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ABSTRACT 

Campylobacter jejuni represents a major foodborne pathogen causing 

gastroenteritis worldwide. The infection route to the consumer is 

primarily associated with improper handling of raw meat of poultry 

and porcine origin. Biocontrol of this pathogen through conventional 

biosecurity measures remains challenging. Alternative bacteriophage-

based strategies for the reduction of campylobacters in primary 

production and post-harvest have gained attention in recent years, as 

a number of promising biocontrol studies have emerged. However, 

the effective application of bacteriophage cocktails relies on an 

extensive characterization of suitable bacteriophage candidates, as 

well as detailed information related to host-phage interactions during 

the phage infection process. In this project, bacteriophages were 

isolated from numerous environmental samples and characterized 

with respect to host interactions. Inclusion of source material from 

the porcine intestinal tract revealed that the genetic diversity of 

bacteriophages exhibits similar limitations to that observed from 

poultry. All bacteriophage isolates were found to be members of either 

the CP220like or CP8unalike genera of the Eucampyvirinae subfamily 

of bacteriophages. The screening of isolated bacteriophages against 

a panel of isogenic single gene knock-out mutants of C. jejuni PT14 

revealed that the phages were either flagellotropic or dependent on 

capsular polysaccharides (CPS). In one case, both factors showed a 

fundamental impact on bacteriophage infection. Further, it was 

discovered that the minor flagellin gene product (FlaB) had profound 

influence on the infection process of novel isolated CP8unalike phage 

CP_F1. Disruption of the flaB gene resulted in alterations in a number 

of parameters (burst size and adsorption rate) connected with 

bacteriophage infection, and in essence rendered the affected mutant 

strain more susceptible towards phage infection. Sequence analysis 

of CP220like bacteriophage genomes demonstrated variability in the 

length and frequency of regions of repetitive non-coding DNA. These 

are a characteristic of CP220like phages and are absent in CP8unalike 

phages. Deeper in silico analysis of these areas revealed potential 
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binding sequences for all three sigma factors of C. jejuni. Through 

electro mobility shift assays, it was shown that a PCR amplified repeat 

area binds to components from a protein extract isolated from a 

phage infected culture of C. jejuni. This finding raises questions 

concerning novel control mechanisms of the host during 

bacteriophage infection. 
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 Campylobacter  

1.1.1 General characteristics and growth physiology 

Campylobacter is a Gram-negative, spiral or in some cases rod-

shaped bacterium that forms no spores (Wassenaar & Newell, 2006). 

Under stress conditions however, cells can transform into a spore-

like, coccoid or spherical morphology (Ng et al., 1985; Griffiths, 1993; 

Ikeda & Karlyshev, 2012). A characteristic of coccoid cells in this state 

is that they generally show low metabolic activity and a halt in cell 

division. Non-stressed vital Campylobacter cells have cell dimensions 

ranging from 0.2 to 0.8 μm in width and 0.5 to 5 μm in length 

(Vandamme, 2000). As a characteristic of members of the family 

Campylobacteraceae, the genomes of campylobacters generally show 

a low G+C content (27 - 47%) (Penner, 1988). Campylobacters are 

microaerophilic, thermotolerant organisms, which can utilize a wide 

range of terminal electron acceptors such as fumarate, nitrate, nitrite, 

trimethylamine-N-oxide (TMAO) and dimethyl sulfoxide (DMSO) as an 

alternative to oxygen (Sellars et al., 2002; Myers and Kelly, 2005; 

Weingarten et al., 2008). Partial biochemical characterization can be 

achieved by oxidase and catalase tests, as Campylobacter spp. show 

positive reactions in both assays. Further biochemical characteristics 

are the reduction of fumarate to succinate, a negative methyl red 

reaction and the production of acetoin and indole (Vandamme, 2000). 
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Moreover, all Campylobacter species, except for C. jejuni, show the 

absence of hippurate hydrolysis (Vandamme, 2000). 

Representing gut colonizing microorganisms, campylobacters have 

evolved to survive in ecological niches containing low oxygen 

concentrations, but can also tolerate atmospheric oxygen levels for 

limited time periods (Krieg and Hoffmann, 1986; Kelly et al., 2001). 

However, excessive exposure to higher oxygen levels results in an 

accumulation of superoxide radicals or hydrogen peroxide during the 

process of electron reduction of O2. Although being equipped with 

superoxide dismutase and catalase/peroxidase enzymes, sensitivity 

towards molecular oxygen is still significant. It is assumed that the 

existence of oxygen-sensitive enzymes, which are prone to 

inactivation by reactive oxygen species, may be a key reason for this 

sensitivity towards oxygen during the cellular growth process. One 

example for this assumption is the oxygen-induced inactivation of an 

L-serine specific dehydratase, which was observed as a prerequisite 

for efficient colonisation of avian hosts. This dehydratase carries an 

oxygen-labile iron sulphur cluster in its active site and experiences 

similarity to serine dehydratases found in strictly anaerobic bacteria 

(Velayudan et al., 2004). On the other hand, small amounts of oxygen 

are required for optimal growth, as exclusively anaerobic conditions 

cause inhibition of cell division, resulting in filamentation and 

eventually cell death (Sellars et al., 2002). 

Due to their increased sensitivity towards oxygen, Campylobacter 

cells exhibit limited survivability outside of its host. Prolonged 

exposures to normal atmospheric conditions cause a rapid decline in 

viable cell numbers, but survivability at modified atmospheres or after 
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vacuum packaging remains high. These circumstances render 

Campylobacter contamination of retail meat, packed under protective 

atmosphere, a potent risk for consumers (Balamurugan et al., 2011; 

Wen et al., 2012). Thermal inactivation of Campylobacter spp. occurs 

through exposure to temperatures above 48°C (Doyle and Roman, 

1981), which emphasises the necessity to cook raw meat products 

thoroughly before consumption. Further, campylobacters exhibit 

susceptibility towards acidic conditions (pH < 4.0), disinfectants or 

desiccation (Murphy et al., 2006). Cells show poor viability at room 

temperature and die out slowly at freezing temperatures (-20°C) 

(Blaser et al., 1980; Solow et al., 2003). Campylobacters are 

routinely cultivated at O2 concentrations ranging from 5 – 10% and 

CO2 concentrations of 1 to 10% (Bolton and Coates, 1983), at 

temperatures between 30 and 45°C with an optimal pH supporting 

growth between 6.5 and 7.5 (Doyle and Roman, 1981). Due to their 

sensitivity to oxygen and oxidizing radicals, campylobacters are 

grown on selective media containing oxygen scavengers such as 

blood, charcoal, ferrous iron, or pyruvate (Hoffman et al., 1979; 

Tangwatcharin et al., 2007; Silva et al., 2011). Through the 

supplementation of the basal medium with vancomycin, polymyxin B 

and trimethoprim, a selective enrichment of Campylobacter cells from 

stool samples can be achieved due to their resistance to these 

antibiotics (Skirrow, 1977). Further, hydrogen has been recognized 

as an essential factor for optimal growth in six Campylobacter species 

(C. rectus, C. curvus, C. concisus, C. showae, C. gracilis and 

C. mucosalis), which are mainly found in human gingival tissue. Later, 

studies also showed a beneficial effect of hydrogen on the growth of 
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C. jejuni, in which hydrogen serves as electron donor. In addition, it 

was shown, that growth in a hydrogen-deficient atmosphere results 

in transcriptional and physiological changes associated with oxygen 

stress (John et al., 2011). NiFe-type uptake hydrogenases are 

assumed to be involved in the transfer of electrons from gaseous 

hydrogen to the intracellular electron transport chain during the 

respiratory process (Carlone and Lascelles, 1982). For C. jejuni it has 

been reported that it utilizes amino acids as main carbon sources, as 

it lacks the enzymatic capabilities (for instance, the absence of 

phosphofructokinase) to metabolize exogenous sugars (Parkhill et al., 

2000; Kelly, 2008; Guccione et al., 2008). Although recently the 

presence of a rare genomic island of C. jejuni and C. coli isolates 

encodes components of the Entner-Doudoroff pathway can enable 

them to utilize glucose (Vegge et al., 2016). This amino acid-focused 

metabolism may represent an evolutionary adaptation to the most 

abundant amino acids found in chicken excreta, which are aspartate, 

glutamate, proline and serine. These serve as most important 

nutrients acquired from the mucus layer (Parsons, 1984). Unlike most 

enteric bacterial pathogens, campylobacters are slow growing, 

fastidious organisms with very specific nutrient requirements. 

Specializing on an amino acid-based metabolism, rather than utilising 

carbohydrates, may be an adaptation towards a metabolic niche in 

the highly competitive microbiota of the gut, in which colonizing 

microorganisms compete for nutrients. The catabolism of amino acids 

also provides a source of nitrogen. Other sources for the acquisition 

of nitrogen can be delivered by its colonized host in form of urea and 

uric acid, but also the utilisation of intermediates from the citric acid 
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cycle (fumarate, succinate) and short-chain fatty acids has been 

described (Stahl et al., 2012). Recent reports further identified L-

fucose, which can be found on mucin glycoproteins, as another 

exploitable nutrient source that is utilized to supply the intracellular 

carbon demand (Muraoka and Zhang, 2011).  

 

1.1.2 Campylobacter taxonomy 

Campylobacters belong to the class of Epsilonproteobacteria. They 

are further classified in the order Campylobacterales and the family 

Campylobacteraceae. The genus Campylobacter currently comprises 

17 species and 6 sub-species of which C. jejuni, C. coli and C. fetus 

are recognized as the principal elicitors of human infection 

(Wassenaar and Newell, 2006, Debruyne et al., 2008). Originally 

isolated in 1913 from aborted ovine foetuses, the first Campylobacter 

cells were characterised as Vibrio-like organisms due to their curved 

morphology. Hence, the first Campylobacter isolates were deposited 

in the genus Vibrio, a facultative anaerobic bacterium. Later in 1963, 

Sebald and Véron transferred the two Vibrio species V. fetus and 

V. bubulus into the novel Campylobacter genus. The criteria for this 

reassignment were the microaerophilic requirements, the non-

fermentative metabolism and the divergence in DNA base 

composition that distinguished them from the Vibrio-species 

(Dworkin, 2006). Following this alteration, several reclassifications 

within the genus Campylobacter have taken place, as a consequence 

of advancements in biochemical and genetic analyses. 

http://ps.oxfordjournals.org/content/90/10/2378.full#ref-4
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1.2 Campylobacter colonisation and infection 

1.2.1 Reservoirs and sources of human infection  

The fact that Campylobacter organisms, cause human disease and 

are present in the mucosa of the intestinal tract of farm livestock, 

such as poultry and pigs, renders them one of the main foodborne 

bacterial pathogens and therefore represents a potent danger to 

consumer health (McCrea et al., 2005; Boes et al., 2005). 

Campylobacters can colonize their animal hosts at cell levels ranging 

from 106 to 108 CFU g-1 of faecal matter (Stern, 2008). Gut 

colonisation has been detected in livestock (cattle and pigs) but also 

in household pets of feline and canine origin (Stanley et al., 1998; 

Steinhauserova et al., 2000; Young et al., 2000). Further, reptiles 

have also been identified as carriers of campylobacters (Wang et al., 

2013). However, in the focus of research have been campylobacters 

of avian origin. This is based on the fact, that chickens are the most 

prominent vectors of zoonotic Campylobacter infections. Chicken 

colonisation occurs primarily in the colon and caecum section of the 

intestines (Beery et al., 1988; Conlan et al., 2007; Hermans et al., 

2012). Further, campylobacters have been detected in several 

internal organs, such as liver and spleen (Knudsen et al., 2006). C. 

jejuni, one of the predominant zoonotic pathogens in humans, is a 

commensal in the intestines of poultry, eliciting few if any symptoms 

in their host (Newell and Fearnley, 2003). In contrast, human 

infection can generally cause severe symptoms ranging from fever to 

cramping pain in the abdomen and bloody diarrhoea (Konkel et al., 

2001). This deviation in colonisation-induced immune reactions 
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towards the presence of virulent campylobacters in avian and human 

hosts can be attributed to adaptation of the avian host organism to 

permanent colonisation and differences in immune responses (Lin, 

2009). Further, it is assumed that mucus composition may play an 

important factor in the pathogenicity of campylobacters (Byrne et al., 

2007). 

Several surveys have revealed the high prevalence of Campylobacter 

carriage in broiler chickens reared for the retail meat market. Within 

the European Union, human pathogenic Campylobacter species were 

isolated from 71.2% of pooled caecal contents and 75.8% of broiler 

carcasses during a survey with 10,132 broiler batches in 2008 (EFSA, 

2010). The same survey reported similarly high numbers for the UK, 

where campylobacters were present in more than 80% of broiler 

chickens. Translating this data onto pathogenic loads on retail meat, 

a more recent survey quantified the prevalence of campylobacters in 

chilled retail chickens in the UK. The analysis revealed a drop in 

positive samples from 70 to 50% between 2015 and 2016 during 

quarterly sampling (FSA, 2016). However, this data has to be viewed 

with caution. Due to inconsistencies in the monitoring process, the 

nationwide survey was suspended in 2016 until improved sampling 

and analysis protocols have been developed. The reason for this 

suspension were interventions by meat processors, who started to 

remove chicken neck skins of the carcasses. The neck skin is assumed 

to be the most contaminated part of the carcass and represents a 

substantial part of the detection protocols for Campylobacter surveys 

in the UK. Data of comparable surveys in Germany revealed 68.9% 

Campylobacter-positive loads in turkey and 50.4% in broiler chickens 
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in 2014 through analysis of pooled caecal samples (BVL, 2016). On 

retail chicken legs, a prevalence of ca. 50% was found (BVL, 2016). 

