate structures 

present on immobilised lectins rather than lectins recognising bacterial 

glycoconjugates (Gilboa-Garber and Sudakevitz 1999; Thomas et al. 2002; Aspholm-

Hurtig et al. 2004; Thomas et al. 2004; Lehmann et al. 2006). In order to overcome 

this potentially significant limitation, we report here the analysis of semi-purified 

bacterial glycan using a discrete lectin array that requires only a small quantity of 

product for accurate, quick, and reproducible glycan structure determination. As the 

model systems for lectin array-based glycan structure determination we assessed both 

purified and crudely isolated C. jejuni lipooligosaccharide (LOS).  

Campylobacter jejuni is a Gram-negative spiral rod bacteria that synthesizes 

both N-linked and O-linked glycans (Szymanski et al. 2003). The strains of C. jejuni 

with that produce sialylated LOS (biosynthesis cluster types A, B, C, M and R) are 

capable of causing an autoimmune response against human gangliosides. This 

autoimmune response occurs in approximately 1:1000 people infected with C. jejuni 

leading to the development of the debilitating and life-threatening diseases Guillain–

Barré syndrome (GBS) or Miller Fisher Syndrome (MFS) (Nachamkin et al. 1998; 

Prendergast and Moran 2000; Yuki et al. 2004). Our novel approaches to glycan 

structure identification permitted the elucidation of clinically important ganglioside 

structures involved in molecular mimicry, the basis for the development of GBS. 
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3.3 Materials and Methods 

 

3.3.1 Bacterial strains and growth conditions 

The original isolate of C. jejuni NCTC 11168 (11168-O) previously 

characterized by (Gaynor et al. 2004) was kindly supplied by D.J. Newell (Veterinary 

Laboratories Agency, Weybridge, UK). The human isolates C. jejuni 81-176 was 

donated by James G. Fox (Massachusetts Institute of Technology, Cambridge, 

Massachusetts, USA) and C. jejuni 224 was obtained from the Royal Melbourne 

Institute of Technology (Melbourne, Vic., Australia). C. jejuni were grown on blood 

agar, composed of Columbia agar containing 5 % (v/v) defibrinated horse blood and 

Skirrow’s antibiotic supplement (Oxoid), under microaerobic conditions (5 % O2, 10 

% CO2 and 85 % N2) at 37°C for 48 h. 

 

3.3.2 Lipooligosaccharide preparations 

Crude LOS preparation: Blood agar-grown bacteria were harvested in 1 mL of 

sterile water, washed once in 1 mL of sterile water, and lysed by heating. Prior to 

lysis, samples were adjusted for bacterial number by OD600 measurement of bacterial 

suspensions. Mini-preparations of LOS were prepared by treating the whole-cell 

extracts with proteinase K as described previously (Hitchcock and Brown 1983). The 

LOS mini-preparations from single colonies were prepared by collecting and washing 

cells in 40 μL of sterile water followed by heat lysis. These preparations were diluted 

10-fold prior to gel electrophoresis or lectin array analysis. 

Purified LOS preparation: C. jejuni LOS was purified by subjecting the C. 

jejuni cell biomass to hot phenol-water treatment using 90 % (v/v) aqueous phenol at 
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65°C for 10 min, followed by enzymatic treatment as previously described (Westphal 

1952; Moran et al. 1992). The LOS preparations were adjusted to 15 μg/μL with 

distilled water prior to gel electrophoresis or lectin array analysis. 

 

3.3.3 Electrophoretic analyses 

Equal quantities of either LOS mini-preparations or purified LOS (~15 μg) 

were resolved on SDS-PAGE (5.5 % (w/v) and 10 % (v/v) stacking and separating 

acrylamide gels, respectively) containing 6 M urea and 0.3 mM Tricine (Tricine-SDS-

PAGE) as previously described (Schagger 2006). Following electrophoresis at 20 V 

for 1 h to maximize stacking and then at 200 V for 30 min, gels were fixed and 

carbohydrate bands visualised by silver staining (Tsai and Frasch 1982). 

 

3.3.4 Lectin and western blotting 

In addition to silver staining, fractionated C. jejuni LOS was electrotransferred 

from Tricine SDS-PAGE gels to Pall® PVDF membranes using a Trans-Blot SD 

Semi-Dry Transfer Cell (Bio-Rad) at 30 V for 60 min. Membranes were subsequently 

probed using either horseradish peroxidase (HRP)-conjugated CTB (Cholera toxin 

subunit B) (3 μg/mL), HRP-conjugated PNA (Peanut Agglutinin) (5 μg/mL),or HRP-

conjugated anti-GM1 ganglioside IgG (diluted 1:3000) in PBS. Membranes were 

developed SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) 

according to the manufacturer’s instructions. 
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3.3.5 LOS biosynthesis cluster typing 

LOS biosynthesis clusters were typed using a PCR methodology based upon 

the published gene content of the LOS gene clusters (Parker et al. 2005; Parker et al. 

2008). Typing was performed using the primers and at annealing temperatures 

presented in (Table 3.1). Reactions were performed using 10 ρmoles of forward and 

reverse primer, 200 μM dNTPs, using the Phusion DNA Polymerase system 

(Finnzymes) to a final volume of 50 μL. 

 

Table 3.1 Primers used in this study. 

Primer Name Primer Sequence Tm 

ORF6 F GTAGTAGATGATTTGGGTAATGATAAA 47°C 

ORF6 R ATAGAATTGCTATTTACATGCTGG  

ORF8 F CCTTTGATAATCCCTGAAATAGGT 50°C 

ORF8 R TCCTTTGCACTTATACCACCTT  

ORF5/10 F GGTGTTATAGGATATAATGATTGTACTGATGG 49°C 

ORF5/10 R CCTCTGTTGTATCTATATCCAAACTAGC  

ORF12 F GCCACAACTTTCTATCATAATCCCGC 50°C 

ORF12 R CGCCATAACTCAAACGCTCATCTATT  

ORF14 F GCTAGAACACCCTAAAGTGACTAA 47°C 

ORF14 R TGGCACTAAATTGTAATAAATGGC  

ORF16 F AGATCTGCAGCGTTTAGTGATTATTTTAG  47°C 

ORF16 R TACTCCAGATCCCCTATCGTCTC  

 

3.3.6 Lectin array preparation 

Lectins were purchased from EY Laboratories and Sigma-Aldrich, and anti-

ganglioside antibodies were purchased from Matreya (Table 3.2). Four identical sub-

arrays per slide were printed essentially as previously described onto epoxy 

functionalised glass slides (SuperEpoxy II; ArrayIt) at three different lectin 

concentrations (500 μg/mL, 250 μg/mL and 125 μg/mL), and anti-ganglioside 

antibodies were printed at 1:100 to 1:10,000 dilutions across a 10-fold serial dilution 
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(Day et al. 2009; Hartley-Tassell et al. 2010). Printed slides were subsequently 

neutralised using ethanolamine as previously described (Hartley-Tassell et al. 2010). 

Lectins and antibodies printed on our array and their published specificities are 

presented in Table 3.2. 

 

3.3.7 Lectin array analysis of C. jejuni LOS and whole C. jejuni 

Purified and crudely isolated LOS was labelled using the lipophilic dye 

BODIPY® TR methyl ester (BODIPY; Invitrogen). One mM BODIPY (6 μL) was 

added to 5 μg of LOS in 1x PBS containing 1 mM CaCl2 and 1 mM MgCl2 to a final 

volume of 30 μL and incubated at room temperature for 15 min prior to direct 

application to printed lectin arrays. Subarrays were separated using 25 μL gene 

frames (Thermo Scientific). LOS was incubated on the arrays for 15 minutes, 

followed by 3 washes with 1x PBS containing 1mM CaCl2 and 1mM MgCl2. Controls 

for BODIPY and unlabelled LOS were also applied to the array and washed in the 

same way. Whole C. jejuni was labelled using BODIPY by the addition of 1 mM 

BODIPY to 108 CFU of C. jejuni in 1x PBS and incubated at 37°C for 30 mins. 

Application of C. jejuni to the arrays and washing was performed as previously 

described (Day et al. 2009). Image acquisition and data processing was performed 

using the ProScanArray Microarray 4-Laser Scanner and the ProScanArray imaging 

software ScanArray Express from PerkinElmer as previously described (Day et al. 

2009). Analysis was limited to the presence or absence of binding to lectin spots 

across a 1:2 serial dilution rather then absolute binding levels. All positive binding 

spots were confirmed by visual inspection of the array and tested significantly above 

the background, which was confirmed by two-tailed unpaired T-test in Microsoft 

Excel. Lectin arrays were performed a minimum of twice per LOS sample.
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3.4 Results 

 

The LOS of C. jejuni strain NCTC 11168 is known to mimic the human 

ganglioside structure, GM1, and was therefore chosen to evaluate the viability of 

screening both phenol purified and crudely prepared LOS samples using our discrete 

lectin array. Initial analysis of the two alternatively isolated LOS samples from C. 

jejuni NCTC 11168 was performed using traditional SDS-PAGE silver staining and 

lectin blotting analysis (Figure 3.1). Silver staining revealed no differences in the 

electrophoretic mobility between the phenol purified and crudely isolated LOS 

preparations (Figure 3.1A).  

 

Figure 3.1 Silver-stained SDS-PAGE gel and Lectin blots of Crude and Phenol 

purified LOS preparations extracted from C. jejuni NCTC 11168. a) Silver stained 

LOS preparations. b) CTB blotting result for LOS preparations. c) PNA blotting result 

for LOS preparations. Lane 1 in each pane is Crude LOS preparation, while lane 2 is 

the phenol purified preparation. 

 

Lectin blotting using HRP-conjugated PNA and CTB also revealed no 

differences in the binding ability between sample preparations, with as expected 

significant binding of both lectins (Figure 3.1A and 3.1C respectively) (St Michael et 

al. 2002). Taken together these data show that both LOS preparations have similar 

glycoconjugate components, specifically LOS that mimics GM1 (as identified through 
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PNA and CTB positive binding), and hence both LOS preparations provide an 

excellent tool for the assessment of lectin array technology. Due to the fact that the C. 

jejuni LOS structure with molecular mimicry with human gangliosides been reported, 

lectins were selected to generate a tailored array that would most effectively identify 

the individual carbohydrate motifs of structures containing monosialylganglioside 

mimicry (Table 3.2) (Linton et al. 2000; Guerry et al. 2002; St Michael et al. 2002; 

Karlyshev et al. 2005).  

Table 3.2 Results of the lectin array of phenol purified and crudely prepared LOS. 

Lectin/Antibody Specificity 11168 [P] 11168 [C] 81-176 224 

CTB GM1>GM2>GM3 - - - - 

PNA Galβ1,3GalNAc +++ +++ + + 

LFA Neu5Ac + + ++ ++ 

MAA α2,3Neu5Ac + + + + 

Anti-GM2  GM2 + + ++ - 

Anti-GM1 GM1 +++ +++ - +++ 

Jacalin α-D-Gal and Galβ1,3GalNAc +++ ++ + + 

ConA α-D-Man>α-D-Glc - - - - 

VAA β-D-Gal +++ +++ + + 

DBA Terminal α-D-GalNAc - - - - 

-: No binding observed 

+: Binding observed at lectin print concentration of 500 μg/mL (lectin) or 1:100 dilution (antibody). 

++: Binding observed at lectin print concentration of 250 μg/mL (lectin) or 1:1000 dilution (antibody). 

+++: Binding observed at lectin print concentration of 125 μg/mL (lectin) or 1:10000 dilution 

(antibody). 

 

The lectins selected included those known to bind the GM1 mimic C. jejuni 

NCTC 11168 LOS (PNA and CTB), and those assumed to bind based on the 

published structures of NCTC 11168 and 81-176, LFA (Limax flavus agglutinin), 

MAA (Maackia amurensis agglutinin), VAA (Viscum album agglutinin) and Jacalin 
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(Jackfruit; Artocarpusintegrifolia) (Linton et al. 2000; Guerry et al. 2002; St Michael 

et al. 2002; Semchenko et al. 2010). Both DBA (Dolichos biflorus agglutinin) and 

ConA (Canavalia ensiformis agglutinin) were used as negative controls due to the 

absence of terminal α-GalNAc (recognised by DBA) and Man/GlcNAc (recognised 

by ConA) in the published structures (Guerry et al. 2002; St Michael et al. 2002). In 

addition, two specific anti-ganglioside antibodies were also included, one anti-GM1 

and one anti-GM2 (Figure 3.2).  

Figure 3.2 Published structures of the LOS of C. jejuni NCTC 11168 and 81-176 

mimicing human GM1 and GM2. A) C. jejuni NCTC 11168 (St Machael et al., 2002) 

and the expected binding for lectins/antibodies present on the array. B) C. jejuni 81-

176 and the expected binding for lectins/antibodies present on the array (Guerry et al. 

2002). N.B. Expected lectin binding is predicted from specificities listed in Table 3.2. 

Lower specificity interactions are also possible. Presented structures were published 

by Guerry et al. (2002) and St Michael et al. (2002). 

 

Table 3.2 summarises the binding results obtained using our lectin array for 

both purified (11168 [P]) and crudely isolated (11168 [C]) LOS preparations. Even 

though binding of BODIPY labelled LOS to all lectins/antibodies with the exception 

of DBA, ConA and CTB was observed, some differences with respect to the level of 

binding were observed (Table 3.2; Figure 3.3). That is, three lectins were found to 

bind both LOS preparations down to 125 μg/mL (the lowest concentration printed), 
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the β-Gal recognising lectins PNA and VAA, and the α-Gal recognising Jacalin 

(structures recognised shown in Figure 3.2). The lack of LOS binding to DBA and 

ConA was anticipated, however the inability of either LOS preparation to bind to 

immobilised CTB was surprising, particularly given that lectin blot analysis using 

HRP conjugated CTB showed significant binding (Figure 3.1B). Both anti 

ganglioside antibodies were bound by both LOS preparations, however binding to 

anti-GM2 was only observed at the highest concentration printed, while anti-GM1 was 

bound down to the 1:1000 dilution (Table 3.2). This is not surprising given that the 

published C. jejuni LOS structure is known to be exclusively GM1 under specified 

growth conditions (Semchenko et al. 2010). The low binding therefore observed to 

anti-GM2 may simply reflect some cross-specificity to the underlying GM2 structure 

within the GM1 mimic. In comparison, live C. jejuni 11168-O bound to all printed 

spots that contained protein including CTB (Figure 3C). 
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Figure 3.3 Analysis of live C. jejuni 11168 compared to purified LOS. A) Lectin 

array analysis of crude LOS extract prepared from C. jejuni 11168. B) Lectin array 

analysis of phenol purified LOS extract prepared from C. jejuni 11168. C) Lectin 

array analysis of live C. jejuni 11168. D) Graphical representation of the array 

analysis. Error bars equal one standard error of the mean. Any data not significantly 

different from background has been set to zero units. Lectins are listed in Table 3.2.  

 

Further analysis was performed on LOS isolated using the crude method from 

other C. jejuni strains, one with a published LOS structure 81-176 (Structure shown in 

Figure 3.2) and a strain without a published structure, C. jejuni 224 (Guerry et al. 

2002). C. jejuni 224 was chosen for analysis as it has a LOS biosynthesis cluster 

(Class R; Table 3.3A) capable of producing molecular mimicry (Class A, B, C, R and 

M; Table 3.3B) (Parker et al. 2005; Parker et al. 2008).  

Lectin array analysis confirmed C. jejuni 81-176 produces LOS with GM2 

mimicry rather than GM1. Binding was observed for the two highest concentrations of 

the anti-GM2 antibody, but no binding was observed for GM1. The LOS from 81-176 

also had decreased binding for PNA, Jacalin and VAA when compared to NCTC 

11168 further confirming the absence of the terminal galactose from the structure 

(Figure 3.2). Binding of the 81-176 LOS to LFA and MAA confirmed the presence of 

sialylation on the LOS.  



 68 

Table 3.3 LOS Biosynthesis cluster analysis. A) Cluster types can be differentiated 

based on the presence of ORFs within the genome. C. jejuni strains 11168 and 81-176 

were known due to the availability of genome sequences and were confirmed by PCR 

to be class C and A/B respectively. Strain 224 was found to be class R. B) 

Biosynthesis clusters capable of ganglioside molecular mimicry through production of 

sialylated LOS. 

 

A 

Strain 6 8 5\10 12 14 16 Class Known class

224 + + - + - + R N/A

11168 + + + + + + C C

81-176 + + - + - - A/B B  
 

B 

Cluster

A 1 2 3 4 5 6 7 8 9 10 11 12 13

B 1 2 3 4 5 6 7 8 9 5 10 11 12 13

C 1 2 3 4 14 15 6 7 8 9 5\10 16 12 13

R 1 2 3 4 5 6 7 8 9 10 16 12 13

M 1 2 51 3 7 8 9 10 11 12 13  
 

Analysis of C. jejuni strain 224 revealed binding to the anti-GM1 antibody and 

to PNA, Jacalin and VAA lectins. However, the binding strength was only that of 81-

178, rather then 11168. The LOS isolated from C. jejuni 224 was confirmed to be 

sialylated due to positive binding by LFA and MAA. No binding was observed for the 

anti-GM2 antibody. 
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3.5 Discussion 

 

The use of lectin arrays to determine surface glycan structures on whole 

bacteria has been previously described, however, to our knowledge, our approach of 

analysing fluorescently labelled isolated LOS on lectin array is completely novel, and 

offers a powerful analytical technique (Hsu and Mahal 2006; Hsu et al. 2006). This is 

particular the case, because the use of whole bacteria on lectin arrays may not 

accurately reveal the nature of the glycosylation present on the cell. As previously 

stated, lectins and antibodies are glycoproteins, therefore carbohydrate recognising 

adhesins present on bacteria may bind these structures, rather than immobilised 

lectins binding to bacterial surface glycoconjugates (Ashford et al. 1991; Debray et al. 

1992; Gilboa-Garber and Sudakevitz 1999; Thomas et al. 2002; Aspholm-Hurtig et al. 

2004; Thomas et al. 2004; Lehmann et al. 2006; Tateno et al. 2007). Testing of whole 

C. jejuni found binding to all lectins printed including CTB which had failed to bind 

in all other experiments (Figure 3.3; Table 3.2). Our novel approach of utilising 

isolated LOS overcomes this potentially significant shortcoming. Using the C. jejuni 

11168 LOS as a model our discrete lectin array identified all carbohydrate 

components (Table 3.2) as predicted from the published structure (Figure 3.2).  

The success of our approach depended largely on the dye used to label the 

isolated LOS. The lipophilic BODIPY TR methyl ester specifically interacts with the 

hydrocarbon tail of the LOS. The lack of binding observed to both DBA and ConA on 

the array indirectly confirms this selective labelling, given that any contaminating 

glycoconjugates (eg. glycoproteins) co-isolated with the C. jejuni LOS that could 

have been labelled with BODIPY would be expected to bind DBA immobilised on 

our array. That is, terminal α-D-GalNAc structures are common in N-linked C. jejuni 
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glycoproteins, and if labelled, would have been detected on our lectin array (Young et 

al. 2002). 

Analysis was also performed on two other strains of C. jejuni for LOS 

molecular mimicry, 81-176 and 224. C. jejuni 81-176 was chosen because, like 

NCTC 11168, 81-176 has a published structure (Guerry et al. 2002; St Michael et al. 

2002). The results of the lectin array agreed with the known structure produced by 81-

176, a GM2 mimicking LOS (Guerry et al. 2002). C. jejuni 81-176 is known to 

produce several other structures including GM3, GD1b and GD2, however, these 

structures are present in smaller amounts than the GM2 mimicking structures (Guerry 

et al. 2002). Therefore it is unlikely these structures would be affecting the outcomes 

of the array analysis. A wider variety of anti-ganglioside antibodies may prove 

effective in identifying these less prevalent LOS structures.  

C. jejuni 224 LOS analysed by lectin array indicated primarily GM1 mimicry 

from the antibody binding but was not 100 % confirmed by the binding observed for 

the other lectins present on the array. Levels of binding for PNA, VAA and Jacalin 

were lower than those seen for the known GM1 mimic NCTC 11168 (Table 3.2). 

However, the LOS structure produced by C. jejuni 224 was sialylated providing 

further evidence for ganglioside mimicry. A previous study showed that the LOS 

from C. jejuni 224 was of the same size by electrophoresis as NCTC 11168 and 

bound strongly by CTB (Semchenko et al. 2010). This result together with the lectin 

array result implicates strongly that the LOS is a GM1 mimic.  

Although our lectin array data correlates well with the known C. jejuni 11168 

and 81-176 LOS structures, a discrepancy between observed and expected binding 

results was noted. Specifically, no binding was observed to CTB immobilised on the 

lectin array, even though the lectin blotting using CTB (Figure 3.1) showed a strong 
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positive signal. This was a predictable outcome since CTB exists as a pentameric 

structure (Zhang et al. 1995). The complex pentameric structure of CTB may 

therefore be disrupted or constrained when covalently attached to the array through an 

epoxide-linkage. CTB is likely to be unsuitable for use on lectin arrays and its use 

restricted to lectin blotting analyses.  

We also investigated the suitability of two different LOS preparations (phenol-

purified and crudely isolated LOS) for analysis on our lectin array. Apart from a slight 

increase in nonspecific background binding of the crude LOS preparation, compared 

to the phenol purified LOS (data not shown), no significant difference was observed 

using either LOS preparations. This suggests that a simple heat lysis and proteinase K 

digestion of C. jejuni or other bacteria is sufficient to allow rapid and sensitive 

screening using lectin arrays particularly of strains expressing ganglioside mimicry. 

The simple methodology reported here can, therefore, be used to rapidly evaluate 

whether clinical isolates have the potential to produce adverse autoimmune reactions 

as post infection sequelae, similar to those attributed to C. jejuni (GBS or MFS). 

Knowing whether clinically important bacterial strains are capable of inducing severe 

autoimmune responses may aid in prevention and/or early diagnosis of these 

debilitating post infection conditions.  

The method reported here is also applicable, through minor modifications to 

the lectins/antibody specificities printed on the array, to the screen glycolipids from 

almost any other species of bacteria for almost any terminal glycoconjugate. 
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4.1 Abstract 

 

Lipooligosaccharides of the gastrointestinal pathogen Campylobacter jejuni 

are regarded as a major virulence factor and are implicated in the production of cross-

reactive antibodies against host gangliosides, which leads to the development of 

autoimmune neuropathies such as Guillain-Barré and Fisher Syndromes. C. jejuni 

strains are known to produce diverse LOS structures encoded by more than 20 types 

of LOS biosynthesis clusters. This study demonstrates that the final C. jejuni LOS 

structure can not always be predicted from the genetic composition of the LOS 

biosynthesis cluster as determined by novel lectin array analysis of the terminal LOS 

glycans. The differences were shown to be partially facilitated by the differential 

on/off status of three genes wlaN, cst and cj1144-45. The on/off status of these genes 

was also analysed in C. jejuni strains grown in vitro and in vivo, isolated directly from 

the host animal without passaging, using immunoseparation. Importantly, C. jejuni 

strains 331, 421 and 520 encoding cluster type C, were shown to produce different 

LOS, mimicking asialo GM1, asialo GM2 and a heterogeneous mix of gangliosides 

respectively. In addition, individual C. jejuni colonies were shown to consistently 

produce heterogeneous LOS structures, irrespective of the cluster type and the status 

of phase variable genes. Furthermore we describe C. jejuni strains (351 and 375) with 

LOS clusters that do not match any of the previously described LOS clusters, yet are 

able to produce LOS with asialo GM2-like mimicries. The LOS biosynthesis clusters 

of these strains are likely to contain genes which code for LOS biosynthesis 

machinery previously not identified, yet capable of synthesising LOS mimicking 

gangliosides.  
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4.2 Introduction 

 

Campylobacter induced enteritis is one of the major food borne diseases with 

increasingly high incidence rates in the developing world (Blaser et al. 1979; 

Humphrey et al. 2007; Shahrizaila and Yuki 2011). C. jejuni is the most common 

species of Campylobacter to infect humans. It is well documented that the LOS of 

some C. jejuni strains structurally mimics human gangliosides, particularly those 

found in the peripheral nervous system (Nachamkin et al. 1998; Prendergast and 

Moran 2000; Moran et al. 2005). Approximately 1/1000 patients diagnosed with C. 

jejuni infection develop Guillain-Barré (GBS) or Fischer (FS) neuropathies due to the 

induction of anti-ganglioside cross-reactive antibodies (Yuki et al. 2004; Heikema et 

al. 2010; Kuijf et al. 2010; Yuki 2010). C. jejuni strains have been documented to 

produce a variety of LOS structures that mimic mammalian gangliosides, including 

those implicated in GBS (GM1, GM1b, GD1a, GalNAc-GD1a) and FS (GQ1b, GT1a) 

(Yuki 2010; Fujikawa et al. 2011). Recent studies have also demonstrated that 

sialylation of C. jejuni LOS plays a key role in the onset of both neuropathies possibly 

through increased activation of dendritic cells and B cell proliferation that then could 

lead to synthesis of cross-reactive antibodies (Heikema et al. 2010; Kuijf et al. 2010). 

The genes involved in LOS biosynthesis have been identified following the 

sequencing of the C. jejuni NCTC 11168 genome (GS), a laboratory passaged variant 

of the original isolate – 11168-O (Parkhill et al. 2000). To date, 20 LOS biosynthesis 

cluster types have been identified with those belonging to the ABC group able to 

synthesise LOS that induces the production of cross-reactive antibodies (Gilbert et al. 

2000). In addition, cluster types M and R also contain genes that are required for the 

synthesis of sialylated LOS structures, but to date only one strain with cluter type R 
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(GC149) has been implicated in the development of autoimmune neuropathies (Parker 

et al., 2008). 

The differential expression of genes involved in synthesis and modification of 

surface molecules through single nucleotide mutations is commonly attributed to the 

diversity of C. jejuni LOS structures observed (Linton et al. 2000; Gilbert et al. 2002). 

Furthermore, it has been suggested that environmental factors such as temperature 

play an important role in modulation of bacterial metabolism as a result of the 

colonisation of different hosts (Stintzi 2003; Day et al. 2009; Semchenko et al. 2010). 

Accordingly, modification of the surface antigens by C. jejuni through variation of 

gene expression and modulation of metabolism is a unique adaptation method utilised 

by the bacterium to promote its survival and persistence. 

This study investigated the genetic basis for the production of heterogeneous 

LOS structures by C. jejuni and the mechanisms involved. Here we show that the 

terminal LOS structures from six isolates of C. jejuni, identified using a novel lectin 

array technique, do not fully correspond to the genetic composition of LOS 

biosynthesis clusters. Furthermore, the LOS biosynthesis clusters of two human 

isolates of C. jejuni could not be identified by standard PCR approaches, indicating 

the presence of LOS cluster types, not previously described in the literature. 

Furthermore, all isolates were passaged in a co-culture with the human colonic 

carcinoma cell line (CaCo-2) monolayer to determine if adherence and invasion levels 

can be influenced by the LOS structure or LOS biosynthesis cluster types. We also 

analysed the effect of culturing in host adapted conditions on the on/off status of three 

genes cj1144-45, cst and wlaN that are associated with the production of variable LOS 

structures. The on/off status of these genes was analysed in cells isolated directly from 

animal caeca using immunoseparation. 
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4.3 Materials and Methods 

 

4.3.1 Bacterial strains and growth conditions 

The original isolate of C. jejuni NCTC 11168 (11168-O, Skirrow culture 

collection) was kindly supplied by D.J. Newell (Veterinary Laboratories Agency, 

Weybridge, UK). The human isolate, C. jejuni 81-176, was donated by James G. Fox 

(Massachusetts Institute of Technology, Cambridge, Massachusetts, USA). C. jejuni 

clinical isolates 224, 351, 375, 421, 520, and chicken isolate 331 were obtained from 

the Royal Melbourne Institute of Technology (Melbourne, Vic., Australia) and 

Griffith University (Gold Coast, Qld., Australia) culture collections. All C. jejuni 

strains were subcultured no more than once to avoid the influence of passaging. 

Strains were grown on blood agar, composed of Columbia agar containing 5 % (v/v) 

defibrinated horse blood and Skirrow’s antibiotic supplement (Oxoid), under 

microaerobic conditions (5 % O2, 10 % CO2 and 85 % N2) at 37 C for 48 h or 42 C 

for 24 h. 

 

4.3.2 LOS biosynthesis cluster typing 

The LOS biosynthesis clusters of C. jejuni isolates were typed by amplifying 

the open reading frame (orf) DNA sequences 5 (cgtA), 6 (wlaN), 7 (cstIII), 8 (neuB), 

5/10 (neuA/cgtA), 12 (waaV), 14 (cj1137), 15 (cj1138) and 16 (cj1144-45) and 

overlapping gene fragments orf6-orf8 (wlaN-neuB), orf14-15 (cj1137-cj1138), 

orf5/10-16 (neuA/cgtA-cj1144-45), orf9-orf5 (neuC-cgtA) and orf6-orf5/10 (wlaN- 

neuA/cgtA) from each of the genomes using the polymerase chain reaction (PCR). 

Each amplified DNA fragment combination is specific to a particular cluster type as 
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shown in Figure 4.1B, hence allowing differentiation between LOS cluster types A, B, 

C and R as these are thought to produce LOS mimicking human gangliosides. The full 

gene sequences of orf5 (cgtA), orf8 (neuB), orf9 (neuC) and orf10 (neuA) were 

amplified, as they are involved in sialylation of LOS. Orf12 (waaV) present in all C. 

jejuni LOS biosynthesis cluster types was used as a positive control. The presence, as 

well as the on/off status of orf6 and orf16 encoding phase variable genes wlaN and 

cj1144-45, respectively, was identified by amplifying and analysing their full gene 

sequences. C. jejuni LOS biosynthesis cluster type C contains a unique orf14 (cj1138) 

and orf15 (cj1138) that were also amplified.  Primer sequences for amplifying gene 

fragments were designed based on the published genome of C. jejuni NCTC 11168 

(Table 4.1).  

Table 4.1. Primers used for LOS biosynthesis cluster typing. 

Primer name Primer sequence 

orf 5 Forward ATGATGTTACCTGCCATACAAAGAGG 

orf 5 Reverse GGTATGCAATACAACCTTATCACTAG 

orf 6 Forward GTAGTAGATGATTTGGGTAATGATAAA 

orf 6 Reverse ATAGAATTGCTATTTACATGCTGG 

orf 7 Forward GCTTTGGTATGCGGTAATGGACCTAG 

orf 7 Reverse GGAAGTCTAATTAGATCTTTTATTAGC 

orf 8 Forward CCTTTGATAATCCCTGAAATAGGT 

orf 8 Reverse TCCTTTGCACTTATACCACCTT 

orf 9 Forward CAACTAACATGGGATGATTTTGAATG 

orf 5/10 Forward GGTGTTATAGGATATAATGATTGTACTGATGG 

orf 5/10 Reverse CCTCTGTTGTATCTATATCCAAACTAGC 

orf 12 Forward GCCACAACTTTCTATCATAATCCCGC 

orf 12 Reverse CGCCATAACTCAAACGCTCATCTATT 

orf 14 Forward GCTAGAACACCCTAAAGTGACTAA 

orf 14 Reverse TGGCACTAAATTGTAATAAATGGC 

orf 15 Forward GGTTATGTATATATGAAAACCGTAGTAGGTG 

orf 15 Reverse AATTTAATTCCGTAAAGATATTAAAAATTTC 

orf 16 Forward GGGTTGATGAAGCAAGAAATTAG 

orf 16 Reverse GTTTGGATATAGATACAACAGAGG 

 

PCR reactions were optimised to contain MgCl2 specific to each primer set 

(0.5-2 mM) and were performed for 30 cycles of 10 sec of DNA melting, 30 sec of 



 79 

primer annealing optimised to each primer set (45-49°C) and fragment-length specific 

elongation time at 72°C. Amplified gene fragments were sequenced at the Australian 

Genome Research Facility (Brisbane, Australia) using a dideoxynucleotide approach 

on an AB 3730xl platform and the sequences analysed on 4Peaks software package. 

 

4.3.3 LOS preparations  

Columbia blood agar-grown bacteria were harvested in 1 mL of sterile water, 

washed once in 1 mL of sterile water, and lysed by heating to 100 C for 5 min 

followed by proteinase K treatment overnight as previously described (Semchenko et 

al. 2010). Prior to lysis, samples were adjusted for numbers of bacteria using the 

OD600 measurements of bacterial suspensions. Note that in order to reduce the 

heterogeneity of LOS forms present in the sample, all bacteria were grown at 37 C. 

 

4.3.4 Electrophoretic analysis 

Samples containing equal quantities of LOS were resolved on 10 % (v/v) 

SDS-PAGE containing urea (6 M) and tricine (0.3 mM) (Tricine-SDS-PAGE) with 

Tricine-containing cathode buffer as previously described (Semchenko et al. 2010). 

Following electrophoresis of LOS samples, the gels were fixed and the resolved 

molecules were detected using carbohydrate silver staining. 