Contamination of meat destined for consumption, predominantly 

occurs during the process of slaughter and evisceration, as the 

bacterial flora released from the bird’s intestines has a high potential 

of transfer onto the carcass (Kramer et al., 2000; Reich et al., 2008). 

Undercooked chicken meat is one of the main vectors for the 

transmission of pathogenic campylobacters onto consumers, with 

C. jejuni representing the major infectious species (EFSA, 2015). This 

circumstance represents a source of health risk, as cross 

contamination of other foodstuffs, especially ready-to-eat foods, in 

consumer kitchens has been demonstrated to occur (Kusumaningrum 

et al., 2004). Pork, unpasteurized milk and contaminated water 

represent further sources of infection (Ketley, 1997). Seasonal 

fluctuation in case numbers has been observed, as Campylobacter 

infections have been reported to be more common during the summer 

months (Rao et al., 2001; Nielsen et al., 2013).  Further, positive 

correlations between the case numbers of infection and ambient 

temperatures have been established, emphasizing that outbreaks of 

infection are linked to increased temperatures during the warmer 

months of the year (Yun et al., 2016). These observations suggested 

a delay of 4-5 weeks post temperature rise, before an increase in case 

numbers occurred (Yun et al., 2016). These phenomenons are also 

linked to Campylobacter prevalence in the chicken flocks. A study in 

Great Britain revealed significantly higher rates of colonised chicken 

flocks in the warmer months of the year (July, August, September) 

compared to the rest of the year (Jorgensen et al., 2011).  
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1.2.2 Epidemiology and burden of human infection 

Two Campylobacter species represent major foodborne pathogens, as 

stated in recent reports published by the European Food Safety 

Authority. Reported cases in the European Union stagnated for the 

last years at a high level of approximately 214,000 (EFSA, 2012; 

2014; 2015). However, the actual number of caseloads is believed to 

be around 9 million each year. With such case numbers, C. jejuni and 

C. coli surpassed Salmonella spp. (85,268 reported cases in 2013) as 

the major source of bacterial-induced gastrointestinal infections. In 

two of the economically strongest areas of the EU, Germany and the 

UK, case numbers are at a similarly high level. Around 70,000 

reported cases of Campylobacter infections with case rates of 87 per 

100,000 population have been recorded in Germany in 2015, while 

65,032 total cases were recorded for England and Wales in 2012 

(Robert Koch Institute, 2016; Public Health England, 2014). Another 

survey concluded 9.3 cases per 1000 person-years in the UK occurred 

(Tam et al., 2012). The economic loss of productivity in the European 

Union has been estimated as 2.4 billion Euro per year (EFSA, 2011). 

Further, costs of £50 million for patients and the health service in the 

UK in 2008-2009 have been estimated as consequence of 

Campylobacter infections (Tam et al., 2016). In the United States, 

the annual incident rate was reported by the Centers for Disease 

Control and Prevention (CDC) as 13.5 per 100,000 population in 2014 

(Crim et al., 2015). As many cases are undiagnosed and unreported, 

Campylobacter infections are estimated to affect 1.3 million people in 

the US (CDC 2013), leading to annual costs caused by 
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campylobacteriosis of approximately $1.7 billion (Hoffmann et al., 

2012). Data concerning prevalence of Campylobacter infection in the 

developing world is scarce, as some of the applied detection methods 

are inconsistent and insensitive (Platts-Mills and Kosek, 2014). In 

addition, high rates of asymptomatic carriage can be found in 

developing countries (Lee et al., 2013). A probable explanation may 

be the fact that Campylobacter infections in these areas are endemic 

and severe infections limited to children (Rao et al., 2001). As 

infections occur in the early stage of life, development of immunity 

may be a presumably reason, as recorded infection rates decline with 

age (Oberhelman and Taylor 2000; Kaakoush et al., 2015). 

 

1.3 Campylobacter pathogenesis 

1.3.1 Process of infection  

In order to establish an acute infection in humans, Campylobacter 

cells need to enter the gastro-intestinal tract. Recognized vectors for 

infection are contaminated undercooked meat, raw dairy products or 

cross-contaminated produce. Campylobacters are able to withstand 

the aggressive passage through the human digestive tract and start 

to colonise the gastrointestinal system. Two pathogenesis 

mechanisms have been proposed that cause the typical symptoms in 

humans. The first suggests adhesion of Campylobacter cells to the 

intestine and the production of toxins that alter the fluid absorption 

capabilities, leading to diarrhoea (Janssen et al., 2008). The second 

mechanism involves the invasion of cells and proliferation within the 
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intestinal mucosa, leading to inflammation and bloody diarrhoea 

(Janssen et al., 2008). In both cases, the intestinal epithelial cells are 

the main target for the adherence process (Humphrey et al., 2007). 

As these cells are covered by a layer of a highly hydrated 

polysaccharide-based gel matrix, termed mucus, an effective strategy 

is necessary to pass through this protective layer and reach the 

epithelium. Penetration of this highly viscous mucus layer is achieved 

by high levels of motility that the campylobacters exhibit due to 

strong flagellar rotation. Following translocation towards the epithelial 

cell barrier, lining the intestinal lumen, invasion of the epithelial cells 

can commence, in which the flagella apparatus plays a key role. A 

model for Campylobacter pathogenesis suggests an attachment to 

and a disruption of the tight junctions within the epithelial cell barrier, 

before the invading pathogen migrates via a paracellular route 

towards the basal ends of the epithelial cells, where incorporation 

takes place (O’Loughlin and Konkel, 2014). In few cases apical cell 

invasion has also been reported in Campylobacter infection (Hu et al., 

2008). The whole process of invasion is improved by the helical cell 

shape of the bacterium that confers a corkscrew-like effect by which 

cells are able to dart through the mucus layer towards epithelial cells 

and tight junctions. Immune cells triggered by secreted 

Campylobacter invasion antigens (Cia) lead to inflammation and 

disruption of the tight junction structure. For this purpose, the flagella 

act as a type III secretion system (T3SS) releasing the 

aforementioned Cia proteins. After reaching the basolateral section of 

the epithelial cells, the invasion process is induced by altering the host 

cell behaviour through Cia excretion (Konkel et al., 2001). Invasion 



Chapter 1 
 

12 
  

into the host cell requires modification of cell signalling. To this end, 

released effector proteins trigger integrin receptors during cell binding 

to fibronectin. Consequently, a number of signalling pathways and the 

epidermal growth factor (EGF) receptor are activated (Eucker and 

Konkel, 2012). Through a cascade of signalling and recruitment 

reactions, the rearrangement of the actin cytoskeleton, leading to 

membrane ruffling, is induced (O’Loughlin and Konkel, 2014). After 

internalization, C. jejuni cells start multiplying within the lumen of 

vacuoles, which facilitates avoiding delivery to lysosomes and causes 

the host cell to lyse (Konkel et al., 1992; Watson and Galán, 2008). 

In all these functions, flagella are recognized as one of several factors 

crucial for colonization and virulence (Bolton, 2015).  

 

 

Figure 1.1: Hypothetical model of the C. jejuni mechanisms for the 

invasion of human intestinal epithelial cells (Modified after Backert 

and Hofreuter, 2013).  
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1.3.2 Clinical pathology and sequelae  

Human infection with Campylobacter spp. leads to gastroenteritis 

(also termed campylobacteriosis) with symptoms including severe 

abdominal pain, fever and diarrhoea, which usually occur 2 - 5 days 

post infection (Blaser, 1997; Allos, 2001). Incubation periods are 

estimated between 1 to 7 days after initial infection, with variation 

depending on dosage of infective cells and the state of the immune 

system (Blaser & Engberg 2008). The peak of illness can last 24 to 

48 hours and is commenced by the release of several effector 

molecules, which alter host cell properties and cause the 

aforementioned symptoms. The best characterised toxin produced by 

campylobacters is the cytolethal distending toxin (CDT), (Whitehouse 

et al, 1998; Wassenaar, 1997). CDT is secreted via the flagella and 

induces the apoptosis of host cells and triggers inflammatory immune 

responses (Lara-Tejero and Galan, 2000; Hickey et al., 2000). The 

toxic effect of CDT on sensitive cells involves progressive cell swelling, 

chromatin fragmentation and ultimately, apoptotic cell death (Lara-

Tejero and Galan, 2000; Frisan et al., 2002). The toxin is coded by 

three genes cdtA, cdtB and cdtC, which are necessary for cytotoxicity 

(Picket et al., 1996). CdtA and CdtC are assumed to form a 

heterodimeric subunit and may be involved in export of the 

enzymatically active subunit CdtB into the host cell (Lara-Tejero & 

Galan, 2001). CdtB has been identified as a deoxyribonuclease and is 

responsible for chromosome degradation and halt of the mitotic cell 

cycle in the G2/M phase, due to failure in the activation of CDC2 

kinase (Whitehouse et al, 1998; Pickett & Whitehouse, 1999). 
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Further, Campylobacter infection provokes the release of a number of 

pro-inflammatory chemokines or cytokines due to interaction with 

numerous leukocytes (Walker et al., 1986; Wallis, 1994; Al-Salloom 

et al., 2003). Immune responses are primarily triggered by activation 

of NF-κB and p38 MAP kinase signalling, which result in increased 

tissue damage and contribute to disease pathology (Jin et al., 2003). 

Campylobater infections are generally self-limiting and can be treated 

with rehydration therapy and electrolyte replacement. In rare cases 

however, chronic sequelae develop, for example reactive arthritis or 

Guillain-Barré syndrome (GBS), autoimmune disorders that can lead 

to temporary or in severe cases permanent paralysis (Nachamkin, 

2002). The cause of this autoimmune reaction is assumed to be 

ganglioside-like epitopes in lipopolysaccharide moieties, which mimic 

the surface of neuronal cells. As a consequence, activated antibodies 

react with targets in the peripheral nerve system, causing 

demyelination in motor and sensory neurons (Ho et al., 1995; Gao et 

al., 1997). In the developed world, 1.3 cases of GBS per 100,000 are 

recorded per year (Hughes et al., 1997). Further, Campylobacter 

infections can induce chronic gastrointestinal disorders, for instance, 

irritable bowel syndrome, inflammatory bowel disease and celiac 

disease (Riddle et al., 2012). 
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1.4 Colonisation factors 

Campylobacters rely on their animal host in terms of preferential 

vectors for transmission and as a habitat for efficient propagation. 

Consequently, several elements for optimal colonisation have 

evolved, as adaptation towards the hostile conditions in the digestive 

tract of avian and mammalian hosts. Transmission to humans 

predominantly occurs through the handling and consumption of 

poultry products. Hence, interactions between C. jejuni and its avian 

host have been target of extensive research. A number of structures, 

regulatory factors and soluble proteins have been characterized, that 

serve as colonisation factors for campylobacters in the avian gut. 

Among these are surface polysaccharides, structural and functional 

proteins involved in motility and chemotaxis, as well as regulators of 

nutrient acquisition and stress adaptation systems. 

 

1.4.1 Surface located saccharides 

One of the major structures essential for the colonisation process of 

a suitable host is the presence of cell surface polysaccharides. All 

known C. jejuni strains have two extracellular polysaccharide types, 

the capsular polysaccharide (CPS) and cell wall attached 

lipooligosaccharide (LOS) (Karlyshev et al., 2000; 2001). The 

functions of these extracellular polysaccharides include immune 

evasion, facilitating host cell adhesion and invasion of intestinal 

epithelial cells (Roberts et al., 1996; Guerry et al., 2000). 

Campylobacters carry a highly hydrated, loosely attached 

polysaccharide capsule, which consists of sugar residues of higher 
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molecular weight. These capsular saccharides experience strain-

dependent variation in composition and linkage, resulting in surface 

diversity and are a basis for strain characterisation via Penner 

serotyping (Roberts, 1996; Karlyshev et al., 2000; Guerry et al., 

2012; Pike et al., 2013). Campylobacter has been reported to adhere 

to INT 407 epithelial tissue culture cells and intestinal mucus and CPS 

was shown to facilitate the invasion process of intestinal epithelial 

cells (McSweegan et al., 1986; Roberts, 1996). Furthermore, a 

protective effect of the capsule from serum mediated immune 

reactions for instance, the complement system, was shown (Bacon et 

al., 2001; Keo et al., 2011). In addition, this layer of saccharides has 

a protective function against the low pH in the stomach and the bile 

in the duodenum of colonised hosts. Besides its essential role in 

virulence and colonisation, capsular polysaccharide has also been 

described as a receptor for bacteriophage infection (Karlyshev et al., 

2000; Sørensen et al., 2011; 2012), revealing another important 

function of this surface structure (Section 1.6.1). 