 

4.3.5 Lectin Blotting 

Tricine SDS-PAGE fractionated C. jejuni LOS was transferred onto Pall
®
 

PVDF membrane and was detected with horseradish peroxidase-(HRP-) conjugated 
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cholera toxin subunit B (CTB) (3 g mL
-1

) and with HRP-conjugated PNA (lectin 

from Arachis hypogaea) (5 g mL
-1

) as previously described (Semchenko et al. 

2010). Membranes were developed using HRP Color Development Solution (Bio-

Rad) or SuperSignal HRP Chemiluminescent Substrate (Thermo Scientific) according 

to the manufacturer’s instructions. 

 

4.3.6 Lectin array analysis 

LOS samples were labelled with the lipophilic dye BODIPY® TR methyl 

ester (Invitrogen) as described by Semchenko et al., (Semchenko et al. 2011). LOS (5 

μg) was labelled in the 0.1 μM solution the BODIPY® TR methyl ester (5 mM) in the 

final volume of 5 μL of milli-Q water for 10 min at room temperature prior to its 

direct application to printed lectin arrays. Following labelling, samples were diluted in 

195 μL (1:40) of milli-Q water and applied to the array slide separated with 25 μL 

gene frames (Thermo Scientific). LOS was incubated on the arrays for 10 minutes, 

followed by 3 washes with milli-Q water containing 0.1 % Tween 20 (v/v). Controls 

for the BODIPY and unlabelled LOS were also applied to the array and washed in the 

same way. Image acquisition and data processing were performed using the 

ProScanArray Microarray 4-Laser Scanner and the ProScanArray imaging software 

ScanArray Express from PerkinElmer as described previously (Day et al. 2009; 

Semchenko et al. 2011). Analysis was limited to the presence or absence of binding to 

lectin spots across a 1:2 serial dilution rather than absolute binding levels. All positive 

binding spots were confirmed by visual inspection of the array and tested significantly 

above the background, which was confirmed by two-tailed unpaired T-test in 

Microsoft Excel. Lectin array analyses were performed a minimum of two times per 

LOS sample. 
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4.3.7 Adherence and invasion assays 

Adherence and invasion assays were performed using the previously described 

method in (Hartley-Tassell et al. 2010). A confluent monolayer of CaCo-2 cells was 

inoculated across six wells with 100 μL of 1x10
8
 per mL of bacteria in each well. 

Infected cells were then incubated at 37°C for 1 h to allow for passive adherence and 

internalisation. Control assays were performed using E. coli in same manner (data not 

shown). All assays were performed at least twice. The data was transformed using 

natural log function in order to address the variance issue as determined by the 

Levene’s test. Statistical analysis of the adherence and invasion data was performed 

using two-tailed unpaired T-test in Microsoft Excel. 

 

4.3.8 Chicken infection study 

Day old Ross chicks were inoculated with 1x10
8 

cfu of bacteria. Caecal 

content was collected from sacrificed animals following 5 days of colonisation. 

Bacteria were extracted from the caecal content using Dynabeads
®
 (Invitrogen) coated 

with whole anti-C. jejuni IgG (King et al. Final revision). The on/off status of phase 

variable genes cj1144-45 and wlaN from the extracted bacteria was determined by 

PCR as described above. 
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4.4 Results 

 

4.4.1 LOS biosynthesis cluster typing 

In order to investigate the correlation between the LOS biosynthesis cluster 

type and the LOS structures produced by C. jejuni isolates, the LOS biosynthesis 

clusters of six uncharacterised C. jejuni isolates (C. jejuni 224, 351, 375, 421 and 520 

– human isolates and C. jejuni 331 – a hyper-colonising chicken isolate) were typed 

using a standard PCR approach. Primer combinations for the PCR typing of LOS 

clusters was based on the genetic organisation of the C. jejuni NCTC 11168 the LOS 

biosynthesis cluster – type C, shown in Figure 4.1A.  

 

Figure 4.1 C. jejuni LOS biosynthesis cluster typing. A) Type C LOS biosynthesis 

cluster illustrating amplified DNA fragments. B) Results of independent (orf5, orf6, 

orf7, orf8, orf5/10, orf12, orf14, orf15 & orf16) and overlapping (A: orf6-orf8; B: 

orf14-15; C: orf5/10-16; D: orf9-orf5/10; E: orf6-orf5/10) PCR amplifications from 

the genomes of C. jejuni isolates 224, 331, 351, 375, 421 and 520. 

 

LOS biosynthesis clusters of C. jejuni isolates were typed by amplifying the 

DNA sequences of orf5 (cgtA), orf6 (wlaN), orf7 (cstIII), orf8 (neuB), orf5/10 

(neuA/cgtA), orf12 (waaV), orf14 (cj1137), orf15 (cj1138) and orf16 (cj1144-45), and 
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the overlapping gene fragments A: orf6-orf8 (wlaN-neuB), B: orf14-15 (cj1137-

cj1138), C: orf5/10-16 (neuA/cgtA -cj1144-45) D: orf9-orf5 (neuC-cgtA) and E: orf6-

orf5/10 (wlaN-cgtA/neuA) from each of the genomes, using the polymerase chain 

reaction (PCR) as shown in Figure 4.1B. Figure 4.1A shows the results of PCR 

amplifications as well as the proposed LOS cluster types for C. jejuni isolates 224, 

331, 351, 375, 421 and 520. The LOS biosynthesis cluster could not be typed for C. 

jejuni isolates 351 and 375 as only orf12 (waaV) and orf6 (wlaN) could be amplified 

from their genomes despite reducing the stringency of all the amplification reactions 

to 45°C and performing multiple optimisation reactions. This raises the possibility 

that these strains have a novel LOS cluster type. 

C. jejuni strains 331, 421 and 520 were found to have LOS biosynthesis 

cluster type C, identical to the paradigm C. jejuni strain 11168. C. jejuni 224 was 

shown to have a LOS biosynthesis cluster type R by amplifying orf6 (wlaN), orf7 

(cstIII), orf8 (neuB), orf12 (waaV) and orf16 (cj1144-45) (Figure 4.1B), and the 

overlapping DNA fragments A: orf6-orf8 (wlaN-neuB) and C: orf5/10-16 (neuA/cgtA-

cj1144-45) as well as a 1.4 kb DNA fragment E: orf6-orf5/10 (wlaN-cgtA/neuA) from 

its genome. Interestingly, the PCR amplified nucleotide sequence of orf7 (cstIII – 

α2,3 sialyltransferase), revealed that the gene translation is interrupted prematurely by 

an early stop codon (255bp) in C. jejuni strains 331 and 421, unlike C. jejuni strains 

224 and 520 where the reading frame is uninterrupted. This suggests that C. jejuni 

strains 331 and 421 are unable to sialylate their LOS. 
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4.4.2 Host effect on the on/off status of the phase variable genes wlaN and cj1144-

45 

Generation of antigenic variation by C. jejuni during colonisation of different 

hosts is generally attributed to differential expression profiles of phase variable genes. 

To further investigate the phenomenon of variable LOS production by C. jejuni, we 

have analysed the on/off status of two phase variable genes cj1144-45 and wlaN from 

the LOS biosynthesis cluster following passage of C. jejuni isolates in different hosts. 

Unlike previous studies, where host adapted C. jejuni was analysed following an 

additional passage in laboratory conditions, this study investigated the on/off status of 

cj1144-45 and wlaN genes by analysing PCR amplified full DNA sequences of these 

genes from the genomes of six C. jejuni strains (11168-O, 11168-GS, cluster type C; 

224, cluster type R; 331, cluster type C; 421 cluster type C and 520, cluster type C) 

isolated from chicken caecal content and the infected CaCo-2 cells by 

immunoseparation. Only strains containing both cj1144-45 and wlaN genes were 

selected for this part of the study, in order to investigate whether these genes are 

phase variable in vivo in different C. jejuni hosts. The baseline on/off profile of 

cj1144-45 and wlaN genes was determined by analysing the DNA sequence of these 

genes amplified from the genomes of C. jejuni isolates passaged in laboratory 

conditions with the growth temperatures adjusted to mimic avian (42°C) and 

mammalian hosts (37°C).  As shown in Table 4.2, there was no change in the lengths 

of cj1144-45 and wlaN homopolymeric tracts following growth in laboratory 

conditions at either 37°C or 42°C, implying that the on/off status of these genes did 

not change (cj1144-45 - 10A/9G tracts “on” in C. jejuni 224; wlaN – 8G tract “on” in 

C. jejuni 11168-O, 11168-GS, 224 and 331).  
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Table 4.2 cj1144-45 and wlaN polynucleotide tract lengths from genomes of passaged 

C. jejuni strains 11168-O, 11168-GS, 224, 331, 421 and 520. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* (red) denotes the “off” status of the gene (cj1144-45 10A/10G, 9A/9G or 9A/8G; wlaN 9G) 

** (green) denotes the “on” status of the gene (cj1144-45 10A/9G or 9A/10G; wlaN 8G) 

*** no data could be obtained for C. jejuni 421 isolated from chicken 

 

 

 

 

Strain             cj1144-45          wlaN    

  37°C 42°C 37°C 42°C 

11168-O         

lab conditions 9A/9G* 9A/9G 8G** 8G 

CaCo-2 9A/9G - 8G - 

chicken - 9A/9G - 8G 

          

11168-GS         

lab conditions 9A/8G 9A/8G 8G 8G 

CaCo-2 9A/9G - 8G - 

         

224         

lab conditions 10A/9G 10A/9G  8G 8G 

CaCo-2 10A/9G - 8G - 

chicken - 10A/10G  - 9G 

         

331         

lab conditions 10A/10G  10A/10G 8G 8G 

CaCo-2 10A/10G - 9G - 

chicken -  10A/10G - 9G 

         

421         

lab conditions 10A/10G  10A/10G 9G 9G 

CaCo-2 10A/10G - 9G - 

chicken - *** - 9G 

         

520         

lab conditions 10A/10G 10A/10G 9G 9G 

CaCo-2 10A/10G - 9G   

chicken - 10A/10G - 9G 
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Analysis of the on/off status of cj1144-45 and wlaN genes following 5 day 

colonisation in chickens, and an overnight passage in co-culture with CaCo-2 cells 

showed that only C. jejuni strains 11168-GS, 224 and 331 changed the lengths of 

cj1144-45 and wlaN homopolymeric tracts, whereas strains C. jejuni 11168-O, 421 

and 520 showed no change (Table 4.2). C. jejuni 224 was shown to switch “off” both 

of its cj1144-45 and wlaN genes following passage in chickens (changing the lengths 

of polynucleotide tracts from 10A/9G to 10A/10G, and 8G to 9G respectively), while 

no effect was observed after co-culture with CaCo-2 cells. C. jejuni 331 was found to 

switch “off” its wlaN gene following passage in chickens and CaCo-2 co-culture 

(changing the tract length from 8G to 9G) but no change was observed in the 

polynucleotide tracts of cj1144-45 after either passages where it remained switched 

off. C. jejuni 11168-GS was found to change the cj1144-45 homopolymeric G-tract 

length from 8 to 9 guanine residues following the co-culture with CaCo-2 cells. This 

however, had no effect on the translation of the mRNA sequence, as the reading frame 

remained interrupted. Neither passaging in chickens or co-culture of CaCo-2 cells 

altered the on/off state of the cj1144-45 and wlaN genes in C. jejuni 11168-GS.  

 

4.4.3 Electrophoretic analysis of C. jejuni LOS  

Following typing of the LOS biosynthesis clusters of the C. jejuni isolates 

224, 331, 351, 375, 421 and 520, their LOS was subsequently analysed and compared 

to that of the paradigm C. jejuni strains 11168-O and 81-176. Firstly, the LOS forms 

were analysed by comparing their relative molecular weights and banding patterns 

using Tricine SDS-PAGE and detected with silver stain (Figure 4.2A). It is important 

to note that in order to reduce the heterogeneity of the LOS forms observed all 

bacteria were grown at 37°C. C. jejuni strain 224 (lane 2) was shown to produce LOS 
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of a similar molecular weight as the paradigm C. jejuni strain 11168-O LOS (lane 1), 

which is known to display GM1-like ganglioside mimicry. C. jejuni strains 331 (lane 

3), 421 (lane 4) and 375 (lane 6) were shown to produce LOS of similar molecular 

weight, which is slightly lower than that of C. jejuni 11168-O.  

 

Figure 4.2 Silver stain (A), CTB blot (B) and PNA blot (C) of resolved LOS from C. 

jejuni isolates. Lane 1: C. jejuni 11168-O, lane 2: C. jejuni 224, lane 3: C. jejuni 331, 

lane 4: C. jejuni 421, lane 5: C. jejuni 351, lane 6: C. jejuni 375, lane 7: C. jejuni 520, 

lane 8: C. jejuni 81-176. 

 

The LOS of the control strain C. jejuni 81-176 (lane 8) which is known to 

exhibit GM2~GM3-like ganglioside mimicry resolved at a lower molecular weight 

than the LOS of the paradigm strain C. jejuni 11168-O (lane 1), as expected. C. jejuni 

351 (lane 5) LOS was shown to resolve at a similar molecular weight as the LOS of 

the control strain C. jejuni 81-176 (lane 8). The LOS of C. jejuni 520 (lane 7) was 

shown to resolve at a lower molecular weight than that of C. jejuni 11168-O (lane 1) 

and higher than that of C. jejuni 81-176 (lane 8). 



 88 

4.4.4 Lectin Blot analysis of C. jejuni LOS  

In order to identify strains with GM1-like ganglioside molecular mimicry and 

to correlate the LOS structures with previously identified LOS biosynthesis cluster 

types, Tricine-SDS PAGE resolved C. jejuni 224 (cluster type R), 331 (cluster type 

C), 351 (unknown cluster type), 375 (unknown cluster type), 421 (cluster type C) and 

520 (cluster type C) LOS was transferred onto PVDF membrane and probed with 

cholera toxin subunit B (CTB) (Figure 4.2B) and lectin from Arachis hypogaea 

(PNA) (Figure 4.2C). CTB differentially binds LOS with GM1-3-like structures and 

PNA binds LOS with Galβ1,3GalNAc – terminal structures mimicking GM1 

gangliosides. C. jejuni 11168-O (lane 1) and 224 LOS (lane 2) were shown to bind 

CTB and PNA, as expected of structures that mimic GM1-like gangliosides. C. jejuni 

375 (lane 6) and 520 (lane 7) on the other hand, showed much weaker binding to CTB 

than C. jejuni 11168-O (lane 1) and 224 (lane 2), indicating that their LOS is likely to 

be missing terminal structures such as terminal galactose or sialic acid, which are 

required for strong binding to CTB. C. jejuni strains 375 (lane 6) and 520 (lane 7) 

LOS did not bind to PNA, suggesting that they do not have terminal Galβ1,3GalNAc 

- a moiety distinctive of G(M-Q)1-like structures. C. jejuni isolates 331 (lane 3) and 

421 LOS (lane 4) bound CTB, however with much weaker binding than that of C. 

jejuni 11168-O (lane 1) and 224 (lane 2), which is consistent with the fact that their 

LOS is missing terminal structures such as terminal galactose or sialic acid. No 

binding to PNA by C. jejuni 331 (lane 3) and 421 (lane 4) LOS was observed, again 

suggesting that these LOS molecules do not have a terminal Galβ1,3GalNAc moiety. 

The clinical isolate C. jejuni 351 LOS (lane 5) exhibited no binding to either CTB or 

PNA indicating that it does not have a terminal Galβ1,3GalNAc moiety and hence 

does not mimic GM1-like gangliosides. C. jejuni 81-176 control LOS (lane 8), known 
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to exhibit GM2~GM3-like ganglioside mimicry, did not bind PNA and only weakly 

bound CTB, confirming the absence of a terminal galactose suggesting that it has a 

GM2-like structure. 

 

4.4.5 Lectin array analysis of C. jejuni isolates LOS 

In order to rapidly identify the molecular mimicries and terminal structures of 

LOS isolated from C. jejuni strains and to correlate them with the LOS biosynthesis 

cluster types of these isolates, LOS samples were analysed on a lectin array. As 

previously described (Semchenko et al. 2011) the lectin array consisted of 15 lectins 

(ABA, ConA, DBA, DSA, ECA, JAC, LFA, MAA, MPA, PNA, SJA, SNA, UEAI, 

VAA and WGA) and 2 antibodies (anti-GM1 and anti-GM2 IgG) that were selected 

based on their binding specificities to solve the C. jejuni LOS structures. The lectin 

specificities and identified terminal LOS structures are shown in Table 4.3. C. jejuni 

strains 11168-O and 81-176 were used as controls to demonstrate positive 

identification of known GM1 and GM2-like LOS epitopes respectively. C. jejuni 

11168-O LOS bound to anti-GM1 and anti-GM2 antibodies as well as SJA (a 

subterminal GalNAc binding lectin), MPA (an α-D-Gal/Galβ1,3GalNAc binding 

lectin) and PNA (Galβ1,3GalNAc binding lectin) confirming that it possesses a GM1-

like terminal structure. Furthermore, positive binding to LFA (a sialic acid binding 

lectin) and MAA (a Neu5Acα2,3Gal binding lectin) correctly identified the presence 

of an α2,3 linked N-acetylneuraminic acid (Neu5Ac). Strong binding to JAC (an α-D-

Gal/Galβ1,3GalNAc binding lectin) and MPA (an α-D-Gal/Galβ1,3GalNAc binding 

lectin) by C. jejuni 11168-O LOS was indicative of a terminal galactose linked to N-

acetylgalactosamine (GalNAc), a moiety specific to the GM1-like structure. C. jejuni 
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81-176 LOS strongly bound anti-GM2 IgG and LFA (a sialic acid binding lectin) 

implying that the terminal structure mimics GM2-like ganglioside. In a similar fashion 

the terminal glycan structures of the LOS for all the other C. jejuni strains were 

determined (Table 4.3). C. jejuni 224 (cluster type R) LOS was shown to have GM1-

like ganglioside mimicry as it strongly bound to anti-GM1 IgG, LFA, MAA, VAA, 

PNA and JAC (for specific lectin binding by the LOS refer to Table 4.3). C. jejuni 

331 (cluster type C) LOS was deduced to have a terminal asialo GM1-like ganglioside 

structure as it bound to PNA and JAC. No binding to LFA, MAA or WGA lectins 

indicated that C. jejuni 331 LOS was not sialylated. C. jejuni 351 (unknown cluster 

type) LOS terminus was found to mimic asialo GM2-like ganglioside as it bound to 

anti-GM2 IgG, PNA, ECA and JAC. No binding to LFA, MAA or WGA lectins 

indicated that this structure was not sialylated. C. jejuni 375 (unknown cluster type) 

LOS terminal moiety was also shown to exhibit asialo GM2-like ganglioside mimicry 

as it bound to anti-GM2 IgG, PNA, DSA, SJA and JAC. No binding to LFA, MAA or 

WGA lectins indicated that C. jejuni 375 LOS was not sialylated. Similar to C. jejuni 

351 and 375, the LOS of C. jejuni 421 (cluster type C) was shown to exhibit asialo 

GM2-like ganglioside mimicry as it bound to anti-GM2 IgG, PNA, ECA, DSA JAC 

but did not bind LFA, MAA or WGA. C. jejuni 520 (cluster type C) LOS bound to 

the majority of lectins (ABA, DBA, DSA, ECA, Jacalin, LFA, MAA, PNA, SJA, 

SNA, UEAI, VAA and WGA) which indicated that C. jejuni 520 produced a 

heterogenous mixture of LOS mimicking GM1, GM2, asialo GM1 and asialo GM2-like 

gangliosides. As previously described, to minimise the production of heterogeneous 

LOS the bacteria was grown at 37°C, however in case of C. jejuni 520 this had no 

affect (Semchenko et al. 2010). 
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Table 4.3 Lectin array results. 

 
Lectin/Antibody Specificity 11168-O 81-176 224 331 351 375 421 520 

ABA β-D-Gal/Gal-GalNAc-serine - - - - - - - + 

Anti-GM1  GM1 + - + - - - - + 

Anti-GM2 GM2 + + - - + + + + 

ConA α−methyl-mannopyranoside > α−D-Man > α−D-Glc - - - - - - - - 

DBA Terminal α-GalNAc - - - - - - - + 

DSA GlcNAcβ1,4GlcNAc + + - - - + + + 

ECA Terminal LacNAc>Lac>GalNAc>Gal, Galβ1,4GlcNAc + + - - + - + + 

JAC Terminal α−D-Gal/Galβ1,3GalNAc + + + + + + + + 

LFA Neu5Ac/Neu5Gc + + + - - - - + 

MAA Neu5Acα2,3Gal + - + - - - - + 

MPA α-D-Gal/Galα1,6Glc/Galβ1,3GalNAc + - - - - - - - 

PNA Terminal β-Gal/Galβ1,3GalNAc + + + + + + + + 

SJA Subterminal GalNAcβ1,6Gal/GalNAc>Gal + - - - - + - + 

SNA Neu5Acα2,6Gal/Neu5Acα2,6GalNAc/GalNAc=Lac>Gal - - - - - - - + 

UEAI Terminal α1,2Fuc/Fucα1,2Galβ1,4GlcNAc - - - - - - - + 

VAA β-D-Gal/minor specificity for Neu5Ac/Gal-GalNAc/GalNAc - - + - + - - + 

WGA Manβ1,4GlcNAcβ1,4GlcNAc>GlcNAcβ1,4GlcNAc>Neu5Ac>GalNAc - - - - - - - + 

 

Proposed terminal end structure of LOS GM1 GM2 GM1 asialo GM1 asialo GM2 asialo GM2 asialo GM2 

GM1/GM2/ 

asialo GM1/ 

asialo GM2* 

 

+: Significant binding above the background was observed. 

-: No significant binding above the background level was observed. 

*: Heterogeneity of LOS structures was detected in C. jejuni 520 sample. 
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It is important to note that the PNA binding results on the lectin array (Table 4.3) 

appear contradictory to the lectin blot analysis as shown in Figure 4.2C. The lectin blot results 

illustrate the binding of PNA to C. jejuni 11168-O and 224 LOS as both of them have a GM1-

like ganglioside mimicry. The LOS of all other isolates (C. jejuni 331, 351, 375, 421 and 520) 

were shown not to have GM1-like ganglioside mimicry and hence did not bind PNA. 

However, the lectin array experiment has positively identified strong binding to PNA by the 

LOS of all strains. The high binding avidity of LOS to lectins printed on the glass slide is 

likely to be due to high density immobilisation of lectin molecules on the glass slide surface, 

which allows for lower affinity interactions to be visualised that would otherwise not be 

visible by lectin blot analysis. PNA can weakly bind to GM1 and GM2-like structures even 

with partial structural identity of the LOS when used on lectin array and only bind GM1-like 

structures when hybridised against the membrane fixed LOS. 

 

4.4.6 Invasion and adherence assays of C. jejuni laboratory strains and clinical isolates 

In order to elucidate whether a correlation exists between the terminal structure of the 

LOS and the ability of C. jejuni to adhere to and invade host cells, adherence and invasion 

assays were performed on C. jejuni isolates whose LOS terminal structure and LOS 

biosynthesis cluster type had been earlier identified. The adherence and invasive capacity of 

C. jejuni isolates 224 (cluster type R), 331 (cluster type C), 351 (unknown cluster type), 375 

(unknown cluster type), 421 (cluster type C) and 520 (cluster type C) to CaCo-2 cells were 

assessed by comparison to C. jejuni paradigm strains 11168-O (cluster type C) and 81-176 

(cluster type B). As shown in Figure 4.3, C. jejuni strains 11168-O, 224 and 520, which were 

identified as having LOS that mimicked GM1-like gangliosides, displayed similar levels of 

adherence to CaCo-2 cells (1×10
6
; P<0.01). However, the invasiveness of these strains 

differed (1.7×10
2
, 1.5×10

2
 and 1.9×10

2
; P<0.01 respectively) (Figure 4.3B).  



 93 

 

Figure 4.3 Adherence and invasion of C. jejuni strains. A) Adherence analysis of C. jejuni 

11168-O, 81-176, 224, 331, 351, 375, 421 and 520 strains to CaCo-2 cells. B) Invasion 

analysis of C. jejuni 11168-O, 81-176, 224, 331, 351, 375, 421 and 520 strains into CaCo-2 

cells.  

 

C. jejuni isolate 331 which has a LOS that displays asialo GM1-like mimicry was 

shown to have the lowest level of adherence and invasion (1.0×10
4
 and 0.8 respectively; 

P<0.01) in comparison to the paradigm stains C. jejuni 11168-O and 81-176 (1.0×10
6
 and 

1.5×10
6
 respectively; P<0.01). This can be explained by the fact the C. jejuni 331 was 

isolated from chickens and is therefore not adapted to colonisation of mammalian cells. C. 

jejuni strains 351 and 421 both displaying asialo GM2-like mimicry showed similar levels of 

adherence to CaCo-2 cells (1.2×10
5
; P<0.01) which were significantly lower than that of C. 

jejuni 11168-O. However C. jejuni 421 was shown to be less invasive (1.0×10
2
; P<0.01) than 

C. jejuni 351 (1.8×10
2
; P<0.01) which had similar level of invasiveness to C. jejuni 11168-O. 
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C. jejuni strain 375 was previously shown to have LOS with an asialo GM2-like structure and 

had significantly higher levels of adherence to CaCo-2 cells (1.5×10
6
; P<0.01) than C. jejuni 

strains (351 and 421) that have a similar LOS structure. The adherence of C. jejuni 375 was 

similar to that of the paradigm C. jejuni strain 81-176 that has GM2-like mimicry, however C. 

jejuni 375 was shown to be less invasive (1.8×10
3
; P<0.01) than C. jejuni 81-176 (1.5×10

4
; 

P<0.01). The adherence assays show that there is a correlation between the molecular 

mimicry of the LOS observed and the level of adherence to the surface of CaCo-2 cells for the 

strains tested. This was demonstrated when C. jejuni strains 11168-O, 224 and 520 displaying 

GM1-like ganglioside mimicry had similar levels of adherence to CaCo-2 cells. Furthermore it 

was shown that C. jejuni strains that have sialylated LOS have significantly higher levels of 

adherence than those with asialo epitopes (P=1.3×10
-4

). This is a strong indicator that 

sialylation of LOS promotes the attachment of C. jejuni to the surface of cells. Conversely, 

the current findings indicate that molecular mimicry by C. jejuni LOS does not correlate with 

the invasion levels observed in strains with analogous LOS structures, demonstrating different 

levels of invasion in CaCo-2 cells (P>0.05).  Indeed a greater number of C. jejuni strains with 

varying terminal LOS structures need to be tested to determine if this is a consistent 

phenomenon. 

 

 



 95 

4.5 Discussion 

 

Antigenic variation of bacterial surface molecules is widely acknowledged to be 

caused by a variety of mechanisms ranging from the regulation of gene expression to post 

translational modifications. The genetic basis for the generation of antigenic variation in 

bacterial surface molecules has been extensively studied over the last decade (Linton et al. 

2000; Gilbert et al. 2002; Houliston et al. 2011). Regulation of gene expression by phase 

variation is documented in Campylobacter spp. as well as other bacteria like H. pylori, H. 

influenzae, N. meningitidis and E. coli (Weiser et al. 1989; Hammerschmidt et al. 1996; 

Appelmelk et al. 1998; Holden et al. 2007). The mechanisms that control gene expression via 

inactivation of open reading frames without the need for an intrinsic site to introduce the 

mutation have also been documented in Campylobacter spp. (Gilbert et al. 2002; van der 

Woude and Baumler 2004). This study aimed to correlate the genetics encoding the synthesis 

of LOS in C. jejuni and the actual LOS structures produced by the bacteria. As described 

earlier, environmental factors can influence gene expression, protein folding, enzymatic 

activity and generally modulate cell metabolism, possibly as an intended survival/adaptation 

mechanism employed by the bacterium to enhance its fitness (Semchenko et al. 2010).  

Herein we compared the LOS biosynthesis clusters and the LOS structures produced 

by C. jejuni isolates 224, 331, 351, 375, 421 and 520. It was established that the LOS 

biosynthesis cluster type does not necessarily correlate with the final structure of the LOS 

produced by the bacteria. Furthermore, structural variation in C. jejuni LOS was enhanced by 

differential expression of several genes located in the LOS biosynthesis cluster, in particular 

those coding for galactosyltransferases wlaN and cj1144-45, which are believed to be phase 

variable (Linton et al. 2000; Parkhill et al. 2000).  
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Human isolates of C. jejuni 421 and 520 as well as a chicken isolate C. jejuni 331 

were determined to have an LOS biosynthesis cluster type C, identical to the paradigm C. 

jejuni strain 11168. These strains appeared to produce LOS with different mimicries to the 

paradigm strain (GM1~GM2-like molecular mimicry). The lectin array data showed that C. 

jejuni 331 produces LOS demonstrating asialo GM1-like mimicry. The genetic basis for the 

production of the asialo GM1-like structure was confirmed by DNA sequence analysis of 

wlaN, cj1144-45 and cst genes. The DNA sequence of wlaN (a β1,3 galactosyltransferase) 

was uninterrupted by the homopolymeric tract (8G) in strain 331, suggesting that the gene 

was transcribed fully, and therefore functional. This correlates with the terminal GM1-like 

Galβ1,3GalNAc moiety identified by lectin array analysis. The DNA sequence of cj1144-45 

(a α1,4 galactosyltransferase) on the other hand was found to be interrupted by a 10/10 double 

adenine/guanine tract, resulting in transcriptional inactivation of the gene. This result was 

consistent with the lectin array data as no terminal α-linked galactose units were identified in 

the LOS structure. Interestingly, DNA sequence analysis has shown that a cst gene 

homologue in the genome of C. jejuni 331 is a monofunctional α2,3 sialyltransferase (cstIII), 

the transcription of which was found to be terminated by an early stop codon (Gilbert et al. 

2000). This indicates that C. jejuni 331 should not be able to sialylate its LOS, which was 

confirmed by lectin array data.  

Furthermore, it was found that in C. jejuni 331 isolated directly from chicken 

intestines, the status of the wlaN was changed to “off” by the introduction of an additional 

ninth guanine residue into the polynucleotide tract. In contrast, for co-culture with CaCo-2 

cells the “on” status of wlaN did not change. This indicates that the bacterium preferentially 

produces an LOS variant lacking a terminal galactose residue that promotes colonisation of an 

avian, but not a mammalian host. This is consistent with other studies describing that as much 
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as 80 % of C. jejuni isolated from chickens have transcription of the wlaN gene terminated 

(Wilson et al. 2010).  

Similarly, we demonstrated that the human isolate C. jejuni 421, which has an LOS 

biosynthesis cluster type C, produces LOS with asialo GM2-like mimicry. The genetic basis 

for the production of this phenotype was confirmed by DNA sequence analysis of the cst, 

wlaN and cj1144-45 genes. Unlike C. jejuni 11168 and 331, the transcription of wlaN (a β1,3 

galactosyltransferase) was terminated by the insertion of a single guanine residue into the 

polynucleotide tract. Furthermore, C. jejuni 421 was shown to terminate the transcription of 

cstIII (a α2,3 sialyltransferase) and cj1144-45 (a α1,4 galactosyltransferase), similar to C. 

jejuni 331, resulting in the synthesis of asialo GM2-like LOS structure by C. jejuni 421. 

Following passage of C. jejuni 421 in chicken and CaCo-2 co-culture the on/off status of the 

cj1144-45 and wlaN genes did not change, similar to that observed for C. jejuni 331, 

confirming that the LOS variant lacking a terminal galactose residue is advantageous for 

colonisation of avian hosts.  

Unlike C. jejuni 331, 421 or the paradigm strain C. jejuni 11168-O the LOS of C. 

jejuni 520 was shown to have heterogeneous mix of GM1-like, GM2-like, asialo GM1-like and 

asialo GM2-like structures. The analysis of the gene sequences coding for the 

galactosyltransferases WlaN and Cj1144-45, and a sialyltransferase Cst suggests that the 

variable on/off profiles of these genes are likely to be involved in the production of 

heterogenous LOS forms. Similar to C. jejuni 421, the transcription of wlaN and the cj1144-

45 genes was terminated in C. jejuni 520, which suggests that an unknown 

galactosyltransferase is likely to play a role in facilitating the production of GM1-like mimicry 

by C. jejuni 520, a strain lacking genomic sequence data. The availability of additional 

transferases and the heterogenous nature of the LOS may provide an explanation as to why C. 

jejuni 520 LOS was able to bind ABA – a lectin with strong affinity for ABO blood antigens 
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and Gal-GalNAc-Ser/Thr moieties with nonspecific linkages. As observed for C. jejuni 

11168-O the transcription of cstIII (a α2,3 sialyltransferase) in C. jejuni 520 was 

uninterrupted and therefore its LOS is decorated with sialic acid. C. jejuni 520 also produces 

nonsialylated LOS forms as its LOS bound to DBA – a lectin with strong affinity for terminal 

GalNAc moieties which is consistent with GM2-like mimicries. Flanking of the terminal 

GalNAc with other residues like sialic acid inhibits binding to DBA thus indicating that the 

structure has an asialo GM2-like mimicry. High levels of heterogeneity were observed in the 

LOS forms of C. jejuni 520 even though the strain was grown under conditions that are 

known to minimise heterogeneity (Semchenko et al. 2010). Therefore to further understand 

the ubiquitous production of heterogenous LOS forms by this strain, a complete structural 

analysis of C. jejuni 520 LOS is required. Similar to C. jejuni 421, passaging of C. jejuni 520 

in chickens and CaCo-2 co-culture had no effect on the on/off status of the wlaN and cj1144-

45 genes, which is likely to be due to decoration of the cell surface with heterogeneous LOS 

structures some of which have already been demonstrated to have GM2-like mimicry. 