Beside the capsular saccharides, the decoration of the cell wall is also 

an essential prerequisite for efficient colonisation and adds to 

increased virulence. The cell wall of Gram-negative bacteria consists 

of two membrane layers that are divided by a thin layer of 

peptidoglycan. In general, the outer membrane is decorated with 

lipopolysaccharides (Nikaido and Vaara 1987; Moran, 1994). Unlike 

the cell wall composition of extensively studied Gram-negative 

organisms such as E. coli and Salmonella; campylobacters possess a 

sugar decoration with lower molecular weight, termed 
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lipooligosaccharide. The LOS structure consists of lipid A to which only 

the core oligosaccharide is attached and where the repeating O-

antigen chain is missing (Rietschel et al., 1994). Protection against 

antimicrobial peptides and proteins produced by the host innate 

immune system was attributed to the lipooligosaccharide layer (Keo 

et al., 2011). Further, LOS contributes to invasion efficiency as it was 

shown that sialylation of the LOS outer core enhances epithelial cell 

invasion (Louwen et al., 2008). Besides above-mentioned functions, 

the LOS structure plays a role in the development of sequelae, as its 

glycan components mimic the composition of gangliosides on the 

surface of peripheral neural cells (Perera et al., 2007; Houliston et al., 

2011).  

 

1.4.2 Drug resistance and chemotaxis 

Colonization requires coping with harmful factors in the extreme 

environment of the animal gut. Campylobacters possess multidrug 

efflux pumps (CME) that confer resistance to antimicrobial agents and 

heavy metals during their habitation of the intestines of the colonized 

host (Lin et al., 2002). Antibiotic resistance towards tetracycline, 

amoxicillin, ampicillin, metronidazole and cephalosporins has been 

observed (Allos, 2001). Further, fluoroquinolone-resistance has been 

recognized as a major issue in the food production chain (Nelson et 

al., 2007). Another function of these pumps is the generation of 

resistance to bile salts (Lin et al., 2003). It was shown that 

inactivation of the transcriptional repressor cmeR of the cmeABC 
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operon resulted in reduced fitness in the chicken host and impaired 

colonisation efficiency (Lin et al., 2002; Guo et al., 2008).  

Besides export of potentially harmful agents from the cell, avoidance 

of areas with increased concentrations of undesired substances is 

another strategy for survival in the host. Due to their high mobility, 

campylobacters are able to rely on chemotaxis to navigate in the 

mucosa towards locations exhibiting better growth conditions. Within 

the process of chemotaxis, transmembrane spanning methyl-

accepting proteins (MCPs) are fundamental structures, as they serve 

as receptors of chemical gradients and transmitters of signals towards 

chemosensory signal transduction systems (Sourjik, 2004). Che 

proteins are the main components of this methylation-based system, 

which alters the receptive capacity of MCPs and the flagellar rotation 

(Bren and Eisenach, 2000). Hence, they are essential for the 

determination of, and the response to, chemical gradients. In 

campylobacters, putative genes for a methylesterase (cheB) and its 

antagonistic counterpart the methyltransferase (cheR) have been 

annotated (Marchant et al., 2002). Mutation in cheBR were shown to 

cause reduced colonisation efficiency in chicks (Kanungpean et al., 

2011). The major attractant of campylobacters is mucin, a 

glycoprotein in the mucus matrix. Further, L-fucose or amino acids, 

which serve as main carbon sources, represent further attractants of 

chemotaxis. Based on these findings, it has been speculated that 

agents involved in energy generating metabolisms are the main 

drivers of chemotactic responses (Vegge et al., 2009; Zautner et al., 

2012). 
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1.4.3 Iron regulation and oxygen stress response 

Intracellular iron metabolism is another important aspect of gut 

colonisation. Iron serves an essential role in electron transfer, it is a 

cofactor of several enzymes and can modulate the transcription of a 

number of genes. Hence, iron uptake and metabolism is an essential 

factor that contributes to cell viability (Palyada at al., 2004), and also 

virulence as reduced colonisation efficiency has been observed in 

gene deletions of iron acquisition components (Miller et al., 2008; 

Naikare et al., 2006; Xu et al., 2010). Due to its essential nature for 

campylobacters, they have evolved complex systems for the 

acquisition and regulation of the iron demand. One example of an 

exogenous iron source represents ferric iron bound to siderophores, 

glycoproteins and haem (Miller et al., 2009). Although 

campylobacters produce no siderophores of their own, they might be 

able to utilise those of other gut colonising microorganisms (Field et 

al., 1986). The iron uptake system is governed by the ferric uptake 

regulator (fur), which directly represses the expression of genes 

involved in iron aquisition once the concentration of iron reaches a 

level that can cause toxicity for the cytoplasm (Stintzi et al., 2008). 

The iron metabolism is closely linked to oxidative stress responses, 

as iron can generate reactive oxygen species in the presence of 

available oxygen (van Vliet et al., 2002). Further, transcriptional 

analyses revealed that Fur regulates a number of genes responsible 

for the defence against oxidative damage (Palyada et al., 2004). 

As microaerophilic organisms, campylobacters have developed 

several strategies to cope with oxidative stress encountered within 
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and outside of their colonized hosts. Oxygen radicals are generated 

either through respiratory processes, incomplete reduction of oxygen 

or are released by the immune system of the colonized host (Atack 

and Kelly, 2009). Further, intracellular iron can generate oxygen 

derived radicals. A wide range of enzymes involved in defense of 

oxidative stress have been discovered, whose function is to prevent 

damage to cell membranes, proteins and nucleic acids by these so 

called reactive oxygen species (ROS). Superoxides and peroxides are 

the main targets of these detoxifying systems (van Vliet and Ketley, 

2001). Superoxide dismutases (SOD) play a central role in the 

decomposition of superoxide molecules. In Campylobacter sodB 

codes for an iron-binding dismutase which catalyzes the breakdown 

of superoxide to peroxide and oxygen (Friedovich, 1995). A mutation 

in the sodB gene resulted in decreased colonization efficiency in chicks 

and reduced ability to invade INT 407 cell cultures in vitro, revealing 

its importance for survival during colonizing and periods of dormancy 

on surfaces of foodstuff (Pesci et al., 1994, Purdy et al., 1999).  

Hydrogen peroxide, which is a product of SOD activity and other 

metabolic reactions, is another toxic compound that needs to be 

catalyzed to nonhazardous products. In general, cytochrome c 

peroxidases are responsible for the reduction of hydrogen peroxide to 

water (Atack and Kelly, 2007). In C. jejuni 11168 two genes (cj0020c, 

cj0358) were identified that code for cytochrome c peroxidases 

(Bingham-Ramos and Hendrixson, 2008). Genome sequence analysis 

revealed that genes with similarity to cytochrome c peroxidase III 

could be found in a good colonizer of chickens, but were absent in a 
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poor colonizer (Ahmed et al., 2002). However, the real function of 

Campylobacter cytochrome c peroxidases has yet to be determined, 

as detoxification of hydrogen peroxide is mainly assumed to be due 

to the cytoplasmic catalase (KatA) and the alkyl hydroperoxide 

reductase (AphC) (Baillon et al., 1999; Bingham-Ramos and 

Hendrixson, 2008; Atack and Kelly, 2009). The complex regulation 

and coordination of oxidative stress defense was shown to be 

governed by a number of regulators. The peroxide sensing regulator 

(PerR) is one of the key players in response to oxidative stress. A 

single gene mutation revealed more than 100 genes as part of the 

regulon under the influence of PerR. It was further shown that a perR 

mutant exhibited reduced motility and chicken colonization (Palyada 

et al., 2009). Recent studies further elucidated a connection between 

oxidative stress and iron regulation, as both transcriptional 

regulators, Fur and PerR, are part of a complex, inter-linked 

regulatory network, which governs multiple levels of oxidative stress 

defense (van Vliet et al., 1999; Palyada et al., 2009; Kim et al., 

2011).  

 

1.4.4 Surface modification 

Glycosylation is another key element for efficient colonisation (Jones 

et al., 2004; Karlyshev et al., 2004; Mahdavi et al., 2014). 

Campylobacters possess two systems of glycosylation, which are 

involved in post-translational modification of surface structures. 

General protein glycosylation in based on N-linkage, in which the 

amino terminus of asparagine residues is linked to the N-acetyl 
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glucosamine residue of the carbohydrate. On the other hand, flagellin 

glycosylation is O-linked and essential for the functional assembly of 

the flagellar filament (Guerry et al., 2006). This modification system 

targets serine or threonine residues in flagellin and shows a certain 

heterogeneity in the gene organization within the glycosylation locus 

amongst different strains. On the other hand, general protein 

glycosylation, which is coded by the pgl genes, shows a strong 

conservation, which indicates an essential function in C. jejuni biology 

(Jervis et al., 2012). In fact, reduction of adhesion and cell invasion 

was observed after mutations in pgl genes (Hendrixson and DiRita, 

2004). It was shown that glycosylation increases bacterial resilience 

against proteases from the gut (Alemka et al., 2013). Therefore, this 

modification serves as protection against degradation of surface 

located proteins. 

 

1.4.5 Campylobacter flagella and motility 

Besides the above-mentioned factors, motility is one of the chief 

requirements for efficient colonisation of animal and human hosts. 

Members of the genus Campylobacter possess a single, non-sheathed 

flagellum, located at one or both polar ends (Vandamme, 2000). 

Exceptions from this rule are C. gracilis, which has no flagella and 

C. showae carrying multiple unipolar flagella (Vandamme & De Ley 

1991; Vandamme 2000). Campylobacter flagella contain a polymeric 

organization of flagellin proteins, which are attached by the hook 

protein to a basal structure, embedded in the cell membrane (Waters 

et al., 2007; Matsunami et al., 2016). The flagellin is coded for by the 
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flaA and flaB genes, of which the flaA gene product constitutes the 

major component of the flagellar filament, while FlaB contributes only 

minimal to the total structure of the filament (Alm et al., 1993). 

Campylobacters typically display corkscrew-like motility through the 

use of their flagellar apparatus. In contrast to strategies employed by 

other pathogens, which involve mucin degradation or invasion of 

microfold cells, lacking a protective mucus layer (Kim and Ho, 2010), 

Campylobacter cells must propel through the viscous layer of mucus 

in order to invade intestinal epithelial cells. It is suspected, that the 

slender, spiral shaped cell form and the high torque of the rotating 

flagella, are prime factors for the penetration of the mucus layer 

during the first phase of colonization (Ferrero and Lee, 1988). Other 

functions of these structures are to facilitate the accumulation of cells 

within the intestinal tract, translocation to areas providing favourable 

growth conditions and to maintain a persistent colonization, without 

being expelled by the peristaltic contraction of the digestive tract. 

Hence, motility confers an adaptive advantage, as several studies 

verified that non-motile cells have reduced colonisation efficiencies 

and are less virulent (Wassenaar et al., 1993; Nachamkin et al., 

1993; Malik-Kale et al., 2007). 

Besides motility, a further function of the flagellar apparatus is the 

influence of host-pathogen interactions through excretion of adhesion 

proteins (FlaC), invasion effectors (Cia) and toxins. The hook and 

basal body of the flagella share structural and functional properties 

with a type III secretion system. Hence, it is assumed that they may 

be part of a virulence-associated needle complex (Blocker et al., 
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2003; Macnab, 2003). It was shown that FlaC excretion facilitates the 

adhesion to Hep-2 cells (Song et al., 2004).  Further, the release of 

Cia effectors through the flagellar export apparatus is a pre-condition 

for efficient attachment to and invasion of host cells (Eucker and 

Konkel, 2012). Due to these functions, flagella represent 

multifunctional tools that are indispensable for survival within the host 

and take a central role in colonisation and infection. Based on their 

essential nature, flagella are favoured targets of host immune 

systems. In the plant innate immune system, specialised receptors 

are found, which specifically target bacterial flagella. One example of 

these molecular sensors, is the FLS2 receptor from Arabidopsis 

thaliana. It has been reported that FLS2 shares structural and 

functional homologies with components from the innate immune 

system of mammals and insects (Gómez-Gómez and Boller, 2000). 

In vertebrates and some lower organisms, including Drosophila 

melanogaster, toll-like (TLR) and nucleotide-binding oligomerization 

domain-like (NLR) receptors are employed by the host immune 

system to recognize invasion by pathogenic bacteria. These pathogen 

recognition receptors, together with the detection of molecular 

patterns help differentiate between commensal microorganisms and 

pathogenic invaders (Fukata and Abreu, 2009; Moncada et al., 2003). 

Flagellins from Salmonella and Campylobacter have been reported as 

dissimilar in terms of quaternary structure and the presence of the 

PAMP (pathogen-associated molecular pattern) region (Andersen-

Nissen et al., 2005; Galkin et al., 2008). One reason for this difference 

in organisation may be a strategy for TLR5 evasion through different 

packaging of the protofilament of flagella (Galkin et al., 2008). 
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Another strategy to avoid detection by host immune systems is 

masking of the flagella filament. The surface of Campylobacter 

flagella experiences a heavy modification with pseudaminic acid or its 

derivatives (Guerry, 2007; Ewing et al., 2009). Several enzymes 

within a clustered gene organization are involved in the modification 

process of the flagellar surface, termed as glycosylation (McNally et 

al., 2006). Beside their fundamental function in colonisation and 

virulence, flagella can also be seen as a weak spot, as they can serve 

as binding receptors for bacteriophage infection (Section 1.6.1).  