The C. jejuni human isolate 224 synthesised LOS structures identical to the paradigm 

C. jejuni strain 11168-O that mimics the structure of the human GM1 ganglioside even though 

it was demonstrated that C. jejuni 224 has a LOS biosynthesis cluster type R, a variation of 

cluster type A, with the addition of cj1144-45 (orf16). Unlike all previously tested strains, C. 

jejuni 224 was shown to have functional cj1144-45, wlaN and cstIII genes. The genetic profile 

indicates that C. jejuni 224 should produce a Gal-GM1-like LOS structure, a phenotype 

previously not identified in the literature.  The lectin array technique used in this study could 

not confirm the presence of a α1,4 linked terminal galactose residue in the structure of C. 

jejuni 224 LOS, however, its presence cannot be ruled out. Many β-galactose binding lectins 

can bind to their target structures even when capped with terminal fucose. It is possible that 

the terminal α1,4 linked galactose may not disrupt binding of the anti-GM1 antibody or PNA. 
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The other lectins with similar specificity to PNA, such as ECA and JAC, also have specificity 

for α-galactose structures (Lis and Sharon 1987; Hagiwara et al. 1988). It also may be 

possible that the α-galactose is heterogenous in the LOS population further hampering 

elucidation of its presence/absence. Due to the lack of α-galactose specific lectins on the array 

and the common α-galactose branching present on C. jejuni LOS molecules, confirming the 

presence or absence of the terminal α-galactose requires more detailed structural analysis. 

Further investigation of this structure and synthesis of C. jejuni 224 LOS is necessary to 

understand the campylobacter antigen glycosylation and its role in pathogenesis. 

Human isolates C. jejuni 351 and 375 were found to produce LOS with asialo GM2-

like mimicry as determined by lectin array analysis, however their LOS biosynthesis clusters 

could not be typed by the standard PCR approach used in this study. It was only possible to 

amplify two open reading frames from the genomes of C. jejuni 351 and 375 despite a 

rigorous screening approach and multiple optimisations. Conserved in all C. jejuni LOS 

biosynthesis clusters, orf12 (waaV) and orf6 (wlaN), which is unique to cluster types A, B, C 

and R, were amplified from the of C. jejuni 351 and 375 genomes suggesting that these 

isolates may have a novel cluster type (Linton et al. 2000; Parkhill et al. 2000). This raises the 

possibility that some C. jejuni strains are able to produce LOS with structures demonstrating 

molecular mimicry to human gangliosides whilst having a completely different LOS 

biosynthesis cluster.  

LOS is a primary antigenic molecule on the surface of C. jejuni and it plays a vital role 

in pathogen-host interactions. Involvement of LOS in adherence and invasion of the host cell 

is of primary interest as it’s one of the major factors that determine the outcome of infection. 

This study has shown that there is a strong correlation between the LOS structure and the 

levels of adherence of C. jejuni to the surface of GI tract cells. C. jejuni strains (11168-O, 224 

and 520) which produce LOS mimicking GM1 gangliosides have similar levels of adherence. 
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Likewise, C. jejuni strains producing LOS with asialo-GM2-mimicry demonstrated similar 

levels of adherence. On the other hand, C. jejuni strains (11168-O, 81-176, 224 and 520) that 

have sialylated LOS showed significantly higher levels of adherence than those with asialo 

epitopes (C. jejuni 331, 351, 375 and 421). This is a strong indicator that sialylation of LOS 

promotes the attachment of C. jejuni to the surface of cells, most likely through interactions 

with sialoadhesin (Heikema et al. 2010).   
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4.6 Conclusion 

 

This study provides an insight into the diverse nature of Campylobacter spp. LOS by 

describing terminal glycan structures of LOS isolated from several strains and the genetic 

basis for their production. It was shown that the final C. jejuni LOS structure can not always 

be predicted from the genetic composition of the LOS biosynthesis cluster as determined by 

novel lectin array analysis of the terminal LOS glycans. Variable LOS production was shown 

to be facilitated by the differential on/off status of three genes wlaN, cst and cj1144-45.  In 

addition, C. jejuni strain 520 was demonstrated to produce heterogeneous LOS structures 

(GM1/GM2/asialo GM1/asialo GM2) irrespective of the cluster type and the status of phase 

variable genes. Furthermore we describe C. jejuni strains (351 and 375) with LOS clusters 

that do not match any of the previously described LOS clusters, yet are able to produce LOS 

with asialo GM2-like mimicries. The LOS biosynthesis clusters of these strains are likely to 

contain genes which code for LOS biosynthesis machinery previously not identified, yet 

capable of synthesising LOS mimicking gangliosides. 



 

 

 

 

Chapter 5 

 

Characterisation of the putative galactosyltransferase cj1144-45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 103 

5.1 Introduction 

 

The variation of LOS structures by C. jejuni is a characteristic often attributed to its 

ability to differentially express genes involved in the synthesis of LOS by regulatory 

mechanisms such as phase variation and site specific mutagenesis as illustrated in Chapter 4. 

The paradigm C. jejuni strain 11168 has a LOS biosynthesis cluster type C, which contains 

two phase variable genes; cj1144-45 and wlaN (Parkhill et al. 2000). The wlaN gene codes for 

a 1,3 galactosyltransferase, and it’s function was elucidated using an insertional inactivation 

approach by (Linton et al. 2000). The galactosyltransferase cj1144-45, which is coded by an 

open reading frame 16 in the LOS biosynthesis cluster, is unique to C. jejuni strains with LOS 

biosynthesis cluster types C, D, F, G, L, Q, and R. This gene is thought to be phase variable 

due to the presence of homopolymeric tracts in the middle of its sequence. The sequence of 

cj1145-45 from the C. jejuni NCTC 11168 genome contains two homopolymeric tracts side 

by side, which consist of, a single run of 9 adenine residues followed by a run of 8 guanine 

residues as shown in Chapter 4. The localization of these variable tracts in the middle of the 

gene sequence suggests that the gene is being regulated during the translation of mRNA. In 

order for the gene to be correctly translated the polynucleotide tract sequence must contain 

9As & 10Gs or 10As & 9Gs. The reading frame of cj1144-45 from the published genome 

sequence of C. jejuni NCTC 11168 contains 9A & 8G rendering the gene nonfunctional 

(Parkhill et al. 2000). However, the cj1144-45 from the original isolate of C. jejuni 11168, 

which unlike the genome sequenced variant, has undergone minimal passage since its 

isolation in the 1970s, has not yet been sequenced. This is of great interest, since laboratory 

passage of C. jejuni 11168 was shown to alter the gene expression profile of the bacteria and 

was further linked to loss of its virulence (Gaynor et al. 2004). 
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Antigenic variation of surface structures plays a key role in bacteria-host interactions, 

adherence and immune evasion mechanisms as shown in Chapter 4. Solving the function of 

C. jejuni cj1144-45 is imperative to our understanding of how and what types of LOS 

epitopes are being produced, and what stimuli are responsible for inducing changes in epitope 

presentation. 

A common method for the identification of gene function is mutagenesis via insertion 

of antibiotic resistance cassette in the middle of the gene that would interrupt the reading 

frame and hence render the gene nonfunctional (Hutchison et al. 1978). In C. jejuni, 

kanamycin resistance cassette has been commonly used for mutagenesis of genes such as 

wlaN (Linton et al. 2000). However, in case of cj1144-45 the gene is nonfunctional and to 

determine it’s function the gene open reading frame requires fixing, specifically in the 

hypervariable region of A and G homopolymeric tracts. This chapter describes several 

attempts at elucidating the function of cj1144-45 by restoring its function via insertional 

inactivation and restoration of function methods. 
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5.2 Materials and Methods 

 

5.2.1 General procedures 

 

This study used analytical grade reagents made up in Mili
®
Q water unless otherwise 

specified. Solutions and media were filter sterilised (0.22 m) or autoclaved at 121ºC for 15 

min. To remove endotoxins, glassware was rinsed in 1 M HCl and autoclaved at 121ºC for 30 

min prior to being used.  

 

All equipment and surfaces were sterilised with 70 % (w/v) ethanol. 

 

5.2.2 Media 

 

Columbia Agar (CBA) was made according to manufacturer’s specifications (19.5 g 

of Columbia Agar mix dissolved in 475 mL of distilled water) and sterilized by autoclaving at 

121°C for 15 minutes. The agar was cooled to 50°C and along with 5 % sterile defibrinated 

blood (IMBS, Veterinary Division) was added with Skirrow’s antibiotic supplement (5 mg 

vancomycin, 2.5 mg trimethoprim and 1250 U polymyxin B). 

Brucella Broth was made up according to manufacturer’s specifications (45 g of 

Brucella Medium Base was dissolved in 1 L of distilled water) and sterilized by autoclaving 

at 121°C for 15 minutes. 

LB Broth was made according to manufacturer’s specifications (25 g of Luria Bertani 

Base was dissolved in 1 L of distilled water). The solution was sterilized by autoclaving for 

15 min at 120°C. Broth was stored at 4°C. 

LB Agar was made by addition of 1 % (w/v) of Bacteriological Agar to LB Broth. The 

solution was sterilised by autoclaving. 
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SOC Media consisted of 2 % (w/v) of Tryptone, 0.5 % (w/v) of Yeast extract, 10 mM 

of NaCl and 2.5 mM of KCl dissolved in distilled water. The solution was sterilised by 

autoclaving at 120°C for 15 min. After cooling down to room temperature, 20 mM Mg
2+

 and 

0.02 M glucose were added. 

All media reagents were purchased from Oxoid. 

 

 

5.2.3 Bacterial strains and culturing conditions 

 

E. coli DH5α was grown on LB agar or in LB broth with shaking (180 rpm) overnight 

(18 hours) at 37°C. Prior to inoculation, an appropriate antibiotic was added for selection 

purposes (ampicillin 100 μg/mL, kanamycin 50 μg/mL). For white/blue selection, LB media 

had IPTG (0.5 mM) and X-Gal (80 μg/mL) added. 

 

Table 5.1 Bacterial strains used in this study. 

Bacterial Strain Description Reference 

E.coli DH5α 

supE44 ΔlacU169 (Φ80 lacZΔM15 

hsdR17 recA1 endA1 gyrA96 thi-1 

relA1 

Invitrogen 

C. jejuni NCTC 11168 “GS” Genome sequenced stain Parkhill et al. 2000 

C. jejuni 11168 “O” Wild type, clinical isolate Skirrow 1977 

C. jejuni 224 Wild type, clinical isolate 
RMIT/GU culture 

collection 
* The original isolate of C. jejuni NCTC 11168 (11168-O) has been characterized by Gaynor et al. (2004) and C. jejuni 11168-GS (genome-

sequenced NCTC 11168) has been sequenced and annotated at the Sanger Centre (Hinxton, Cambridge, UK). Both strains were kindly 
supplied by D.J. Newell (Veterinary Laboratories Agency, Weybridge, UK). 

 

C. jejuni was grown on 1 % Columbia Agar plates containing 5 % defibrillated horse blood 

and Skirrow’s antibiotic supplement (Oxoid). Plates were incubated in microaerophilic 

environment containing 5 % O2 and 10 % CO2 in nitrogen. C. jejuni was grown to mid log 

stage which is reached in 36 hours at 37 C and 20 hours at 42 C. All C. jejuni strains were 

subcultured no more than once to avoid the influence of passaging. 
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5.2.4 Storage of bacteria 

 

Long-term storage of C. jejuni and E. coli was at -80°C in Bacterial Stock Solution 

(skim milk (10 % w/v), tryptone (1 % w/v) and 10mM Tris-Cl, pH 7.5, sterilised by 

autoclaving). Short-term storage of E. coli was on LB agar plates at -4°C for up to 4 weeks.  

 

5.2.5 Plasmid vectors  

 

Table 5.2 Plasmid vectors used in this study.  

Plasmid Description Diagram Reference/Source 

pGEM T-Easy Cloning vector, Amp
R
, blue/white screening Appendix A Promega 

pGU0801 
cj1144-45 from C. jejuni NCTC 11168 cloned into 

pGEM T-Easy 
Appendix B This study 

pGU0509 
Km

R
 (promoted amph(3’)-III) cloned into pGEM-T Easy Appendix C Zoran Klipic, private 

communication 

pGU0806 pGU0801  cj1144-45::Km
R Appendix D This study 

pGU1001 cj1144-45 from C. jejuni 224 cloned into pGEM T-Easy Not shown This study 

pGU0202 
E. coli – Campylobacter shuttle vector Appendix E Alfredson and 

Korolik 2003 

pGU1002 cj1144-45 from C. jejuni 224 cloned into pGU0202 Appendix F This study 

pMW2 Transformation control plasmid, Km
R
 Not shown Zoran Klipic, private 

communication 

 

5.2.6 In silico analysis 

 

Campylobacter jejuni NCTC 11168 LOS biosynthesis cluster was analysed using 

genome visualisation tool Artemis v10 (Sanger Institute). The genome of C. jejuni NCTC 

11168 was acquired from the National Centre for Biotechnology Information (NCBI). The 

Campylobacter Database (Campy DB) BLAST tool was used to analyse gene homology. 

Gene open reading frames were analysed using ORF Finder tool (NCBI). The NCBI Protein 

BLAST tool was used to investigate amino acid homology. Polymerase chain reactions were 

simulated using PRC prediction tool Amplify 3X (wrengels@wisc.edu). Online NEB cutter 

software V2.0 was used to perform simulations of the restriction digests of the DNA 

fragments.  

mailto:wrengels@wisc.edu
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5.2.7 Molecular techniques 

 

5.2.7.1 Plasmid extraction and purification 

 

High copy plasmid DNA (pGEM T-Easy and its derivatives) was extracted using 

Eppendorf Perfectprep
®
 Plasmid mini kit, according to manufacturer’s instructions. Plasmid 

DNA was eluted in 50 L of autoclaved Mili
®
Q water. 

Low copy plasmid DNA (pGU0202) was prepared using the modified alkali lysis 

method described by Birnboim and Doly (Birnboim and Doly 1979). 5 mLs of LB broth with 

appropriate antibiotic was inoculated with E. coli and grown overnight at 37°C. 1.5 mL of the 

overnight culture was aliquoted into 1.5 mL Eppendorf tube and the cells pelleted by 

centrifugation for 2 min at max speed.  Supernatant was removed and the pellet chilled on ice 

for 1 min. The bacterial pellet was then resuspended in 100 L of ice cold Solution I (50 mM 

Glucose, 10 mM EDTA and 25 mM Tris-HCl pH 8.0) to which was added 200 L of Solution 

II (0.2 N NaOH, 1 % SDS) and mixed vigorously. Solution III (150 L 3 M KOAc, 11.5 % 

v/v glacial acetic acid) was then added, mixed by inversion and incubated on ice for 5 min. 

The precipitate was pelleted by centrifugation at maximum speed for 5 min and the 

supernatant transferred into a fresh Eppendorf tube. The DNA was precipitated by adding 

equal volume of isopropanol and incubating at room temperature for 5 min. DNA was 

pelleted by centrifugation at max speed for 10 min. The pellet was resuspended in 30 L of 

autoclaved Mili
®
Q water. 



 109 

5.2.7.2 Restriction endonuclease digestion of DNA 

 

This study utilised restriction endonucleases purchased from New England Biolabs. 

The reactions were performed as per the manufacturer’s instructions in 50 L volumes and 

incubated at 37°C for up to 1 hour unless otherwise specified.  

 

5.2.7.3 Standard precipitation of DNA with ethanol 

 

Concentration of DNA in a sample was performed using standard ethanol precipitation 

method as described in Sambrook (Sambrook and D. W. Russel 2001). 

 

5.2.7.4 DNA quantification 

 

DNA concentration was determined by spectrophotometry (A260/280) as described in 

Sambrook (Sambrook and D. W. Russel 2001).  

 

5.2.7.5 Agarose gel electrophoresis 

 

Agarose gel electrophoresis was used to identify DNA quantity, quality and relative 

size in samples generated by polymerase chain reaction, restriction digestion, plasmid 

purification or DNA precipitation. DNA was separated on pre-stained 1 % molecular grade 

agarose gels made up in 1 x TAE buffer (40 mM Tris-acetate, 2 mM Na2EDTA·2H2O). 