 

1.5 Bacteriophages 

1.5.1 Characteristics and history 

Bacteriophages or phages represent viruses that specifically infect 

bacterial cells and are therefore seen as the natural antagonists of a 

bacterial population. As obligate parasites, they fully rely on their 

specific hosts for replication, due to the lack of their own metabolic 

activity. Consequently, they have to infect a suitable host for the 

propagation of progeny. Bacteriophage virions consist of protein 

structures, so-called capsids, which encapsulate a DNA or RNA 

genome. With an estimated total of 1031 particles, bacteriophages are 

deemed the most abundant biological entities in the biosphere 

(Whitman et al., 1998; Hendrix et al., 1999; Suttle, 2005). 

Bacteriophages are found in close proximity to their hosts, with 

habitats ranging from aquatic ecosystems, soil, to biotic systems like 

plants, insects or the intestinal tracts of animals. The estimated mean 
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numbers of active phage in a healthy aquatic ecosystem are 

estimated in the range of approximately 5 x 107 PFU ml-1 with at least 

10 phages for each existing bacterial cell (Wommack and Colwell, 

2000; Danovaro et al., 2008; Clokie et al., 2011). In fresh water, 

numbers of viral particles can reach up to 108 ml-1 (Middelboe, 2003). 

Since their independent first discovery by Frederick Twort (1915) and 

Felix d'Hérelle (1917), phages have been subject to extensive 

research and helped to establish the research field of molecular 

biology. Further, bacteriophages were commercialized in the middle 

of the 20th century as phage therapy treatments for several bacterial 

infections. However, treatment results were variable, possibly due to 

the quality control of phage products, which did not meet the highest 

standards. With the discovery and application of antibiotics, the use 

of bacteriophages for the treatment of bacterial infection began to 

wane in the western world. In the former Soviet Union however, 

bacteriophage therapy is still routinely applied in the treatment of 

intestinal or topical infections.  

 

1.5.2 Bacteriophage classification 

Bacteriophages are classified according to their morphology and the 

type of their nucleic acid by the International Committee on 

Taxonomy of Viruses (ICTV). Most known bacteriophages carry 

double-stranded DNA genomes. Nevertheless, there are also 

examples of double or single stranded RNA phages, as well as single-

stranded DNA phages. Morphological classification is routinely 

employed by electron microscope imaging of viral particles. Since 
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2013, tailed bacteriophages are classified in the order Caudovirales 

(ICTV, 2016). Based on the virion tail structures three families are 

distinguished within this order. Members of the family Myoviridae 

contain long contractile tails. Phages classified as Siphoviridae have 

long non-contractile tails and Podoviridae phages carry extremely 

short tails (Fig. 1.2) (Hendrix & Casjens, 2005). 

 

 

Figure 1.2: Morphological types of Caudoviral bacteriophages. 

Displayed are electron micrographs of a T4-like myovirus (A), an Escherichia 

coli siphovirus HK97 (B) and a Salmonella typhimurium podovirus P22 (C). 

The scale bar indicates a size of 50 nm (Images adapted from Krupovic et 

al., 2011). 

 

1.5.3 Bacteriophage life cycles 

Another characteristic that can be applied to discriminate between 

bacteriophage types is their form of life cycle. In general, most 

bacteriophages either have a virulent (lytic) or are a temperate 

(lysogenic) cycle of infection (Adams, 1959; Echols, 1972; Little, 

2005). Further, alternative life cycles have been described for certain 

phages, which include pseudolysogeny or the carrier state life cycle 

(Abedon, 2009; Cenens et al., 2013; Siringan et al., 2014).  
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1.5.3.1 Lytic bacteriophage 

In the lytic life cycle bacteriophages directly lyse their hosts after 

injection of genetic material, replication and virion assembly. Main 

stages of the lytic cycle are adsorption, infection through DNA 

injection and replication, followed by self-assembly and the release of 

progeny (Fig. 1.3). The initial step of infection, namely the adsorption 

process, occurs at suitable surface located structures, for instance 

pores, capsular or cell wall associated polysaccharides, flagella or pili. 

Following this docking mechanism, the genetic material is injected 

into the cell. For this purpose, the tail fiber structures of phages 

infecting Gram-negative bacteria contain lysozyme-like degrading 

enzymes which catalyze the formation of small holes in the 

peptidoglycan layer of the cell wall (Kao & McClain, 1980; Yap & 

Rossmann, 2014). Through a contraction of the tail sheath the viral 

DNA is then transferred into the host cytoplasm. After the DNA is 

introduced into the cell, a reprogramming process will be initiated, 

that redirects most of the metabolic capacities of the host cell into to 

replication of viral DNA and synthesis of viral proteins. Following DNA 

replication and capsid synthesis, the viral DNA copies will be packed 

into the preassembled capsids before tail attachment occurs. After the 

accumulation of mature phage virions within host cells a release 

process is triggered. Matured phages are then released by bursting 

the bacterial cell. For a number of complex bacteriophages this burst 

process is performed by holin and endolysin-induced perforation of 

the bacterial cell wall (Young, 1992). However, it has also been shown 

that certain bacteriophages rely on the activation of host autolytic 
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properties for the efficient release of progeny (Frias et al., 2009).  For 

simpler phages (Microviridae, Leviviridae) lysis occurs without 

degradation of the murein layer through single gene coded affector 

proteins, which for certain types may inhibit cell wall biosynthesis 

(Bernhardt et al., 2000). In all examples, the instability and swelling 

of the cell structure leads to cell disintegration and release of viral 

progeny. The whole interval from the entry of the viral nucleic acid to 

the appearance of the first infectious extracellular phage particle is 

termed the latent period and was first described by Ellis and Delbrück 

(1939) during experiments with lytic E. coli phages.  

 

Figure 1.3: Development of virus counts during a phage infection 

cycle. Phases of infection and distribution of synthesized viral enzymatic, 

structural and genetic material during a single round of phage replication 

visualized as a one-step growth curve (Reproduced and modified after 

Madigan et al., 2010). 
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1.5.3.2 Temperate bacteriophages 

Some bacteriophages possess, alongside the virulent cycle, an 

alternative, temperate cycle of infection. In this, also termed, 

lysogenic cycle, the genetic material, carrying the bacteriophage 

genome, can integrate into the bacterial genome (for λ–like phages) 

and remain maintained as a stable component of the infected host’s 

genetic content; or exists as an extrachromosomal genetic element 

in the host cytoplasm (for phage P1). As a so-called prophage, it 

replicates simultaneously with its host genome. During this stage, the 

phage remains dormant, as most of the viral genes are not expressed 

and generates no progeny. Only following an induction event, which 

is usually triggered by a stress impulse affecting the host DNA repair 

mechanism (SOS damage response), the viral DNA of an integrated 

prophage is excised from the host genome and starts to replicate and 

transcribe essential proteins for the assembly of the capsid. 

Experimental induction can be achieved by UV radiation, but also 

alkylating agents or mitomycin C have been discovered to trigger the 

excision of the viral genome and introduce the shift to the lytic mode 

of infection for λ and λ–like prophages (Otsuji et al., 1959; Hussain 

and Ehrenberg 1975; Baluch and Sussman, 1978).  
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Figure 1.4: Life cycles of bacteriophages (Adapted from Feiner et al., 

2015). In panel a) the entire cycle of a lytic bacteriophage is visualized. The 

cycle involves attachment to a suitable host, injection of phage DNA, 

synthesis of phage DNA and proteins, assembly of progeny and lysis of the 

host. Panel b) shows the lysogenic cycle of phage infection. After injection 

of the phage genome, the DNA element integrates into the host genome, 

replicates in parallel with the genome and is passed on to new daughter cells. 

Only after a triggering event the phage genome is excised from the host 

genome and the lytic pathway induced. 

 

1.5.3.3 Pseudolysogeny and the carrier state 

Besides the aforementioned stable life cycles of bacteriophages, also 

rather unstable relationships between a bacteriophage and its host 

exist. Due to the complex nature of these phenomena, numerous 

definitions have been proposed and the terms pseudolysogeny and 

carrier state established in parallel. One interpretation of the term 
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pseudolysogeny describes the process as the carriage of phages 

within a bacterial host culture without any commitment to lytic or 

lysogenic proliferation. In contrast to lysogeny, the viral genetic 

material is not integrated into the host genome, nor does it replicate 

alongside the bacterial genome but remains in a non-active state 

(Ripp and Miller, 1997). Further, it was postulated, that 

pseudolysogeny may be cured by subculturing (Sakaguchi et al., 

2005). Another definition of the pseudolysogenic mode describes it as 

a carrier state in which a lytic phage remains inside a bacterial cell 

until favorable conditions for the lytic life cycle arise (Abedon, 2009). 

Due to sporadic intersection of terms in the literature, no clear 

discrimination between pseudolysogeny and the carrier state can be 

found.  

In contrast to several definitions of pseudolysogeny, focusing on the 

location of the phage genetic material and its mode of replication, 

some carrier state definitions address the population dynamics of host 

and phage. Siringan et al., (2014) described the carrier state of 

Campylobacter phages as an association of bacteriophages and their 

host, which are more or less in an equilibrium. In the carrier state 

population, the host bacteria consist of subpopulations that either 

support the growth of its bacteriophage or are resistant, but give rise 

to progeny that can revert to cells permissive for phage propagation 

(Hooton et al., 2016). One characteristic of a carrier state is that 

phages are constantly produced at the expense of sensitive cells.  
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For the Campylobacter carrier state two possible host-associations 

are proposed (Fig. 1.5) in which the phage  

a) either remains in close proximity to its host, outside the cell  

or 

b) injects its genetic material, but no integration into the host 

genome takes place. Instead, the viral DNA remains as a 

stable, independent extra-genomic entity.  

Carrier states have been described for phages specific for Shigella 

dysenteriae, Brucella abortus, Proteus mirabilis, mycobacteria 

and Salmonella typhimurium LT2 (Li et al., 1961; Jones et al., 1962; 

Coetzee and Hawtree, 1962; Baess, 1971; Cenens et al., 2013). In 

Campylobacter carrier state cultures, the bacteria are often impaired 

in motility. They can return to a motile phenotype in logarithmic 

growth, but are then subject to conventional phage infection 

(Brathwaite et al., 2015; Hooton et al., 2016). Owing to their lack of 

motility, these cells exhibit a reduced potential to adhere to and infect 

HCA-7 colonic epithelial cells (Brathwaite et al., 2015). 

 

Figure 1.5: Proposed model of the carrier state life cycle of a 

Campylobacter phage (Adapted from Siringan et al., 2014). 
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1.6 Campylobacter specific bacteriophages  

Morphological and genetic analyses revealed that the majority of 

isolated Campylobacter bacteriophages are members of the 

Myoviridae family with long contractile tails, double-stranded DNA 

and icosahedral heads (Atterbury et al., 2003a; Loc-Carrillo et al., 

2005; Timms et al., 2010; Sørensen et al., 2011). Further, nearly all 

of the isolated bacteriophages are virulent, with only a few being 

reported as temperate (Sails et al., 1998). Initial categorization of 

Campylobacter bacteriophages was performed by Sails and 

colleagues in 1998 based on phage genome sizes. In their attempt to 

organize 16 virulent bacteriophages from the national typing 

collection, based on electron microscopy, pulsed-field gel 

electrophoresis (PFGE) and restriction endonuclease analysis, three 

groups were proposed. Phages which fell into group I have an 

approximate genome size of 320 kb and a head diameter of 140 nm, 

group II phages contained genome sizes of 194 kb and a head 

diameter of 99 nm and group III phages genome sizes of 140 kb and 

a head diameter of 100 nm. Later a reclassification was proposed, 

that was based on whole-genome homology and protein sequence 

similarities. These analyses led to the introduction of two new genera, 

the “Cp220likevirus” and “Cp8unalikevirus” within the newly 

established subfamily “Eucampyvirinae” (Javed et al., 2014). In the 

literature, most group III phage (Cp8unalike) are reported to be 

typically isolated from chicken samples (Atterbury et al., 2003; El-

Shibiny et al., 2005; Loc Carrillo et al., 2005, 2007; Hansen et al., 

2007). While Cp220-like phages were found in a range of animals like 
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ducks, chicken and pigs (Salama et al., 1989; Loc Carrillo et al., 2005; 

Hansen et al., 2007; Carvalho et al., 2012). 