Resolved DNA was visualised on a UVP white/ultraviolet transilluminator and analysed using 

Quantity One 1D software (BioRad).  
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5.2.7.6 Purification of DNA fragments from agarose gels 

 

Amplified DNA fragments were excised from Agarose gels and cleaned up using 

Eppendorf Perfectprep
®
 Gel clean up kit, according to the manufacturer’s instructions. DNA 

was eluted in 30 L of autoclaved Mili
®
Q water. 

 

5.2.7.7 Dideoxynucleotide sequencing 

 

The sequences of the desired DNA fragments were verified by commercial sequencing 

(AGRF, Brisbane). Sequencing reactions were set up in 12 L volumes containing 9.6 pmol 

of an appropriate primer, ~20 ng of DNA for 400-600bp fragments and ~1 g of double 

stranded plasmid DNA made up in autoclaved Mili
®
Q water. Sequencing data files were 

analysed using 4Peaks (v 1.7) software.  

 

5.2.8 Polymerase Chain Reaction  

 

5.2.8.1 Primer design 

 

Oligonucleotide PCR primers were designed based on the published C. jejuni NCTC 

11168 genome sequence using the online software NetPrimer. Primers were commercially 

synthesised by Invitrogen Australia. Lyophilised oligos were resuspended in autoclaved 

Mili
®
Q water (100 pmol/ L) and stored at -20°C. The primers used in this study are listed in 

Table 5.3.  
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Table 5.3 Primers used in the amplification reactions. 

 

 

 

 

 

 

*Also G-tract forward primer 

 

5.2.8.2 Crude DNA preparation 

 

A single bacterial colony was resuspended in 100 μL of autoclaved Mili
®
Q water and 

lysed by heating at 99°C for 5 min. Cell debris was removed by centrifugation at maximum 

speed for 10 min. Supernatant containing soluble DNA was stored at -20°C. 

 

5.2.8.3 Standard PCR conditions 

 

This study used Phusion
®
 High-Fidelity (Finnzymes), PfuTurbo

®
 (Stratagene) and Taq 

DNA Polymerases (New England Biolabs). All reactions were carried out according to the 

manufacturer’s instructions. Table 5.4 shows the annealing temperatures and elongation times 

used in the amplification of the desired DNA fragments. 

Table 5.4 PCR conditions. 

 
Reaction Polymerase Tm Elongation 

cj1144-45 (from C. jejuni 11168) Taq 47°C 60 sec 

cj1144-45 (from C. jejuni 224) Taq 47°C 60 sec 

cj1144-45 G-tract fragment Taq 48°C 30 sec 

Km
R
 cassette Phusion

®
 51°C 30 sec 

Km
R
 - cj1144-45 fragment Phusion

®
 51°C 51 sec 

cj1144-45 inverse PCR (10A/9G-tract) PfuTurbo
®
 60°C 3.8 min 

 

 

 

Primer Name 5’-3’ Oligonucleotide Sequence 

cj1144-45 Forward* GGGTTGATGAAGCAAGAAATTAG 

cj1144-45 Reverse GTTTGGATATAGATACAACAGAGG 

G-tract Reverse GCTAAAAACCAAGGTCCTATAACACC 

cj1144-45 repair For CAATTTACTTTATCTTAAAAAAAAAGGGGGGGTATGGGTAGACCTTGATATG 

cj1144-45 repair Rev CAAGATCTACCCATACCCCCCCTTTTTTTTTAAGATAAAGTAAATTG 

KMR cassette Forward GAAGATCTCTTGTTTTCTCGTATTTAAG 

KMR cassette Reverse GAAGATCTGCTCCGAATTAACCCT 
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5.2.8.4 Preparation of RNA and cDNA 

 

C. jejuni NCTC 11168 RNA was extracted using Qiagen RNeasy Mini kit. Prepared 

RNA was stored at -80ºC. cDNA was prepared by amplification with reverse transcriptase 

(Promega) from RNA prepared earlier using a C. jejuni random primer mix.  

 

5.2.9 Cloning of DNA fragments into plasmid vector pGEM T-Easy 

 

DNA fragments were ligated into pGEM T-Easy plasmid vector (Appendix A) 

according to the manufacturer’s instructions (Promega). A plasmid to insert ratio of 1:3 was 

used. Ligation reactions were transformed into competent E. coli DH5  cells and plated out 

on media containing X-gal/IPTG and ampicillin.  

 

5.2.9.1 Dephosphorylation of plasmid DNA 

 

The 5’ phosphates were removed from the linearised plasmid DNA to prevent it from 

re-ligating using Shrimp Alkaline Phosphatase (Promega). Reactions were performed as per 

manufacturer’s instructions.  

 

5.2.9.2 Ligation of DNA into plasmid vector 

 

Ligation reactions were performed similarly to cloning into pGEM T-Easy. Vector to 

insert ratios were optimised (1:3 to 1:10). Reactions were incubated at 4 C overnight to 

increase the number of transformants.  
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5.2.9.3 Transformation of DNA into E. coli 

 

Chemi-competent E. coli DH5  cells were prepared according to the method 

described by Cohen et al. (Cohen et al. 1972). Prepared cells (50 L) were thawed on ice and 

had added to them 1 L of ligation reaction. Cells were then incubated on ice for 20 min prior 

to being heat-shocked for 45 sec at 42 C and then returned on ice for 2 min. Transformation 

mix was plated out on LB media containing X-gal/IPTG.  

Electro-competent E. coli DH5  were prepared as described by Dower et at. (Dower 

et al. 1988). Prepared cells (50 L) were thawed on ice and had 1-5 L of ligation reaction 

added. Transformation mix was transferred into a chilled electroporation cuvette (1 mm) and 

was then incubated on ice for 10 min. Cells were electroporated using the Ec1 setting (1.8 kV, 

5 ms) on BioRad MicroPulser
™

. Following electroporation, cells were transferred into a 10 

mL tube containing 950 L of LB media and incubated at 37 C for 1 hour with gentle 

agitation. Following the incubation the cells were plated out on to LB media containing X-

gal/IPTG.  

 

5.2.9.4 Transformation of DNA into C. jejuni 

 

Naturally competent C. jejuni 11168-GS and 224 were prepared by growing the 

bacteria for 20 hours at 37 C and then sub culturing for a further 18 hours on 4 fresh agar 

plates. Bacteria were then collected into 1 mL of Brucella broth and washed 2-3 times by 

pelleting the cell mass and resuspending it in fresh Brucella broth. The concentration of 

bacteria was adjusted to 3x10
9
 cfu/mL in 0.5 mL of Brucella broth and the prepared 

competent cells were transferred into 2 mL Eppendorf tube half filled with 2 % Brucella agar 

and inoculated with 1-2 g of plasmid DNA. The suspension was then incubated at 37 C for 5 
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hours under microaerophilic conditions. Following the incubation, bacteria were plated on 

selective media containing the appropriate antibiotic. Plates were incubated at 37 C for 48-72 

hours under microaerophilic conditions.  

Electro-competent C. jejuni 11168-GS and 224 were prepared by growing the bacteria 

for 20 hours at 37 C and then sub culturing for a further 18 hours on 4 fresh agar plates. 

Plates were cooled at 4 C for 15 min. The bacteria were collected into 1 mL of ice cold Wash 

Buffer (15 % (v/v) glycerol, 224 mM glucose made up in autoclaved Mili
®
Q water) and 

washed 3-4 times in fresh Wash Buffer. The concentration of bacteria was adjusted to 1x10
11

 

cfu/mL in Wash Buffer. The prepared electro-competent cells were then stored in 50 L 

aliquots at -80 C for up to 1 month. Prepared electro-competent cells were inoculated with 3-

4 g of plasmid DNA and then transferred into a chilled electroporation cuvette (1 mm). The 

cuvette was then incubated on ice for 10 min and electroporated at 2.4 kV for 3 ms on BioRad 

MicroPulser
™

. Following electroporation, the cells were transferred into a 1 mL Eppendorf 

tube containing 950 L of Brucella broth and incubated at 37 C for 5 hours under 

microaerophilic conditions. Following the incubation the cells were plated out on selective 

media containing the appropriate antibiotic. Plates were incubated at 37 C for 48-72 hours 

under microaerophilic conditions.  
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5.3 Results 

 

5.3.1 In silico analysis of cj1144-45 from C. jejuni 11168 

Analysis of the C. jejuni 11168-GS cj1144-45 gene sequence from the complete 

genome has shown that it is not functional due to interruption of the reading frame by 10A/7-

8G tracts (95
th

 and 98
th

 amino acid respectively) found in the middle of the gene sequence 

(Appendix H). Open reading frame analysis revealed that translation of cj1144-45 is achieved 

only with 10A/9G or 9A/10G homopolymeric tracts.  

Comparative bioinformatics analysis of C. jejuni 11168-GS cj1144-45 has identified 

several homologs of the gene in other C. jejuni strains, each displaying a high level of 

variability in the homopolymeric tract regions. As described in Chapter 4, four (224, 331, 

421, 520) out of six randomly selected C. jejuni isolates from the Griffith University culture 

collection were found to have cj1144-45. The lengths of the A and G-tracts were shown to 

vary from 6 to 11 residues (Chapter 4). Interestingly, PCR analysis of the 15 clinical isolates 

of C. jejuni acquired from the Gold Coast Hospital during the summer period of 2010 had 

shown that none of them had cj1144-45 (data not shown). 

 

5.3.2 Transcriptional analysis of cj1144-45c and waaV 

The cj1144-45 gene sequence overlaps with the upstream gene waaV, which usually is 

indicative of co-transcription (Figure 5.1A). To test this, amplification of cj1144-45, waaV 

and waaV-cj1144-45 fragments from the cDNA was attempted. Firstly cDNA was prepared 

from purified C. jejuni 11168-GS RNA as described in the Materials and Methods section. 

Secondly, the cj1144-45, waaV and waaV-cj1144-45 fragments were amplified from the 

prepared cDNA using 3 primer sets (1: cj1144-45 forward and reverse primers, 2: waaV 

forward and reverse primers, 3: cj1144-45 forward and waaV reverse primers). A positive 
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control reaction was also performed to amplify a known C. jejuni chemotaxis gene (tlp10) 

from the same sample of cDNA. It was found that cj1144-45 and waaV are transcribed 

independently of each other as only single gene mRNA equivalent fragments could be 

amplified (Figure 5.1B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 A) Graphical representation of the gene orientation in C. jejuni 11168-GS. B) 

Agarose gel electrophoresis of waaV (lane 2), cj1144-45 (lane 3), waaV-cj1144-45 (lane 4) 

and tlp10 (lane 5) fragments from cDNA. Lane 1, 1kb DNA ladder (NEB). 

 

 

 

5.3.3 Analysis of the cj1144-45 gene sequence from C. jejuni 11168-O and C. jejuni 

11168-GS 

In order to confirm the on/off status of the cj1144-45 and the exact number of 

nucleotides in the poly A & G tracts in the original isolate 11168-O to compare these to the 

genome sequenced C. jejuni 11168-GS from our stock, the gene fragments containing the 

homopolymeric tracts were amplified and sequenced.  It was found that the cj1144-45 poly A-

tract and poly G-tract from C. jejuni 11168-O contained 9 residues respectively, rendering the 
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828bp 
906bp 
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gene sequence out of frame (Figure 5.2A). On the other hand, the poly A & G tracts from C. 

jejuni 11168-GS were found to be 9 and 8 residues respectively (Figure 5.2B). Although 

cj1144-45 is also nonfunctional in C. jejuni 11168-GS, the difference in the length of the G-

tract suggests that laboratory passaging has had an effect on the length of the poly G-tract and 

that this region is hypervariable as previously indicated by Parkhill et al., (Parkhill et al. 

2000). Figure 5.2B demonstrates the existence of heterogeneity in poly G-tract sequence 

where the terminal adenine residue (highlighted) peak is doubled with another guanine 

residue.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Sequence of cj1144-45 homopolymeric tracts from original (A) and genome 

sequenced (B) isolates of C. jejuni 11168.  

 

 

5.3.4 Construction of cj1144-45 mutant in C. jejuni NCTC 11168-GS 

Due to the highly variable expression nature of cj1144-45, a negative control was 

required. It was necessary to create a baseline LOS profile for cj1144-45, as some colonies in 

the population were likely to express the gene due to its phase variable nature. The C. jejuni 

11168-GS cj1144-45 coding sequence was amplified and cloned into the plasmid vector 

A 

B 
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pGEM T-Easy (Figure 5.3A). The recombinant plasmid was transformed into E. coli DH5  

using electroporation. Three clones were cultured to extract plasmid DNA. Restriction digest 

of clone DNA with NotI has identified that clones 1 and 3 carry the cj1144-45 (Fig 5.3B). The 

recombinant plasmid, labelled pGU0801 (Appendix B) was confirmed to carry cj1144-45 by 

sequencing.  

Restriction digest analysis of the cj1144-45 sequence, conducted earlier in the study 

has identified a BglII restriction site flanking the poly G-tract that would allow insertion of 

the kanamycin resistance cassette, amph(3’)-III (Appendix G). Subsequently pGU0801 

(cj1144-45 from C. jejuni 11168-GS cloned into pGEM T-Easy) was restricted with BglII and 

dephosphorylated to prevent plasmid re-ligation. The kanamycin resistance cassette 

(amph(3’)-III) was prepared by excision from pGU0509 (Appendix C) plasmid using BglII 

endonuclease (private communication Klipic, 2010). 

 

 

 

 

 

 

 

 

Figure 5.3 Agarose gel electrophoresis of A) amplification of cj1144-45 from C. jejuni 

11168-GS genome, B) restriction digest of cj1144-45 clones into pGEM T-Easy (3kb) with 

NotI (clones in lanes 2 and 4 carry the 912bp fragment). Lanes a2 & b1, 1kb DNA ladder. 

 

The cassette was ligated into pGU0801 and transformed into E. coli DH5  using 

electroporation. Transformation reactions were plated on media containing ampicillin and 

kanamycin to select for the clones carrying the recombinant plasmid. Positive clones were 

identified by restriction digest of the purified plasmid DNA with BglII (Figure 5.4). The 

integrity of the new recombinant plasmid was confirmed by sequencing. The new construct 
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was labelled pGU0806 (Appendix D) and later transformed into C. jejuni 11168-GS using 

electroporation.  

 

 

 

 

 

 

 

 

Figure 5.4 Agarose gel electrophoresis of pGU0806 putative clones. Clone’s plasmid DNA 

(lanes 2 & 3) was restricted with BglII endonuclease to liberate the kanamycin resistance 

cassette (1.1kb), leaving plasmid backbone with cj1144-45 (4kb).  

 

To confirm that the transformation of pGU0806 into C. jejuni was successful, the 

1.5kb fragment containing kanamycin cassette and the cj1144-45 was amplified from the 

transformants using kanamycin forward & cj1144-45 G-tract reverse primers (Figure 5.5). 

The result of the PCR reaction confirmed that the pGU0806 was successfully transformed 

into the bacteria.  

 

 

 

 

 

 

 

 

Figure 5.5 Agarose gel electrophoresis of putative C. jejuni 11168-GS pGU0806 

transformants. Positive transformants successfully amplified KM
R
 – cj1144-45 fragment 

(1.5kb). Lane 1, 1kb DNA ladder, lanes 2-5 positive clones of pGU0806, lane 6 positive 

control (amplification from pGU0806), lane 7 negative control. 
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The cj1144-45 knockout mutant LOS profile was compared to that of the wild type C. 

jejuni 11168-GS and C. jejuni 11168-O by resolving the crude LOS extracts on Tricine SDS-

PAGE gel. The resolved LOS was detected via carbohydrate specific silver stain. It was found 

that both wild type LOS and the cj1144-45 knockout LOS did not differ in size or the pattern 

produced following resolution on polyacrylamide gel (Figure 5.6). This confirmed that 

cj1144-45 is in fact nonfunctional in both C. jejuni 11168-GS and C. jejuni 11168-O (only C. 

jejuni 11168-GS data shown). 

 

 

 

 

Figure 5.6 Silver stained Tricine SDS-PAGE of C. jejuni 11168-GS wild type LOS and 

cj1144-45 knock out at 37 and 42ºC.  

 

5.3.5 Analysis of the cj1144-45 gene sequence from C. jejuni 224 

Analysis of homopolymeric tracts from various C. jejuni isolates described in Chapter 

4 has identified one strain, which produces a functional cj1144-45. C. jejuni strain 224 was 

found to have a 10 residue poly A-tract and a 9 residue poly G-tract in cj1144-45 (Figure 5.7). 

In order to confirm that this gene sequence can be translated completely the full gene 

fragment was amplified and sequenced. The analysis of the open reading frame has shown 

that C. jejuni 224 is capable of producing a functional cj1144-45. Sequence alignment was 

performed on cj1144-45 from C. jejuni 11168-GS and 224. The cj1144-45 from C. jejuni 224 

shares a 98 % homology with its counterpart in C. jejuni 11168-GS. The sequence alignment 

also demonstrated that variation in the lengths of the homopolymeric tracts is responsible for 

the ON/OFF status of the gene. Furthermore, C. jejuni 224 was also found to have a class R 

LOS biosynthesis cluster (Chapter 4).  
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Figure 5.7 Sequence of cj1144-45 homopolymeric tracts from C. jejuni 224. 

  

5.3.6 Comparative analysis of C. jejuni 11168 and C. jejuni 224 LOS 

As described in Chapter 4, the LOS biosynthesis clusters as well as LOS structures 

have been identified for 6 isolates including those of C. jejuni 224. It was demonstrated that 

C. jejuni 224 and paradigm C. jejuni strain 11168-O have different LOS biosynthesis cluster 

types (R and C respectively), but produce LOS of identical molecular weight and binding 

specificities to CTB and PNA lectins (Chapter 4, Figure 4.2). The terminal end structure of 

both LOSs were identified using the lectin array method which showed that both LOS 

structures are identical and have a GM1a-like ganglioside mimicry (Chapter 4, Table 4.3). The 

structural analysis of both C. jejuni 11168-O and 224 LOS did not reveal a possible function 

for cj1144-45 as no apparent structural differences in the LOS were observed.  

 

5.3.7 Cloning of cj1144-45 from C. jejuni 224 into C. jejuni 11168-GS 

It was speculated that a structural alteration of LOS could be induced by transforming 

a shuttle vector containing a functional cj1144-45 gene from C. jejuni 224 in the C. jejuni 

11168-GS. The modification of LOS could be detected with lectin based methodologies 

described in Chapters 3 and 4, thus leading to functional elucidation of cj1144-45. C. jejuni 

224 cj1144-45 full gene sequence was amplified and cloned into the plasmid vector pGEM T-

Easy as it was with cj1144-45 from C. jejuni 11168-GS. The ligation reaction was 
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transformed into E. coli DH5  using electroporation. The recombinant plasmid, labelled 

pGU1001 was confirmed to carry cj1144-45 by restriction cleavage of the purified plasmid 

DNA with NotI as well as sequencing. The cj1144-45 gene sequence was then subcloned into 

the Campylobacter shuttle vector pGU0202 (Appendix E) using EcoRI and BamHI restriction 

sites. The new construct was labelled pGU1002 (Appendix F). Multiple attempts have been 

made to transform pGU1002 into C. jejuni 11168-GS using natural transformation and 

electroporation methods with varying DNA concentrations. However, only false positive and 

satellite colonies were recovered. 

Interestingly, one transformation attempt generated 5 colonies following 

electroporation of high concentration of pGU1002 in C. jejuni 11168-GS. However, PCR 

analysis of the genomic DNA from five clones with a primer set aimed to amplify the 

kanamycin-cj1144-45 fragment (2kb) has shown that the kanamycin resistance cassette 

(1.1kb) from pGU1002 was recombined into the genome of C. jejuni 11168-GS (Figure 5.8). 

Furthermore, the recombinant pGU1002 could no longer be purified from the mutant strain, 

which suggested that the recombinant plasmid was lost.  

Following multiple attempts of optimisation, functional cj1144-45 from C. jejuni 224 

could not be introduced into C. jejuni 11168-GS. 

 

 

 

 

 

 

Figure 5.8 Agarose gel electrophoresis of PCR meant to amplify the KM
R
-cj1144-45 

fragment (2kb) from putative pGU1002[C. jejuni 11168] clones. However, KM
R
 fragment 

(1.1kb) alone was amplified in all clones (Lanes 4-8). Lane 2, positive control. Lane 3, 

negative control. 
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5.3.8 Inactivation of cj1144-45 in C. jejuni 224 by introduction of antibiotic resistance 

cassette 

An alternative approach at elucidating the function of cj1144-45 was to inactivate the 

gene in C. jejuni 224, where the gene was found to be functional. Recombinant plasmid 

pGU0806 already contained inactivated cj1144-45 from C. jejuni 11168-GS. Preceding gene 

sequencing studies have also confirmed that cj1144-45 from C. jejuni 11168-GS shares 98 % 

homology with that of C. jejuni 224. A previously made construct pGU0806 (pGU0801  

cj1144-45::Km
R
) was used to transform directly into C. jejuni 224. Both electroporation and 

natural transformation approaches were employed for transformation of the recombinant 

plasmid pGU0806 into C. jejuni 224. Following multiple attempts at transforming no clones 

could be recovered.   

Previous studies have shown that the presence of extracellular nucleases can hinder 

the uptake of the exogenous DNA by the bacteria. C. jejuni 224, being an uncharacterised 

strain with unknown extracellular nuclease activity level was consequently tested for nuclease 

activity. To test this, the transformation reaction mix was centrifuged to separate the bacterial 

pellet from the supernatant and the fractions were then tested for the presence of the 

recombinant plasmid using PCR. If plasmid DNA can be amplified from the supernatant 

fraction, this would suggest that the DNA is not being degraded by nucleases. If plasmid 

DNA can be amplified from the bacterial pellet fraction then it would indicate that the 

plasmid was successfully transformed into the bacteria.  Both supernatant and bacterial pellet 

fractions were tested for the recombinant pGU0806 by PCR. PCR failed to amplify the KM
R
-

cj1144-45 fragment (1.5kb) from both the pellet and the supernatant fractions suggesting that 

the plasmid was lost during the transformation into C. jejuni 224, which may result from the 

action of extracellular nucleases. 
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Alternately, it was attempted to re-make the knockout construct with the cj1144-45 

from C. jejuni 224. The cj1144-45 gene was cloned into the plasmid vector pGEM T-Easy 

and transformed into E. coli DH5  using electroporation as described above. The 

recombinant plasmid, labelled pGU1001 was restriction digested with BglII endonuclease to 

allow ligation of the kanamycin cassette excised from pGU0509 using the same enzyme. The 

ligation reactions were transformed into E. coli DH5  using both natural transformation and 

electroporation techniques. However, this approach did not yield any positive clones despite 

many optimisation attempts. Multiple attempts at optimisation failed to inactivate the cj1144-

45 in C. jejuni 224. 
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5.4 Discussion 

 

This chapter describes the unsuccessful attempts at characterising a putative 

glycosyltransferase cj1144-45 from C. jejuni paradigm strain NCTC 11168. Homologues of 

cj1144-45 are found in C. jejuni strains with LOS biosynthesis cluster types C, D, F, G, L, Q, 

and R (Chapter 4). Among these LOS biosynthesis loci only the LOS from strains with 

classes C and F have been characterised and produce a GM1-like structure and human P 

antigen-like structures, respectively (St Michael et al. 2002; Houliston et al. 2011). Amino 

acid sequence comparison shows that cj1144-45 from class C (C. jejuni 11168) locus shares 

77 % homology (60 % identity) with its homolog from class F (C. jejuni RM1221). Amino 

acid sequence comparison studies also showed that cj1144-45 from C. jejuni 11168 displays 

up to 49 % homology to various glycosyltransferases from M. catarhallis, A. baumannii and 

Burkholderia sp. Amino acid studies have identified that C. jejuni 11168 cj1144-45 contains a 

highly conserved DXD motif, which is commonly found in sugar-nucleoside diphosphate and 

manganese dependent glycosyltransferases (Appendix H). For example, amino acid homology 

studies have shown that cj1144-45 from C. jejuni 11168 shares 45% homology with 1,4 

glycosyltransferase from Arabidopsis thaliana a well-known flowering plant commonly used 

as a model for studying the biology and genetics of plants. The cj1144-45 gene homologue 

was also identified in the genomes of C. jejuni strains with LOS classes B (C. jejuni 81-176) 

and E (C. jejuni 81116), where it’s not usually present (unpublished data). This raises many 

questions about the origin of cj1144-45 and possibility that it was integrated into 

Campylobacter genome via lateral gene transfer.  

Analysis of the C. jejuni 11168-GS and C. jejuni 11168-O cj1144-45 gene sequences 

has shown that the gene is not functional due to interruption of the reading frame by two 

adjacent adenine and guanine homopolymeric tracts found in the middle of the gene sequence 
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(Appendix H). This was also confirmed for C. jejuni strains RM1221, 81116 and 81176. Open 

reading frame analysis revealed that translation of cj1144-45 is achieved only with 10A/9G or 

9A/10G homopolymeric tracts. C. jejuni strain 224, from the Griffith University culture 

collection was found to have 9A/10G homopolymeric tracts. Analysis of the open reading 

frame has confirmed that C. jejuni 224 produces an uninterrupted gene sequence of cj1144-

45.  These findings have prompted the attempt to characterise the function of the cj1144-45 

via mutational analysis. Two strategies were employed; introduction of a functional cj1144-45 

gene isolated from C. jejuni 224 into C. jejuni 11168 where it is inactive and insertional 

inactivation of cj1144-45 in C. jejuni 224. 

Initially the “knock-in” approach was implemented to investigate the function of 

cj1144-45. The cj1144-45 from C. jejuni 224 and C. jejuni 11168-GS share 98 % homology 

and so it was assumed that by introducing a shuttle vector carrying the functional cj1144-45 

gene into the C. jejuni 11168-GS would restore its function. The construct (pGU1002) was 

made by cloning the cj1144-45 from C. jejuni 224 into the Campylobacter shuttle vector 

(pGU0202) in-frame of the kanamycin resistance cassette. Multiple attempts were made at 

transforming the pGU1002 into C. jejuni 11168-GS, none of which have yielded any positive 

clones. Optimisation of the DNA concentration in the transformation mix was performed to 

improve the transformation efficiency. Increasing the concentration of the DNA to 5 g has 

resulted in successful transformation, yielding 5 colonies. However, upon analysis of the 

clones DNA it was found that each clone had recombined the kanamycin resistance gene from 

the shuttle vector, with loss of the remaining construct containing the cj1144-45. It was 

assumed that the presence of functional cj1144-45 in C. jejuni 11168-GS is unfavourable to 

the organism. It can be speculated that having additional glycosyltransferase can interfere or 

cause extra glycosylation of various molecules that are otherwise unfavourable to the 
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organism. This also raises possibility that cj1144-45 has an alternate function that is 

unfavourable to the bacteria in vitro.   

An alternative approach to elucidating the function of cj1144-45 was to inactivate it in 

C. jejuni 224 where it was found to be functional. A previously made construct (pGU0806) 

was used to inactivate the cj1144-45 in C. jejuni 224. It contained a kanamycin resistance 

cassette introduced into the cj1144-45 native BglII endonuclease restriction site, hence 

interrupting the reading frame of cj1144-45 rendering it inactive. Multiple attempts were 

made at transforming the pGU0806 into C. jejuni 224 using both natural transformation and 

electroporation approaches but no colonies were recovered. The transformation efficiency of 

C. jejuni 224 was checked with an empty plasmid carrying kanamycin resistance cassette 

(pMW2). It was found that C. jejuni 224 is a poor transformer of exogenous DNA as no 

colonies were recovered following the transformation of pMW2. It was suggested in literature 

that increased levels of extracellular nucleases could hinder the uptake of the exogenous DNA 

by the bacteria (Dodd and Pemberton 1999; Blokesch and Schoolnik 2008). C. jejuni 224 was 

then tested for extracellular nuclease activity by separating the transformation reaction 

mixture into pellet and supernatant and having both fractions analysed for the plasmid DNA 

via PCR. No DNA fragments could be amplified from either supernatant or the pellet 

fractions suggesting that none of the pGU0806 was transformed into the bacteria as it was 

probably digested by the nucleases. In order to address this problem the concentration of the 

DNA in the transformation mix was increased to 6 g, a maximum concentration possible in a 

100 L transformation reaction. However, none of the attempts at transforming pGU0806 into 

C. jejuni 224 have recovered any colonies. 

To our disappointment during this study a journal article describing the 

characterisation of cj1144-45 homologue (cgtD) from a different strain of C. jejuni (LIO87) 

was published (Houliston et al. 2009). The cgtD from C. jejuni LIO87 shares 67 % amino 
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acid homology with the cj1144-45 from C. jejuni NCTC 11168. The cgtD was shown to be 

involved in addition of terminal galactose residue with α1,4 linkage. Similarly to C. jejuni 

11168, the LIO87 homologue of cj1144-45 is switched off due to interruption of the reading 

frame by the homopolymeric G-tract. The authors have restored the function of cgtD by 

introducing silent mutations to the gene sequence using PCR and amplifying two fragments 

on either sides of the G-tract and later joining them with an introduced restriction site. The 

approach implemented by the authors is very different to one described in this chapter and 

appeared to be more successful in restoring the function of the gene. 

 

 

 

 

 



 129 

5.5 Conclusion 

 

This chapter describes our attempts at elucidating the function of galactosyltransferase 

cj1144-45 from C. jejuni 11168, which is conserved in C. jejuni with LOS biosynthesis 

cluster types C, D, F, G, L, Q, and R. However, during this study it was found that a 

homologue of cj1144-45 from C. jejuni LIO87 has been characterised. This study utilised two 

approaches different to one described by Houliston et al., (2009) to identify the function of 

cj1144-45.  

Initially it was attempted to restore the function of cj1144-45 in C. jejuni 11168-GS 

where the gene is nonfunctional due to interruption of the reading frame by the adjacent 

homopolymeric A/G tracts. Functional cj1144-45 from C. jejuni 224 was cloned into a 

Campylobacter shuttle vector, however all attempts at transforming the plasmid construct 

have failed to grow colonies. It was speculated that having a functional cj1144-45 in C. jejuni 

224 is unfavourable as the only recovered colonies were those that recombined the antibiotic 

resistance gene from the shuttle vector. A second approach involved the insertional 

inactivation of the cj1144-45 in C. jejuni 224 where it was shown to have a functional reading 

frame due to 10A/9G tracts. Similar to the first attempt, the plasmid construct carrying the 

“knocked-out” cj1144-45 failed to transform into C. jejuni 224. Later investigations have 

shown that C. jejuni 224 is likely to produce a high number of extracellular nucleases that 

hinder the uptake of exogenous DNA. All in all, no mutant could be created to elucidate the 

function of putative glycosyltransferase cj1144-45. 
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Campylobacter jejuni is the main bacterial cause of food-borne enteritis, and its 

lipooligosaccharide (LOS) plays an initiating role in the development of the autoimmune 

neuropathies, Guillain-Barré and Fischer syndromes, by induction of cross-reactive antibodies 

through molecular mimicry of host’s gangliosides (Yuki et al. 1990; Moran et al. 1996; 

Moran et al. 2005; Humphrey et al. 2007; Yuki 2010). C. jejuni is known to produce LOS 

mimicking mammalian ganglioside structures (GM1, GM1b, GD1a, GalNAc-GD1a GQ1b and 

GT1a) as well as some human blood group antigens (sialyl Lewis C and P1) (Yuki 2010; 

Houliston et al. 2011). This molecular mimicry allows the bacteria to avoid the host’s immune 

system as well as promotes colonisation (Yuki 2010). C. jejuni’s ability to produce a variety 

of LOS structures with partial or complete mimicry of the host’s antigens, is commonly 

thought to be determined by the LOS biosynthesis locus that each strain encodes (Gilbert et 

al. 2002). The composition of the C. jejuni LOS biosynthesis cluster is diverse, with 20 

cluster types known to date. C. jejuni with LOS biosynthesis cluster types A, B and C have 

been directly implicated in the development of GBS and FS (Gilbert et al. 2000). 

Furthermore, C. jejuni with LOS cluster types A, B, C, D, M and R have the required 

enzymes to decorate their LOS with sialic acid. This has been shown to increase the binding 

of the bacteria to the host’s gastric epithelial cells and promotes the production of cross-

reactive antibodies through binding of the LOS to sialoadhesin which activates dendritic cells 

(Perera et al. 2007; Louwen et al. 2008; Habib et al. 2009; Mortensen et al. 2009; Kuijf et al. 

2010). The basis for the production of different LOS structures by C. jejuni is commonly 

attributed to a wide-range of LOS cluster types as well as the presence of phase variable genes 

within these clusters.   

This study aimed to investigate the basis for the production of different LOS structures 

by C. jejuni and to determine the role of environmental factors, such as growth temperature, 

in LOS biosynthesis. Initial studies involved analysis of C. jejuni LOS phenotypes from 
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strains grown in conditions mimicking the core temperature of the two major hosts, humans 

and chickens. The genetic bases for differential production of C. jejuni LOS were 

subsequently investigated. 

Ambient temperature plays an important role in the regulation of cell metabolism, 

principally as it affects the functioning of many biological systems (Somero 1995, 2004). 