 

1.6.1 Receptors for phage infection 

Bacteriophages rely on surface located structures for efficient 

adsorption and injection of their genetic information into a suitable 

host. Compatible structures that serve this purpose are called 

receptors for phage infection and a number of examples have been 

identified in different bacterial hosts in the literature. Most prominent 

examples of receptors are porins, which are essential for the 

exchange of nutrients and metabolic by-products through the 

formation of channels in the bacterial membrane (Nakae, 1976). The 

outer membrane protein OmpC of E. coli K12 for example, was 

identified as a receptor for bacteriophages T4, Hy2, ss4 and Tulb 

(Scurray et al., 1974; Yu and Mizushima, 1982). As another example, 

the OmpF porin was shown to serve as a receptor for phage T2 

(Hantke, 1978; Riede et al., 1985). Besides membrane-associated 

protein structures, cell wall- or capsule-associated saccharides are 

other surface structures that have been recognized as receptors for 

phage adsorption. The LPS polymer of Gram-negative 

microorganisms comprises monosaccharides and fatty acids. LPS 

consists of lipid A, serving as a hydrophobic membrane anchor, the 

core oligosaccharides and O-chain saccharides (Wilkinson, 1966). 

Two types of LPS are distinguished based on their sugar configuration. 

The rough (R) type LPS contains only the lipid-A membrane anchor 

and the core saccharides, while the smooth (S) type consists of the 
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full configuration of sugars (core and O-chain). A number of phages 

are reported to be able to infect both types of LPS, while others 

specialize on the O-chain saccharides, leading to narrow host range 

specificities due to diversity in O-antigen sugar compositions (Lerouge 

and Vanderleyden, 2002). Phages that attach to the O-chain of the 

LPS layer have been described to contain enzymatic activity that can 

cleave the polysaccharide chain. Phage P22 infecting S. typhimurium 

has been shown to possess an endo-rhamnosidase activity, catalyzing 

the cleavage of an alpha-L-rhamnosyl linkages within the O-chain 

saccharides (Iwashita and Kanegasaki, 1973; Eriksson and Lindberg, 

1977; Eriksson et al., 1979). It is assumed that recognition of the O-

antigen chain by bacteriophages adsorbing to LPS of Gram-negative 

bacteria is performed by enzymes localized at the end of the phage 

tail (Rakhuba et al., 2010). Phages that adsorb to capsular 

polysaccharide have been shown to do this in a reversible manner 

during initial adsorption. Committed stages of the infection process 

use alternative cell wall components that act as final binding targets 

for irreversible attachment prior to DNA injection (Taylor, 1966; Stirm 

et al., 1971). 

In highly motile bacteria flagella serve as primary targets for phage 

adsorption. Examples of phages that directly bind to flagella are 

phage χ of Salmonella, E. coli and Serratia (Schade et al., 1967) and 

PBS7 of B. subtilis (Lovett, 1972). Initial adsorption to flagella usually 

occurs in a reversible manner at the distal part of the filament. After 

translocation towards the cell surface and the flagellar base, the 

irreversible attachment and DNA injection can take place (Pate et al., 

1979; Zhilenkov et al., 2006). In bacteria that perform DNA exchange 
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through conjugation, pili have been reported to serve as receptor for 

bacteriophage infection of certain phages (Meynell & Lawn, 1968; Kim 

et al., 2012). Pili are protein appendages that serve as structural 

connection between bacterial cells prior to DNA transfer through the 

conjugation process. Phages that adsorb to pili belong either to RNA-

containing viruses or filamentous DNA viruses. Phages of these types 

only bind to sex pili of bacteria in order to commence the infection 

process.  

For Campylobacter-specific phages the rotating flagella and capsular 

polysaccharide have been identified as structures that are employed 

for the initial step of the infection process (Sørensen et al., 2011; 

Baldvinsson et al., 2014). More specifically, the phase variable O-

methyl phosphoramidate (MeOpN) moiety has been shown as the 

target for adsorption of bacteriophage F336. Other studies showed 

that flagellotropic bacteriophages directly bind to the flagellar 

filament of Campylobacter (Zhilenkov et al., 2006; Baldvinsson et al., 

2014). A further important factor that has been explored as an 

essential requirement for phage infection of certain phages is protein 

glycosylation. One study reported a receptor binding protein from 

bacteriophage NCTC 12673 to specifically bind to glycosylated flagella 

modified with acetamidino-modified pseudaminic acid (Javed et al., 

2015a). Phage structures that recognize this receptor are located at 

the tip of tail fibre, identified as gp047 in phage NCTC 12673 

(Kropinski et al., 2011). Besides identification of flagella and capsular 

polysaccharide as receptors for phage infection, data about additional 

receptors in campylobacters is scarce.  
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1.6.2 Bacteriophage resistance 

Host bacteria are not defenseless towards bacteriophage infection, as 

several resistance mechanisms have evolved in the ongoing process 

of co-evolution between host and bacteriophage. In contrast to the 

development of resistance against antibiotic agents, which is 

accompanied by the gain of additional functions, the setup of 

resistance against bacteriophages is generally a tradeoff leading to 

loss of functions and fitness. Bacteria have developed a range of 

strategies to overcome bacteriophage infection and become resistant. 

One of these strategies is the modification or temporary absence of 

surface structures. Loss of a pore structure is one of the main 

reported mechanisms involved in phage resistance. However, this 

defense strategy is generally accompanied by a loss of overall fitness 

compared to non-resistant strains. For Pseudomonas aeruginosa, it 

was shown that development of resistance to phage OMKO1, 

targeting an outer membrane porin involved in a multidrug efflux 

system, increased sensitivity towards antibiotic agents (Chan et al., 

2016). Other impacts on the phage resistant host can manifest in 

reduced growth capabilities or result in less virulent phenotypes 

(Evans et al., 2010). In E. coli the loss of certain pores, as part of a 

phage resistance mechanism, can cause an inability to access 

maltodextrin (Charbit et al., 1988), impair iron uptake (Heller, 1992) 

or result in a general growth disadvantage (Bohannan et al., 2002; 

Jessup and Bohannan, 2008; Quance and Travisano, 2009). 

Further examples of resistance acquisition involve the reduction or 

abolishment of motility or absence of surface polysaccharides (Stirm, 
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1968; Chart et al., 1989; Santander and Robeson, 2007; Laanto et 

al., 2012; Zhang et al., 2016). These changes however are also 

accompanied by reduced fitness and loss of virulence (León and 

Bastia, 2015), as the capsular saccharides and motility are vital 

colonization factors of a wide range of pathogenic bacteria. In order 

to avoid permanent fitness disadvantage within a bacterial 

population, phase variation mechanisms have evolved (Henderson et 

al., 1999). These molecular switches, based on mutation events 

within reading frames of target structures, serve as selective and 

temporary modifiers of the bacterial phenotype and can alter motility 

and the composition of the cell surface (Karlyshev et al., 2002; 

Medhekar and Miller, 2007; Sørensen et al., 2012). 

Screening experiments with transposon-induced random target 

mutations in C. jejuni strain 11168 revealed phage resistance 

associated with motility or polysaccharide capsule defects (Coward et 

al., 2006). The gene clusters involved in the synthesis of both phage 

infection relevant surface structures are prone to phase variation. A 

more detailed study identified the cause of resistance against 

infection through Campylobacter specific phage F336. The phage 

resistant mutant strain had lost a phase variable O-methyl 

phosphoramidate (MeOPN) moiety attached to a GalfNAc (N-

acetylgalactosamine in furanose configuration) residue of the CPS 

(Sørensen et al., 2012). This study further supported the assumption 

that phase variation has a profound effect on the infection process of 

certain bacteriophages. 
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Besides the absence of special configurations of capsular 

polysaccharides, in Campylobacter loss of motility has been reported 

as one of the main mechanisms to avoid infection by certain 

bacteriophages. Through bacteriophage predation studies in in vivo 

colonization experiments Scott et al. (2007b) showed that motility 

loss was the main cause for resistance acquisition against phage 

infection in strains recovered from phage-treated chicken. In a 

previous study by Loc Carrillo et al. (2005) resistant cell types 

comprised a minor part (4%) of the overall population recovered from 

in vivo settings. It was further shown that a reversion to a phage 

sensitive type appeared to occur in vivo very swiftly, which may be a 

strategy to avoid permanent fitness disadvantages. In analogy to 

observations from the above mentioned examples throughout 

different bacterial species, in C. jejuni phage resistant strains were 

characterized by reduced virulence as compared to the wild type. This 

manifested in an impairment for colonization of further uninfected 

chicken (Loc Carrillo et al., 2005; Scott et al., 2007a; Scott et al., 

2007b). In addition to surface modifications or motility loss, other 

resistance mechanisms involve abortive infection (Dy et al., 2015), 

restriction-modification (Hofreuter et al., 2006) or the CRISPR/Cas 

system (Hooton et al., 2016). 

The acquisition of resistance against bacteriophage infection has a 

profound impact on the application of bacteriophages in experimental 

trials. For phage therapy or biocontrol approaches, the composition 

of diverse phage cocktails containing bacteriophages targeting 

different surface receptors should help to minimize the effects of 
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resistance development of the target organism. In that way the 

introduction of diversity in phage infection routes may help to 

overcome development of resistance through phase variable absence 

of target structures and increase the efficacy of a phage based 

biocontrol product.  

 

1.7 Problems encountered by the meat industry 

Governmental authorities have reacted to the high incidence numbers 

of infection associated with the consumption of meat products. In 

2003 the European Parliament passed a bill which regulates the 

classification of raw meat. Stricter rules were introduced regarding 

the handling and labeling of meat products in order to reduce the 

prevalence of Salmonella contamination on retail meat. One point of 

this regulation dictated that no viable cells are tolerated in 25 g of 

retail raw meat (EU regulation no. 2160/2003). However, no such 

regulation was established for Campylobacter, as detection and 

handling of isolates is not trivial and requires specialized laboratories. 

Further, the control of this pathogen remains challenging, as meat 

matrices are difficult targets for decontamination strategies and even 

lower cell densities can still elicit infection (Devlieghere et al., 2004; 

Black et al., 1988). Due to these circumstances, campylobacters 

remain a major problem for the meat producing industries. In affected 

livestock, chicken and pigs, Campylobacter carriage in the intestinal 

tract is not accompanied by symptoms of illness, nor cause any severe 

problems for the colonized animal (Newell and Fearnley, 2003). 

Regulatory authorities have put a substantial amount of pressure on 
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farmers and retailers to deliver products free of potentially harmful 

bacterial contaminants, as 80% of the cases of zoonotic infection are 

foodborne (Mead et al., 1999). Effective reduction of cell loads is 

crucial, taking into account that doses as small as 500 cells can cause 

infection (Robinson, 1981; Black et al., 1988). In some countries, for 

instance the United States, the application of chemical 

decontamination of carcasses with compounds including chlorine, 

chlorine dioxide, trisodium phosphate or lactic acid, is intended to 

decrease the numbers of Campylobacter on carcasses (Epling et al., 

1993; Li et al., 2002; Bashor et al., 2004). However, none of these 

chemicals are approved for carcass treatment in the EU. Freezing of 

chicken meat was shown to successfully reduce Campylobacter 

numbers, but the overall quality of the meat suffers during this 

process (Sandberg et al., 2005; El-Shibiny et al., 2009; Sampers et 

al., 2010). Due to the fact, that meat contaminated with pathogens 

above a certain limit cannot be sold as fresh meat, food producers 

and retailers have developed a number of strategies to overcome or 

reduce the economic loss caused by contaminated meat products. 

One of these strategies developed by the food industry is selling 

marinated meat prepacked as ready-to-oven products, or as meat 

addition in pre-boiled canned soups. Ready-to-eat, pre-fried and 

seasoned chicken pieces are another option to sell meat that does not 

pass the criteria. All these measures aim to decrease the consumer 

risk during food preparation at home (González et al., 2011; Baer et 

al., 2013). 
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1.8 Application of bacteriophages in bio-

sanitation approaches 

The use of bacteriophage-based antimicrobials might be a suitable 

alternative to harsh chemical or physical treatment. A number of 

studies tested the efficacy of single bacteriophages on raw or cooked 

meat surfaces for the reduction of Campylobacter numbers in a post-

harvest scenario (Atterbury et al., 2003, Goode et al., 2003; Bigwood 

et al., 2008). These studies revealed the potential of bacteriophage, 

but also demonstrated the current limitations of these techniques in 

the reduction of Campylobacter numbers in the human food chain 

(Connerton et al., 2011). Further, these studies gave insight into the 

unexpected complexity in experimental design and limitations in the 

comparability of results. Between studies reduction levels varied, as 

different single bacteriophages and non-standardized experimental 

settings were employed (Hertwig et al., 2013). In addition, no clear 

information about adsorption criterion or receptors of the employed 

phages were available or mentioned. Exploitation of additional data 

concerning receptors and identification of phage infection strategies 

might therefore be an essential next step in the characterization of 

suitable phages for biocontrol purpose. 
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1.9 Objectives of this study 

The majority of Campylobacter-specific bacteriophages that have 

been characterized and published were isolated from avian sources. 

In order to diversify the range of the bacteriophage origins and to 

isolate novel bacteriophages, this study primarily focused on the pig 

production chain, by trying to isolate and characterize novel 

bacteriophages from environmental samples of porcine origin. For this 

purpose, a selected number of bacteriophages should be sequenced 

to identify whether, in the ecosystem of the porcine intestinal tract, 

bacteriophages can be obtained that exhibit novel genetic 

organisations different from those previously documented within the 

genera CP8unalike and CP220like of the Eucampyvirinae subfamily of 

bacteriophages. This data should be complemented by determination 

of the host range and the identification of adsorption receptors of 

these novel bacteriophages. 

In addition, effort should be made to identify further relevant factors 

affecting bacteriophage infection. For this purpose, single gene 

knock-out mutants should be generated based on phage susceptible 

strain C. jejuni PT14. Factors essential for the infection process of the 

characterized Campylobacter bacteriophages have been associated 

with the presence of surface structures within the capsular 

polysaccharide or the flagellar apparatus required for functional 

motility. These factors have been shown to exhibit variation in 

expression, based on the cellular growth state, the presence of stress 

factors and stochastic phase variation. Due to the essential nature of 

these processes for the infection of many characterized phage, the 
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variable presence of these structures may be a hindrance for the 

effective application of bacteriophage based biocontrol measures. 

Therefore, another aim of this study was to identify novel host factors, 

which ideally would not be prone to variation. 

In general, data collected from this study should help to extend the 

range of identified bacteriophages, elucidate novel structures 

affecting bacteriophage infection and gain insight into phage-host 

interactions during the infection process. 
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CHAPTER 2 

MATERIAL AND METHODS 
 

2.1 Preparation of growth and storage media 

Unless otherwise stated, all growth and storage media were prepared 

using reverse osmosis (RO) water. After dissolving the components, 

media were sterilised by autoclaving at 121°C and 15 psi for 15 min 

on a liquid cycle. For solid agar media, molten agar was initially 

tempered to 45 - 50°C before addition of any supplements or 

antibiotics. Plates were poured inside a laminar flow cabinet. After 

solidification, the agar plates were stored at 4°C for up to four weeks. 

All other chemicals were stored at room temperature after autoclaving 

and cooling, unless otherwise indicated. 

 

2.1.1 Blood agar (BA) 

Blood agar base No. 2 (Oxoid Ltd., Basingstoke, UK: CM0271; 

proteose peptone 15.0 g l-1, liver digest 2.5 g l-1, yeast extract 5.0 g 

l-1, sodium chloride 5.0 g l-1, agar 12.0 g l-1; pH 7.4 ± 0.2 at 25°C) 

was prepared according to manufacturer’s instruction (40 g in 1 litre 

of RO water). Following sterilisation, media was cooled to 45 - 50°C 

before addition of defibrinated horse blood (TCS Biosciences, 

Buckingham, UK) to a final concentration of 5% (v/v). 
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2.1.2 Campylobacter blood-free selective agar 

(modified CCDA-Preston) 

Campylobacter blood-free selective agar (Oxoid: CM0739; nutrient 

broth No.2 25.0 g l-1, bacteriological charcoal 4.0 g l-1, casein 

hydrolysate 3.0 g l-1, sodium desoxycholate 1.0 g l-1, ferrous sulphate 

0.25 g l-1, sodium pyruvate 0.25 g l-1, agar 12.0 g l-1; pH 7.4 ± 0.2 at 

25°C) was prepared according to manufacturer’s instruction (45.5 g 

in 1 litre of RO water). For Campylobacter quantification, an additional 

2% (w/v) of bacteriological agar No. 1 (Oxoid) was added to prevent 

swarming of cells. For the isolation of Campylobacter from 

environmental samples, 1 vial of CCDA selective supplement (Oxoid: 

SR 0155; 16 mg of cefoperazone and 5 mg of amphotericin B) was 

dissolved in sterile RO water and added aseptically to 500 ml of 

sterilised CCDA after cooling to 45 - 50°C. 

 

2.1.3 New Zealand Casamino Yeast Medium (NZCYM) 

basal agar 

New Zealand Casamino Yeast Medium broth (Carl Roth, Karlsruhe, 

FRG: X974.1; pancreatic digest of casein 10.0 g l-1, yeast extract 

5.0 g l-1, sodium chloride 5.0 g l-1, casamino acids 1.0 g l-1, 

magnesium sulphate, anhydrous 0.98 g l-1, pH 7 ± 0.2 at 25°C) was 

prepared by dissolving 22 g of NZCYM broth in 1 litre of RO water. 

Additionally, 15 g of bacteriological agar No. 1 (Oxoid) was added to 

the broth to a final agar concentration of 1.5% (w/v) to create NZCYM 

basal agar. 



Chapter 2 
 

48 
   

2.1.4 NZCYM overlay agar 

NZCYM overlay agar was prepared by adding bacteriological agar 

No. 1 (Oxoid) to NZCYM broth (Carl Roth) (prepared according to the 

manufacturer’s instructions) to a final agar concentration of 0.6% 

(w/v). Following sterilisation, 5 ml volumes were aseptically aliquoted 

into sterile glass universal bottles and were allowed to temper in a 

55°C water bath until further use. 

 

2.1.5 Nutrient broth No. 2 

Nutrient broth No. 2 (Oxoid: CM0067; Lab-Lemco powder 10.0 g l-1, 

peptone 10.0 g l-1, sodium chloride 5.0 g l-1) was prepared according 

to manufacturer’s instruction (25 g in 1 litre of RO water). After 

sterilisation, it was stored at room temperature for up to eight weeks. 

 

2.1.6 Luria broth (LB)  

Luria broth (Miller formulation) (Carl Roth: X968.1; yeast extract 

5.0 g l-1, tryptone 10.0 g l-1, sodium chloride 10.0 g l-1) was prepared 

according to manufacturer’s instruction (25 g in 1 litre of RO water). 

After sterilisation, it was stored at room temperature for up to eight 

weeks. 
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2.1.7 Mueller-Hinton (MH) broth 

Mueller-Hinton broth (Oxoid: CM0405; dehydrated beef infusion 

300 g l-1, casein hydrolysate 17.5 g l-1, starch 1.5 g l-1) was prepared 

according to manufacturer’s instruction (21 g in 1 litre of RO water). 

After sterilisation, it was stored at room temperature for up to eight 

weeks. Before application in phage detection or titre determination 

the aliquoted broth was supplemented with MgSO4 to a final 

concentration of 10 mM. 

 

2.1.8 Mueller-Hinton (MH) agar 

Mueller-Hinton agar was prepared by adding bacteriological agar No. 

1 (Oxoid) to MH broth (2.1.7) to a final agar concentration of 1.5% 

(w/v). 

 

2.1.9 Campylobacter MH motility agar 

MH motility agar was prepared as described for MH agar (2.1.8) but 

instead the bacteriological agar was added to a final concentration of 

0.4% (w/v). 

 

2.1.10 Super optimal broth with glucose (SOC) 

Super optimal broth was prepared by dissolving 5 g l-1 yeast extract 

and 20 g l-1 tryptone in RO water and supplementing the media with 

10 mM NaCl, 2,5 mM KCl, 10 mM MgCl2 and 10 mM MgSO4. After 

sterilisation, sterile glucose was added to the media to a final 

concentration of 20 mM. 
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2.1.11 Phosphate Buffered Saline (PBS) 

Phosphate buffered saline (Oxoid: BR0014) was prepared according 

to the manufacturer’s instructions with a pH of 7.3 ± 0.2 at 25°C. The 

final composition contained 0.8% (w/v) NaCl, 0.02% (w/v) KCl, 

0.115% (w/v) Na2HPO4 and 0.02% (w/v) KH2PO4. Following 

sterilisation, the PBS was stored at room temperature until needed. 

 

2.1.12 Maximum Recovery Diluent (MRD) 

Maximum recovery diluent (Oxoid: CM0733; peptone 1.0 g l-1, sodium 

chloride 8.5 g l-1) was prepared by suspending 9.5 g into 1 litre of RO 

water. It was stored at room temperature following sterilisation. 

 

2.1.13 Salt Magnesium (SM) buffer 

Salt Magnesium buffer was prepared through addition of NaCl (Fisher 

Scientific, Loughborough, UK) to a final concentration of 0.1 M, MgSO4 

x 7 H2O (Fisher Scientific) to a final concentration of 10 mM, gelatine 

(Sigma-Aldrich, Dorset, UK) to a final concentration of 0.01% (w/v) 

and Tris (Sigma-Aldrich) to a final concentration of 50 mM. Prior to 

sterilisation the pH was adjusted to 7.5 with concentrated HCl (Acros 

Organics, Loughborough, UK) and the solution filled up to a final 

volume of 1 litre with RO water. After sterilising, the buffer was stored 

at room temperature until needed. 
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2.1.14 Bacteriological storage medium 

2.1.14.1 Campylobacter storage medium 

Nutrient broth No. 2 (2.1.5) was prepared according to the 

manufacturer’s instructions but was supplemented with 20% (v/v) 

glycerol (Fisher Scientific). After sterilisation, it was stored at room 

temperature. 

 

2.1.14.2 E. coli storage medium 

Luria broth (2.1.6) was prepared according to the manufacturer’s 

instructions and supplemented with 40% (v/v) glycerol (Fisher 

Scientific). After sterilisation, it was stored at room temperature. 

 

2.1.15 Antibiotics 

Stock solutions of selective agents were prepared by dissolving the 

desiccated antibiotics in their specific solvents and then filter 

sterilising through a Minisart 0.2 μm filter (Sartorius Stedim Biotech, 

Goettingen, FRG). These filtered solutions were stored at -20°C until 

ready for use. Table 2.1 displays the stock and working 

concentrations for the antibiotics used in this project. 

 

Table 2.1: Antibiotics employed in this project. 

Antibiotic Stock concentration Working concentration 

Kanamycin 50 mg ml-1 (In H2O) 25 µg ml-1 

Chloramphenicol 50 mg ml-1 (In EtOH) 34 µg ml-1 

Tetracycline 25 mg ml-1 (In H2O) 10 µg ml-1 
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2.2 Campylobacter 

2.2.1 Strains 

The Campylobacter and E. coli strains used in this thesis are listed 

with their detailed properties in Table 2.2. 
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Table 2.2: Campylobacter strains used within this project.  

Strain Characteristic or genotype Source 

Wild type strains   

C. coli 87AGc pOmp50 Carrying plasmid expressing Omp50, tetR, kanR 
Jean-Michel Bolla, Université de la 
Méditerranée, Marseille, France 

C. coli OR12 Isolate from free range chicken excreta 
A. El-Shibiny PhD thesis, University 
of Nottingham, UK 

C. jejuni HPC5 Isolated from broiler chickens within the UK. 
C. Loc Carillo PhD thesis, University 
of Nottingham, UK 

C. jejuni ISI115 Turkey isolate from Denmark   ISI Food Protection, Denmark 

C. jejuni ISI118 Clinical isolate from Denmark   ISI Food Protection, Denmark 

C. jejuni ISI121 Poultry isolate from Denmark  ISI Food Protection, Denmark 

C. jejuni ISI123 Poultry isolate from Denmark  ISI Food Protection, Denmark 

C. jejuni NCTC 11168  Wild-type human isolate. NCTC, PHLS, Colindale, UK 

C. jejuni NCTC 12658 Indicator strain for phage isolation NCTC, PHLS, Colindale, UK 

C. jejuni NCTC 12659 Indicator strain for phage isolation NCTC, PHLS, Colindale, UK 

C. jejuni NCTC 12660 Indicator strain for phage isolation NCTC, PHLS, Colindale, UK 

C. jejuni NCTC 12661 Indicator strain for phage isolation NCTC, PHLS, Colindale, UK 

C. jejuni NCTC 12662 Indicator strain for phage isolation NCTC, PHLS, Colindale, UK 

C. jejuni NCTC PT14 Bacteriophage propagating strain  NCTC, PHLS, Colindale, UK 

C. jejuni NCTC 12663 Indicator strain for phage isolation NCTC, PHLS, Colindale, UK 

C. jejuni NCTC 12664 Indicator strain for phage isolation NCTC, PHLS, Colindale, UK 

C. jejuni NCTC 12665 Indicator strain for phage isolation NCTC, PHLS, Colindale, UK 

C. jejuni NCTC 12666 Indicator strain for phage isolation NCTC, PHLS, Colindale, UK 

C. jejuni NCTC 12667 Indicator strain for phage isolation NCTC, PHLS, Colindale, UK 

C. jejuni NCTC 12668 Indicator strain for phage isolation NCTC, PHLS, Colindale, UK 
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Table 2.2 continued 

Strain 

 
Characteristic or genotype 

 
Source 

C. jejuni NCTC 81-176 Wild-type human isolate. NCTC, PHLS, Colindale, UK 

C. jejuni PT19 Wild-type human isolate. NCTC, PHLS, Colindale, UK 

C. jejuni PT6 Wild-type human isolate. NCTC, PHLS, Colindale, UK 

   

Donor strains   

C. jejuni NCTC 11168H flaA flaA::Kan, kanR 
M. Jones, University of Nottingham, 
UK 

C. jejuni NCTC 11168 flaAB flaAB::Kan, kanR 
J. Shinwell, University of 
Nottingham, UK 

C. jejuni NCTC 11168 flaB flaB::Kan, kanR 
J. Shinwell, University of 
Nottingham, UK 

C. jejuni NCTC 11168 kpsM kpsM::Kan, kanR B. Wren, LSHTM, London, UK 

C. jejuni NCTC 11168 htrB htrB::Kan, kanR 
E. Allan, University College 
London,UK 

C. jejuni NCTC 11168 waaF waaF::cat, catR J. Ketley, University of Leicester, UK 

C. jejuni NCTC 11168H maf5 maf5::Kan, kanR 
M. Jones, University of Nottingham, 
UK 

C. jejuni NCTC 11168 pflA pflA::Kan, kanR N. Bleumink-Pleuym, Universiteit 
Utrecht, Netherlands 

C. jejuni NCTC 11168 cj1322 
cj1322::Kan, kanR 

E. Allan, University College 
London,UK 

C. jejuni NCTC 11168 cj1325/6 
cj1325/26::Kan, kanR 

E. Allan, University College 
London,UK 

E. coli TOP10  General cloning strain Invitrogen 
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Table 2.2 continued 