Although environmental factors, such as growth temperature, have been previously examined 

to determine their role in metabolism of C. jejuni, these studies did not fully investigate the 

effects temperature may have on the production of surface antigens, except for the 

identification of several differentially regulated genes such as galE and wlaE (Stintzi 2003). 

Initial experiments, described in Chapter 1, have clearly demonstrated that growth 

temperature affects the production of LOS in C. jejuni (Semchenko et al. 2010). It was shown 

that several human and chicken isolates of C. jejuni, as well as a paradigm strain NCTC 

11168, produced more than one LOS structure. This only became apparent following the 

comparative analysis of the LOS phenotypes of bacteria grown at 37 and 42°C. Tricine 

sodium dodecyl sulphate-polyacrylamide electrophoresis followed by carbohydrate-specific 

silver staining, blotting with anti-ganglioside ligands and subsequent confirmation by nuclear 

magnetic resonance spectroscopy showed that two major LOS structures had GM1 and asialo 

GM1-like mimicries. These structures were termed higher-Mr (GM1) and lower-Mr (asialo 

GM1) forms respectively. The lower-Mr form production was found to be dependent on the 

growth temperature as its production increased from ~5 %, observed at 37°C to ~35 % at 

42°C (Semchenko et al. 2010). The increased of production of lower-Mr (asialo GM1a) at 

42°C suggested its possible significance in avian host colonisation. The increase in the 

production of the higher-Mr LOS (GM1) at 37°C indicated an increase in the LOS structure 

that is implicated in GBS development, which is consistent with the current literature (Yuki 

2010; Fujikawa et al. 2011).  
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To circumvent the limitations of existing methodologies for analysing the LOS 

phenotypes, a method, applicable to many organisms, has been developed and validated using 

a discrete lectin/antibody array for identification of the molecular mimicry of C. jejuni LOS 

(Semchenko et al. 2011). This technique may be utilised for early diagnosis of C. jejuni 

induced neuropathies. The lectin array technique allowed rapid and accurate analysis of 

multiple LOS samples, which subsequently was implemented to examine LOS phenotypes 

from several C. jejuni strains. C. jejuni strains 11168-O, 81-176, 224, 331, 351 and 375 were 

shown to produce LOS mimicking GM1, GM2, asialo GM1 and asialo GM2-like gangliosides 

(Semchenko et al. 2011). This approach also allowed identification of multiple LOS structures 

with GM1, GM2, asialo GM1 and asialo GM2-like mimicries produced by C. jejuni 520. 

Heterogeneous LOS structures were produced by the bacterium grown at 37°C. Previously 

these growth conditions were demonstrated to reduce number of LOS variants produced 

(Semchenko et al. 2010). These different LOS forms may play a role in the bacterium’s 

survival though the improved immune evasion that multiple LOS structures can provide. 

Though a complete structural analysis of C. jejuni 520 LOS variants is required, the described 

lectin array method was shown to be a highly sensitive and rapid technique for the 

identification of LOS terminal glycans. 

The terminal LOS epitopes, produced by C. jejuni strains that were characterised in 

this study were then correlated to their LOS gene cluster types. Some strains of C. jejuni with 

identical LOS biosynthesis cluster types were demonstrated to be able to produce different 

terminal LOS structures (Gilbert et al. 2002). For example, Chapter 4 describes C. jejuni 

strains 11168, 331, 421 and 520 all with a confirmed LOS biosynthesis cluster type C that 

were able to produce the LOS structures with GM1, asialo GM1, asialo GM2, and GM1, GM2, 

asialo GM1 and asialo GM2 like mimicries respectively. In addition, this study describes the 

identification of novel LOS cluster types that encode for biosynthesis machinery, which was 
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shown to produce LOS with asialo GM2-like mimicries. Furthermore, it was shown that a C. 

jejuni strain 224 (cluster R) produced an LOS structure with GM1-like molecular mimicry, a 

structure which is also characteristic of strains with cluster type C. 

This data indicated that examination of the LOS biosynthesis gene cluster composition 

does not necessarily predict the terminal glycan structure of LOS. The terminal structure 

produced is the result of the differential on/off statuses of genes that undergo variable 

expression. Consequently the on/off status of wlaN, cgtA, cj1144-45 and cst genes was 

analysed in C. jejuni strains 224, 331, 421 and 520. Furthermore, to determine if this is a host 

adaptive mechanism the on/off status of wlaN and cj1144-45 genes was analysed in C. jejuni 

strains passaged in chickens and CaCo-2 cells. 

The wlaN gene encodes for a β1,3 galactosyltransferase that facilitates the transition 

between the GM1 and GM2-like mimicries through addition of a single galactose residue to 

the termini of the LOS (Linton et al. 2000). It was suggested in Chapter 1 that the increased 

production of the asialo GM1-like LOS structure at 42°C might play a role in the bacterial-

host interactions of C. jejuni and could contribute to the commensalism of this bacterium in 

poultry (Semchenko et al. 2010). Studies also described in Chapter 4 have demonstrated that 

it was preferential for C. jejuni strains 224 and 331 when grown in conditions mimicking 

avian hosts to produce LOS structures that are lacking terminal galactose residue (e.g. GM2).  

This was shown to be caused by termination of the transcription of the wlaN gene. 

The cgtA (a β1,4-N-acetylgalactosaminyltransferase) gene was shown to be phase 

variable in C. jejuni strains (OH4382, ATCC43449) with LOS biosynthesis cluster types A 

and B respectively and is involved in the addition of a subterminal galactosamine residue to 

the inner core of LOS (Gilbert et al. 2000). However, C. jejuni strains investigated in this 

study possessed LOS biosynthesis cluster types C and R, where cgtA did not appear to be 

phase variable (Gilbert et al. 2002). Furthermore, analysis of the cgtA homologue DNA 
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sequences showed that there were no interruptions of the open reading frames, suggesting that 

the gene was functional and not affected by temperature/host dependent regulation 

mechanisms.   

The on/off status of an α1,4 galactosyltransferase, encoded by cj1144-45 was shown 

to be influenced by the growth temperature in host adapted conditions. Chapter 5 describes 

attempts at elucidating the function of this gene, which at that time were unsuccessful.  At that 

time the cj1144-45 gene was successfully characterised by another group using an alternate 

approach (Houliston et al. 2009). Cj1144-45 was proposed to add a further galactose residue 

to the termini of the LOS, and in case of GM1-like structures it would facilitate in production 

of a Gal-GM1-like mimicry. However, as described in Chapter 4, the transcription of the 

cj1144-45 gene homologue is terminated by interruption of the reading frame by a double 

polynucleotide tract in the middle of the gene reading frame in most C. jejuni strains tested. 

C. jejuni 224 was the only strain identified in this study to have a functional cj1144-45 gene 

as determined by sequencing of its open reading frame. However, following passage in 

chickens, the transcription of the cj1144-45 was terminated by interruption of the open 

reading frame by the newly introduced guanine residue in the polynucleotide tract, which 

again suggested that it was advantageous for C. jejuni to possess LOS that lacks terminal 

galactose residue in the colonisation of chickens. Interestingly the LOS structure of C. jejuni 

224 was also demonstrated to mimic GM1-like gangliosides similar to the paradigm strain C. 

jejuni 11168-O and no additional terminal galactose residue could be identified by the lectin 

array technique used in this study. The inconclusive results obtained for these experiments 

prompted more studies to be performed in order to identify the function of cj1144-45 and the 

role it plays in the biosynthesis of terminal glycan structure of the C. jejuni 224 LOS.  

The most likely candidate for synthesis of differentially sialylated LOS was a 

sialyltransferase - Cst. There are two variants of sialyltransferase Cst recognised in C. jejuni, 
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a monofunctional CstIII (a α2,3 sialyltransferase) and a bifunctional CstII (a α2,3/α2,8 

sialyltransferase) (Gilbert et al. 2000). This study had identified a cstIII homologue in C. 

jejuni strains tested. It has been demonstrated that some of cst homologues can be phase 

variable (C. jejuni ATCC43449) due to presence of a homopolymeric G-tract in its sequence 

(Gilbert et al. 2002). However, Chapter 4 describes that the cstIII gene can be “switched off” 

by the introduction of an additional base pair in its DNA sequence that leads to the formation 

of a premature stop codon in the open reading frame, consequently terminating its 

transcription. C. jejuni strains 331 and 421 were demonstrated to implement this mechanism 

to facilitate the production of asialo LOS structures. On other hand, C. jejuni strains with 

sialylated LOS (11168-O, 224 and 520), were shown to not possess this mutation. 

Sialylation of C. jejuni surface antigens had been previously shown to play an 

important role in host-pathogen interactions as well as the initiation of the self-targeted 

immune response (Habib et al. 2009; Kuijf et al. 2010; Howard et al. 2011). Sialoadhesin 

receptors on the surface of host macrophages have also been shown to selectively bind 

sialylated LOS from C. jejuni (Heikema et al. 2010). Furthermore, sialylated C. jejuni LOS 

has been shown to enhance activation of host dendritic cells thus leading to B cell 

proliferation, which subsequently results in the production of self-targeting antibodies (Kuijf 

et al. 2010; Bax et al. 2011). Chapter 4 describes C. jejuni strains with sialylated LOS that 

have increased levels of adherence to the surface of GI tract cells than strains with asialo LOS 

and that there is a strong correlation between the LOS structure and the levels of adherence of 

C. jejuni to the surface of mammalian cells.  

In conclusion, variable expression of three genes (wlaN, cj1144-45 and cst) found 

within the LOS clusters, responded to the environmental factors, such as temperature, to 

facilitate the synthesis of different terminal LOS glycans as an adaptation to promote 

colonisation of a different hosts. It’s important to note that this is only one particular 
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mechanism in a cascade of many more that are unknown which allows this bacterium to 

effectively persist in wide-range of hosts and survive in variety of environments.  
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6.1 Future Directions 

 

C. jejuni human strain 520 was shown to produce at least four different LOS structures 

(GM1, GM2, asialo GM1 and asialo GM2) as confirmed by lectin array. Furthermore, the 

differential on/off states of cstIII, wlaN and cj1144-45 genes were proposed to be involved in 

the generation of these structures. Additionally, other genes not investigated in this study 

could also be involved in production of these LOS structures. Further studies are required to 

determine the factors associated with the production of multiple LOS structures by C. jejuni 

and as such a complete structural analysis of C. jejuni 520 LOS is necessary. In order to 

confirm and to identify more genes that may be involved in the production of multiple LOS 

structures, C. jejuni 520 LOS gene expression studies are necessary. These should be 

performed on bacteria extracted directly from host animals such as chickens and mice. At 

each stage, the LOS structures should be analysed using the lectin array technique to confirm 

the identity of the LOS structures. These experiments should identify factors associated with 

the production of different LOS structures by C. jejuni. 

The human isolate strain C. jejuni 224 was shown to possess a LOS biosynthesis 

cluster type R, which facilitated synthesis of the LOS with GM1-like ganglioside mimicry. 

Unlike other strains of C. jejuni that were analysed in this study, the C. jejuni 224 LOS 

biosynthesis cluster contained a functional cj1144-45 gene that was determined by analysis of 

its open reading frame sequence. The cj1144-45 encodes for an α1,4 galactosyltransferase 

which facilitates addition of a terminal galactose residue to the termini of the LOS. However, 

this study has failed to identify this additional terminal galactose residue that otherwise would 

result in formation of Gal-GM1 LOS structure. A complete structural analysis of C. jejuni 224 

LOS is necessary to determine whether the LOS structure possesses any additional terminal 
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galactose residues that were not detected by the lectin array technique or whether the 

galactose residue is incorporated elsewhere in the structure. 

This study describes two C. jejuni strains (351 and 375) whose LOS biosynthesis 

cluster could not be identified. It was demonstrated that both these strains contained a waaF 

(orf12) gene, which is conserved in all these LOS biosynthesis cluster types of C. jejuni. 

Furthermore, it was shown that these strains also contained a wlaN (orf6) gene that is unique 

to C. jejuni strains with LOS cluster types A, B, C, M and R. No other gene homologues 

could be amplified from the genomes of C. jejuni 351 and 375, suggesting that these strains 

have a novel LOS gene cluster composition. Additionally, it was demonstrated that these 

strains produced LOS with asialo GM2-like mimicries, yet no genes required for the 

production of this LOS structure could be identified in the genomes of these strains. Hence, it 

was suggested that C. jejuni 351 and 375 have novel LOS biosynthesis machinery that is 

encoded by a previously uncharacterised gene cluster type. Therefore to understand the new 

mechanism of LOS biosynthesis a complete DNA sequence of the C. jejuni 351 and 375 LOS 

gene cluster is required. Further characterisation of the genes present in the cluster is 

necessary to elucidate their role in LOS biosynthesis.  
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Appendix A  

 

pGEM T-Easy – cloning vector 
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Appendix B  

 

pGU0801 - cj1144-45 from C. jejuni 11168-GS cloned into pGEM T-Easy 
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Appendix C  

 

pGU0509 - Km
R
 (promoted amph(3’)-III) cloned into pGEM-T Easy 
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Appendix D  

 

pGU0806 - pGU0801  cj1144-45::Km
R
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Appendix E  

 

pGU0202 - E. coli – Campylobacter shuttle vector 
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Appendix F  

 

pGU1002 - cj1144-45 from C. jejuni 224 cloned into pGU0202 

 

 

 

 

 

pGU1002 

7068bp 
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Appendix G  

 

Restriction digest map of cj1144-45 from C. jejuni NCTC 11168. Star indicates the location 

of WT BglII restriction site. 
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Appendix H  

 

DNA and amino acid sequences of cj1144-45 from C. jejuni NCTC 11168-GS.  

 

 

1 atgaagcaagaaattagtagtttttggtatacacctagaggttat 

        M  K  Q  E  I  S  S  F  W  Y  T  P  R  G  Y  

     46 aaaggtattggtttaatggagcttttatctataaaatcttttata 

        K  G  I  G  L  M  E  L  L  S  I  K  S  F  I  

     91 gataatggttataaatttatactttatacttataatttagatgat 

        D  N  G  Y  K  F  I  L  Y  T  Y  N  L  D  D  

    136 aaaatttttaaaaaattagatgaattatttgatgattttgaatta 

        K  I  F  K  K  L  D  E  L  F  D  D  F  E  L  

    181 aaagatgcaaatgaaattgtttcttttaaaaattattttagagac 

        K  D  A  N  E  I  V  S  F  K  N  Y  F  R  D  

    226 gataggggatctggagtagcagcgtttagtgattattttagatac 

        D  R  G  S  G  V  A  A  F  S  D  Y  F  R  Y  

    271 aatttactttatcttaaaaaaaaagggggggtatgggtagatctt 

        N  L  L  Y  L  K  K  K  G  G  V  W  V  D  L  

    316 gatatgatatgtttaaattatattgatttaaatgaagaatatatc 

        D  M  I  C  L  N  Y  I  D  L  N  E  E  Y  I  

    361 tttacacaagaagtggatgaagataataaaaaatcaagaatcaca 

        F  T  Q  E  V  D  E  D  N  K  K  S  R  I  T  

    406 acatcctttttaaaattttctcgatattcagattttggaaaaaat 

        T  S  F  L  K  F  S  R  Y  S  D  F  G  K  N  

    451 cttatacaagaagcagaaaaaatcattaataaaagaaaaaaaatc 

        L  I  Q  E  A  E  K  I  I  N  K  R  K  K  I  

    496 tcgtggggtgttataggaccttggtttttagctgatcatgtaaaa 

        S  W  G  V  I  G  P  W  F  L  A  D  H  V  K  

    541 aaatgtggtttagaaaattttgtttgggattataaaagaacttgt 

        K  C  G  L  E  N  F  V  W  D  Y  K  R  T  C  

    586 cagattccatggtgtaatgtaaaaatttttttagataatacttca 

        Q  I  P  W  C  N  V  K  I  F  L  D  N  T  S  

    631 atagatatcagtcaacctttcttacatttattttcagaaatgtgg 

        I  D  I  S  Q  P  F  L  H  L  F  S  E  M  W  

    676 agattaaataatatggagaaaaatacttttcatcaaatgggagtt 

        R  L  N  N  M  E  K  N  T  F  H  Q  M  G  V  

    721 tatggacaacttttaaaaaaacatgagatagaaaaattatataat 

        Y  G  Q  L  L  K  K  H  E  I  E  K  L  Y  N  

    766 cagataaatacttgtttaaaaacatcaatgctagataatatagca 

        Q  I  N  T  C  L  K  T  S  M  L  D  N  I  A  

    811 tcctttttaaccaagttttttataaaaaaattataa 846     

        S  F  L  T  K  F  F  I  K  K  L  *  

  

BglII restriction site and poly A/T tracts are highlighted in bold.  

Glycosyltransferase sugar-binding region containing DXD motif highlighted in grey. 
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