Strain Characteristic or genotype Source 

   

PT14 mutant strains   

C. jejuni NCTC 12662 PT14 cj1322 cj1322::Kan, kanR This study 

C. jejuni NCTC 12662 PT14 cj1325/26 cj1325/26::Kan, kanR This study 

C. jejuni NCTC 12662 PT14 flaA flaA::Kan, kanR This study 

C. jejuni NCTC 12662 PT14 flaAB flaAB::Kan, kanR This study 

C. jejuni NCTC 12662 PT14 flaB flaB::Kan, kanR This study 

C. jejuni NCTC 12662 PT14 flaB, 0046::flaB flaB::Kan, 0046::flaB+cat, catR This study 

C. jejuni NCTC 12662 PT14 fur fur::Kan, kanR This study*  

C. jejuni NCTC 12662 PT14 htrB htrB::Kan, kanR This study 

C. jejuni NCTC 12662 PT14 kpsM kpsM::Kan, kanR This study 

C. jejuni NCTC 12662 PT14 maf5 maf5::Kan, kanR This study 

C. jejuni NCTC 12662 PT14 perR perR::Kan, kanR This study*  

C. jejuni NCTC 12662 PT14 pflA pflA::Kan, kanR This study 

C. jejuni NCTC 12662 PT14 waaF waaF::cat, catR This study 

 

 

 

*: transformed with plasmid constructs
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2.2.2 Growth conditions of bacterial cultures 

Campylobacter strains were routinely grown on blood agar base No. 2 

plates supplemented with 5% (v/v) horse blood (BA plates) under 

microaerobic conditions (MAC) in an atmosphere controlled cabinet (5% 

CO2, 5% O2, 2% H2, 88% N2) (Don Whitley Scientific, Shipley, UK; Baker 

Ruskinn, Bridgend, UK) or in anaerobic jars using gas replacement (7.3% 

CO2, 5.6% O2, 3.6% H2, 83.5% N2) (Oxoid) at 42°C. Escherichia coli 

strain TOP10 was used for cloning and cultured aerobically at 37°C on 

Luria agar plates or in Luria broth containing appropriate antibiotic 

(Tab. 2.1) as required. 

 

2.2.3 Storage of bacterial cultures 

2.2.3.1 Short term storage 

Working cell stocks were revived monthly from long-term stocks by 

quickly thawing an aliquot on ice and spreading a loop full of cell material 

onto a BA plate (2.1.1). Subsequently the plate was incubated at 42°C 

for 18 - 24 h under microaerobic conditions (2.2.2). Plates with overnight 

growth were then stored microaerobically in anaerobic jars at 4°C for up 

to one month. These stocks provided a source of cells without having to 

continuously thaw and re-freeze the long-term stocks. The plates were 

used to sub-culture growth by placing an inoculum onto a fresh BA plate 

and incubating under microaerobic conditions at 42°C for 18 - 24 h. 
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2.2.3.2 Long term storage 

For long term storage, Campylobacter strains were grown to high 

numbers overnight at 42°C under MAC on BA plates (2.1.1). Cell material 

was harvested with a sterile cotton swab from the BA plates and 

suspended in 1 ml of bacteriological storage medium (2.1.14.1). E. coli 

cultures were grown overnight at 37°C in LB broth (2.1.6). 500 µl 

aliquots of bacterial cultures were mixed with an equal volume of 

bacteriological storage medium (2.1.14.2). These cryo-cultures were 

stored at -80°C until further use. 

 

2.2.4 Enumeration of viable bacterial counts 

Campylobacter enumeration was performed using a modified method 

based on the Miles and Misra (1938) technique. Serial ten-fold dilutions 

of the cell suspension to be quantified were prepared in MRD (2.1.12). 

Six 10 μl aliquots of each dilution were then spotted onto pre-dried 

modified CCDA-Preston plates (2.1.2). The spots were allowed to dry 

with the help of a Bunsen burner flame or inside a biosafety cabinet, and 

the plates were incubated in under MAC at 42°C for 48 h. Dilutions with 

counts of 3 - 30 colonies were counted and the average of the six spots 

was determined. The number of colony forming units per ml (CFU ml-1) 

was then calculated by multiplying the average number of colonies by 

the inverse of the dilution factor and by 100. 
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2.2.5 Gram staining 

Smears of cell material to be tested were prepared aseptically on a glass 

microscope slide (Carl Roth) using a sterile 1 μl inoculation loop and 

sterile water. After air drying and heat fixing the smears, slides were 

placed in crystal violet solution (Carl Roth) for 1 min, with the excess 

rinsed off with RO water. Next, the slides were immersed in Lugol’s iodine 

(Carl Roth) for 30 s and rinsing the excess with RO water. The stained 

smears were then decolorized by placing the slides into ethanol (Carl 

Roth) for 1 min, followed by counterstaining with carbol fuschin solution 

(Carl Roth) for 30 s and rinsing with RO water. Slides were then air dried 

and viewed under oil immersion at 100 x magnification using a light 

microscope. 

 

2.3 Determination of swimming motility 

In order to assess swimming motility, fresh overnight cultures were 

taken from a blood agar plate (2.1.1) and suspended in Mueller-Hinton 

broth (2.1.7). After adjustment of cell suspensions to OD600 0.1, 2 µl of 

the suspension was removed with a pipette tip and stabbed into a 

swimming agar plate (2.1.9). Inoculated plates were then incubated 

under microaerobic conditions (2.2.2) at 42°C for 24 - 48 h. The 

diameters of growth zones were measured for triplicate samples after 24 

and 48 h to assess cell motility. 
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2.4 Extraction and staining of exopolysaccharides 

Phenotypic verification of the capsule and LOS-mutants was assessed by 

polysaccharide staining using Alcian blue (Karlyshev et al., 2001). One 

loop of an overnight culture from a BA plate (2.1.1) was resuspended in 

0.5 ml saline solution (0.9% (w/v) NaCl; Carl Roth) and centrifuged at 

13,000 x g for 5 min in a bench top centrifuge. The pellet was 

resuspended in saline solution and incubated for 1 h at 50°C to extract 

the polysaccharides from capsule and cell wall. Whole cells were 

subsequently sedimented, from which 500 µl of the supernatant was 

concentrated to a final approximate volume of 50 µl using an Amplicon 

Ultra 0.5 column with a cutoff of 3 kDa (Millipore, Watford, UK) by 

centrifugation at 13,000 x g for 30 min. Following extraction, a precast 

4 - 15% acrylamide gradient gel (MiniProtean TGX, Biorad, Hemel 

Hempstead, UK) was used to fractionate the samples. The gel was run 

at 200 Volts for 30 min in a SDS-Tris-Glycine buffer (2.11.2.1). After 

electrophoretic separation, the gel was stained with Alcian blue (0.1% 

(v/v) Alcian blue 8GX (Sigma Aldrich, Taufkirchen, Germany) in 40% 

(v/v) Ethanol (Carl Roth) and 5% (v/v) Acetic acid (Carl Roth)) for 

30 min. Following a washing step in RO water, a second staining step 

over night was necessary, as the first staining resulted in the formation 

of a blue crust on the gel surface. In the next step, the gel was destained 

in RO water and analyzed. 
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2.5 Campylobacter whole genome sequencing 

Genomic DNAs from C. jejuni PT14 non-motile variants were prepared 

using the GenElute Bacterial Genomic DNA Kit (Sigma Aldrich, Dorset, 

UK) following the manufacturer’s instructions. DNA sequencing was 

performed using the Illumina MiSeq platform. The data consisted of 3.1 

– 4.4 million paired-end sequence reads of 250 bp in length. Initial 

processing of the raw data, mapping of the sequence reads to C. jejuni 

PT14 (GenBank accession number CP003871) and variant detection were 

performed using CLC Genomics Workbench version 8.6 (Qiagen, Aarhus, 

Denmark). 

 

2.6 Genetic manipulation of C. jejuni PT14 

2.6.1 Extraction of genomic DNA  

Genomic DNA of transgenic Campylobacter knock-out strains for 

transformation of C. jejuni PT14 and subsequent verification was 

extracted with a commercial DNA extraction kit (GenElute Bacterial 

Genomic DNA kit, Sigma Aldrich) according to Manufacturer’s 

instructions. The necessary cell material was taken from freshly grown 

overnight cultures on BA plates (2.1.1). 
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2.6.2 Transformation of C. jejuni PT14 

Site-specific knockout mutations in C. jejuni PT14 were generated with 

genomic DNA from established and verified knockout constructs in donor 

strains (Tab. 2.2). As most strains of C. jejuni possess high natural 

transformation efficiencies (Wang and Taylor, 1990; Wiesner et al., 

2003), the protocol from Wang and Taylor (1990) using genomic DNAs 

of the donors was adopted. C. jejuni PT14 overnight cultures were 

collected from BA plates (2.1.1) and dissolved in 5 ml of MH broth 

(2.1.7). Cells were adjusted to OD600 0.5 (corresponding to approx. 9.55 

log10 CFU ml-1) and aliquots of 500 μl of the adjusted culture were added 

to 1 ml of MH broth in a 15-ml tube. Following incubation at 42°C under 

microaerobic conditions (2.2.2) for 5 h, 1 to 5 μg of extracted genomic 

DNA (2.6.1) were added and cells were further incubated overnight. On 

the following day, cells were concentrated by centrifugation at 13,000 x 

g for 15 min. Pellets were resuspended in 100 μl of MH broth and spread 

on BA plates containing the selective agent according to the selective 

marker in use (Tab. 2.1). Selection plates were then incubated for 24 to 

48 h at 42°C under microaerobic conditions (2.2.2). Growing colonies 

were subcultured on selective plates and stored as cryo-cultures (2.2.3) 

after verification of Campylobacter morphologies via Gram-staining 

(2.2.5). 

 



Chapter 2 
 

62 
   

2.6.3 Knockout verification via PCR band shift assay 

The correct insertion of kanamycin, chloramphenicol or tetracycline 

resistance cassettes (aphA(3')-II, cat or tetO genes) into the desired 

genes was verified via PCR (2.10). For this purpose, primers were 

designed (Tab. 2.4) that hybridize in flanking genes adjacent to the 

knockout targets. The PCR reactions were performed on genomic DNA 

(2.6.1) or directly on cell material (colony PCR). Additional verification 

was performed via Sanger sequencing of PCR amplified gene regions 

(Eurofins MWG Operon, Ebersberg, FRG). 

 

2.6.4 Transformation of C. jejuni via electroporation 

C. jejuni are often not efficiently transformed with E. coli derived 

plasmids by natural transformation (Davis et al., 2008). Therefore, 

electroporation had to be performed to integrate the flaB 

complementation construct into the genome of the PT14 flaB mutant 

strain. C. jejuni cultures were freshly grown over night at MAC (2.2.2) 

on BA plates (2.1.1) from frozen stocks (2.2.3). The growth of the 

overnight cultures was then harvested with a sterile cotton swab and 

resuspended in 1.5 ml of MH broth (2.1.7) and pelleted by centrifugation 

at 13,000 x g for 5 min at 4°C. The supernatant was discarded and the 

cells resuspended in 2 ml ice-cold washing buffer (15% (v/v) glycerol 

(Carl Roth), 9% (w/v) sucrose (Sigma Aldrich)). The cells were then 

pelleted by centrifugation at 13,000 x g for 5 min at 4°C and washed a 

further time. This washing process was repeated up to five times. 
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Eventually, the washed cells were resuspended in 900 µl of wash buffer 

and kept on ice for the electroporation process. The plasmid DNA was 

linearized through NcoI digest and dialyzed on a nitrocellulose 

membrane (Millipore, Watford, UK) floating in 20 ml of distilled deionized 

water for 30 min. During the dialysis process the electroporation cuvette 

(Gene Pulser, Biorad, Watford, UK) was cooled on ice. Subsequently, 50 

µl of electrocompetent cells were mixed with 15 µg of linearized plasmid 

DNA and filled in the cuvette. The settings for electroporation were 2.5 

kV, 200Ω and 25µF (time constant approx. 5 msec). Immediately after 

electroporation, the cuvette was flushed with 100 µl SOC medium 

(2.1.10) and the cells were spread on a BA plate. After incubation for 5 h 

at 42°C under MAC the cell growth was harvested by resuspension in 1.8 

ml of MH broth. The cells were then sedimented by centrifugation at 

13,000 x g for 2 min and resuspended in 100 µl of MH broth. The cell 

suspension was then spread on a BA plate containing the appropriate 

selective agents (Tab. 2.1). The BA plate was incubated for 2 to 4 days 

under MAC at 42°C. 

 

2.6.5 Construction of a flaB complementation construct  

In order to achieve a trans-complementation of the disrupted flaB gene 

in strain PT14, a suicide vector based on pCfdxA (Gaskin et al., 2007), 

was constructed. The original vector construct (pCfdxA::perR) was kindly 

provided by Bruce Pearson (Institute of Food Research, Norwich, UK). It 

carries a ferredoxin promoter fdxA (van Vliet et al., 2001), a perR gene 
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fragment (van Vliet et al., 1999) and a chloramphenicol resistance 

cassette. These functional elements are flanked by two fragments of the 

cj0046 pseudogene, which allow recombination into the corresponding 

gene locus in the C. jejuni NCTC 11168 genome following transformation. 

Fortunately, the C. jejuni PT14 genome contains an orthologous 

pseudogene bearing the same sequences (A911_00230). 

 

2.6.5.1 Amplification of the target gene  

For the construction of the trans-complementation vector construct 

(2.6.5), the wild type flaB gene and a region 100 bp upstream carrying 

the native promoter were PCR amplified from the genomic DNA of 

C. jejuni PT14. For this purpose, the specific primers flab_NgoMIV_fw 

(5’-CGGCCGGCACAAATCCAAGCCTAGTTTAGAA-3’) and flab_BsmBI_rv       

(5’-AACGTCTCACATGGACGAAGCTTTGATAGAAAATATCAT-3’) were designed. 

The desired fragment with a size of approx. 1,800 bp was amplified using 

a Q5 polymerase (New England Biolabs, Ipswich, UK). The amplicon size 

was verified by electrophoresis (2.11.1) and the product purified via the 

Wizard SV Gel and PCR Clean-Up System (Promega). The fragment was 

then subcloned into a pCR2.1 TOPO vector (Invitrogen, Paisley, UK) and 

amplified in E. coli TOP10 cells. 
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2.6.5.2 Ligation of vector and amplified flaB fragment  

After restriction digestion of the pCfdxA::perR and the pCR2.1 vector, 

harboring the flaB gene, with BsmBI and NgoMIV, the pCfdxA backbone 

and the flaB fragment were gel purified. Subsequently, the flaB fragment 

was ligated into the vector adjacent to the chloramphenicol resistance 

cassette (cat). During this step, the fdxA promoter and perR gene were 

replaced by the flaB gene and its native promoter. The final vector was 

then amplified in E. coli TOP10 cells. As the flaB gene and the cat cassette 

were flanked by regions of pseudogene cj0046 from C. jejuni NCTC 

11168, recombination with the homologous pseudogene of strain PT14 

was targeted.  

 

2.6.5.3 Recombination of the complementation construct into the 

C. jejuni PT14 genome 

Complementation of mutant strain C. jejuni PT14 flaB::kan was 

performed by electroporation (2.6.4), as natural transformation of E. coli 

derived plasmids was not efficient. Chloramphenicol and kanamycin 

resistant colonies were sub-cultured and analyzed for positive integration 

by colony PCR using primers cj0046_fw and cj0046_rv (Tab. 2.4) 

hybridizing in flanking regions of the cj0046 pseudogene. Additionally, 

the amplicon was gel purified and sequenced for additional verification. 

In a similar way a complementation construct for the waaF gene was 

constructed, but due to time restrictions a transformation of the mutant 

strain could not be performed successfully. 
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2.7 Bacteriophage 

2.7.1 Strains 

Bacteriophages used, but not newly isolated during this project, are 

listed with their propagating strain and origin in Table 2.3.  

 

Table 2.3: Bacteriophages used within this thesis and their propagating 

strains. 

Bacteriophage 
Propagating 

strain 
Source 

CP8 C. jejuni PT14 C. Loc Carrillo PhD thesis, University of Nottingham 

CP9 C. jejuni PT14 Dr. P. Connerton, University of Nottingham 

CP20 C. jejuni PT14 C. Loc Carrillo PhD thesis 

CP28 C. jejuni PT14 C. Loc Carrillo PhD thesis 

CP32 C. jejuni PT14 C. Loc Carrillo PhD thesis 

CP34 C. jejuni PT14 C. Loc Carrillo PhD thesis 

CP30a C. jejuni PT14 Dr. P. Connerton 

CP220 C. jejuni PT14 A. Scott PhD thesis, University of Nottingham 

NCTC 12669 (φ1) C. jejuni PT14 NCTC, PHLS, Colindale, UK 

NCTC 12670 (φ2) C. jejuni PT14 NCTC 

NCTC 12671 (φ3) C. jejuni PT14 NCTC 

NCTC 12672 (φ4) C. jejuni PT14 NCTC 

NCTC 12673 (φ5) C. jejuni PT14 NCTC 

NCTC 12674 (φ6) C. jejuni PT14 NCTC 

NCTC 12677 (φ9) C. jejuni PT14 NCTC 

NCTC 12680 (φ12) C. jejuni PT14 NCTC 

NCTC 12681 (φ13) C. jejuni PT14 NCTC 

NCTC 12684 (φ16) C. jejuni PT14 NCTC 
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2.7.2 Collection of environmental samples 

As a source for the isolation of Campylobacter-specific bacteriophages, 

fresh fecal/cecal samples were taken from adult pigs, as well as from 

piglets and chickens with sterile cotton swabs and retained in sterile 

plastic tubes. Additionally, manure samples were obtained from a 

number of pig farms and dissolved 1:10 in MRD (2.1.12). Intestinal 

content from a pig abattoir was obtained by flushing the intestinal 

cavities with water. Subsequently, these samples were stored at 4°C 

until further preparation. 

 

2.7.3 Detection and isolation of Campylobacter-specific 

bacteriophages 

Fecal/cecal matter or manure samples were dissolved 1:10 in MRD 

(2.1.12) and volumes of 2 ml were sedimented at 13,000 x g and filtered 

through 0.2 or 0.45 μm syringe filters (Sartorius Stedim Biotech, 

Göttingen, FRG) and stored in sterile glass universal bottles. Liquid 

environmental samples (intestinal contents) were directly filtered and 

stored in glass bottles. In order to prepare host cells for the detection of 

bacteriophages, overnight cultures of Campylobacter strains NCTC 

12658 - 12668 were swabbed of blood agar plates (2.1.1) and emulsified 

in Mueller-Hinton (MH) broth (2.1.7) supplemented with 10 mM MgSO4. 

From these solutions 500 μl aliquots were filled in Eppendorf tubes and 

mixed with 100 μl of the filtered samples. In order to promote phage 

attachment, the mixtures were incubated aerobically at 42°C for 1 h. 
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After this incubation period, the mixtures were added to 5 ml of molten 

NZCYM overlay agar (2.1.4) and poured on top of NZCYM agar plates. 

After the agar was set, the plates were incubated under microaerobic 

conditions (2.2.2) at 42°C for 18 to 24 h. For high throughput phage 

detection, an augmentation of the method was included by the 

introduction of several pre-enrichment steps on target strains in 96-deep 

well plates (2.7.3) prior to final phage detection.  

 

2.7.3.1 Bacteriophage enrichment on Campylobacter strains  

For selective enrichment of low numbers of bacteriophages in 

environmental samples, a high throughput method in 96-deep well 

plates (VWR, Darmstadt, FRG) was employed. Each well was filled with 

400 µl of MH broth (2.1.7) and inoculated with 3 µl of a late exponential 

growth culture (9 log10 CFU ml-1) of the target strain. Following 

inoculation, 100 µl of the filtered environmental samples was added to 

each well. These cultures were incubated statically under MAC (2.2.2) at 

42°C for 16 h. After incubation, cell material was sedimented at 

4,000 x g for 5 min and the supernatant removed for the next 

enrichment step. This enrichment procedure was performed up to five 

times. After the final enrichment step, a volume of 5 µl of each well was 

spotted on top of a bacterial lawn containing the indicator strain. Spots 

were allowed to dry and incubated under MAC (2.2.2) for 18 – 24 h. 

Spots that show lytic reactions were harvested with a pipette tip and 

dissolved in SM buffer (2.1.13) for plaque purification (2.7.4). 
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2.7.4 Separation of bacteriophage samples 

In order to obtain a pure line of bacteriophage, a separation through 

plaque purification was employed. After lytic reactions on an indicator 

strain was observed, single plaques or material from the lysis area was 

picked with a pipette tip and suspended in 100 μl SM buffer (2.1.13). To 

each tube 2 μl of chloroform (Carl Roth) was added to the suspension 

and centrifuged at 13,000 x g for 30 s. Samples were then serially 

diluted, and 10 μl of dilutions spotted on NZCYM overlayer agar plates 

(2.1.4) containing the host Campylobacter strain in the top layer. Plates 

were then incubated at 42°C under microaerobic conditions (2.2.2) for 

18 to 24 h. Upon the formation of plaques on the soft agar overlay, single 

plaques were picked and diluted for further separation. Eventually after 

three separation rounds, plaque purified bacteriophages were suspended 

in 100 μl SM buffer and stored at 4°C. A volume of 2 μl of chloroform 

(Carl Roth) was added to prevent contamination of the stored phage 

stocks. 

 

2.7.5 Bacteriophage propagation and storage 

For the propagation of bacteriophages, a suitable strain of 

Campylobacter was cultured on BA (2.1.1) under microaerobic conditions 

(2.2.2) at 42°C for 18 - 24 h. The overnight culture was then harvested 

into 10 ml of MH broth supplemented with 10 mM MgSO4 using a sterile 

cotton swab and adjusted to a final concentration of approximately 8 

log10 CFU ml-1. A 100 µl aliquot of a bacteriophage stock containing 8 
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log10 PFU ml-1 was then added to the cell suspension and incubated for 

20 - 30 min under MAC at 42°C. During this time, 5 ml aliquots of NZCYM 

overlay agar (2.1.4) were molten in a microwave and tempered to 55°C 

in a water bath. A volume of 500 µl of the Campylobacter-bacteriophage 

suspension was then transferred to the cooled overlay agar and mixed. 

This was poured onto pre-dried NZCYM plates (2.1.3) which were allowed 

to set prior to incubation under microaerobic conditions (2.2.2) at 42°C 

for 18 - 24 h. Following incubation, the bacteriophage was harvested 

from the plates by dispensing 5 ml of SM buffer (2.1.13) onto the surface 

of the top agar followed by shaking at 60 rpm aerobically overnight at 

4°C. The phage suspension was recovered with a syringe and filtered 

through a 0.2 μm filter (Sartorius) to remove the remaining 

Campylobacter cells and any cell debris. The phage stock was stored 

indefinitely at 4°C in glass universal bottles or Eppendorf tubes.  

 

2.7.6 Titration of bacteriophages 

Quantification of bacteriophage titres were performed by employing a 

traditional spot test assay. A fresh overnight culture of the test 

Campylobacter strain was collected from a BA plate (2.1.1) and 

emulsified in MH broth (2.1.7), supplemented with 10 mM MgSO4, to a 

cell density of approximately 8 log10 CFU ml-1. A volume of 500 µl of 

emulsified cells was added to 5 ml of molten NZCYM top agar (55°C) 

(2.1.4) and poured on top of a NZCYM basis agar plate (2.1.3) to form 

an even lawn. After the top agar had solidified, serial 10-fold dilutions of 
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phage suspensions in SM buffer (2.1.13) were applied as 10 µl droplets 

in triplicate onto the surface of prepared host bacterial lawns and allowed 

to dry. The plates were then incubated at 42°C under MAC (2.2.2) for 18 

to 24 h after the spots had dried. Lysis zones resulting in the formation 

of 3 - 30 plaques were counted and the average of the three spots was 

determined. The number of plaque forming units per ml (PFU ml-1) was 

calculated by multiplying the average number of plaques by the inverse 

of the dilution factor and by 100. 

 

2.7.7 Determination of host range via lytic spectra 

Host range determination for bacteriophage isolates and their reaction 

to mutant strains was performed using the traditional spot test assay. 

Bacterial lawns were prepared as previously described (2.7.6). 

Bacteriophage test solutions were diluted to 7 log10 PFU ml-1 (routine test 

dilution) (Frost et al., 1999). After the top agar had solidified, 5 μl 

droplets of the tested phage solutions were placed on top of the soft agar 

layer, either individually or with a 48-pin replicator. The spots were 

allowed to dry with the help of an airflow generated by a Bunsen burner 

flame or inside a biosafety cabinet and the plates were incubated in 

under MAC (2.2.2) at 42°C for 18 - 24 h. 

 

2.7.8 Efficiency of plating 

In order to determine the susceptibility of various mutant strains of 

Campylobacter to phage infection, the efficiency of plating (EOP) was 
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calculated. This was done by determining plaque formation on the wild 

type strain and comparing it to that on the mutant strain (Tab. 2.2). 

Subsequently the calculations were made by dividing the bacteriophage 

titre obtained when applied to the lawns prepared from different mutant 

strains by the titre obtained when applied to C. jejuni PT14 wild type 

lawns. 

 

2.7.9 Analysis of bacteriophage infection in liquid growth 

media 

C. jejuni overnight cultures from BA plates (2.1.1) were emulsified in 

PBS buffer (2.1.11) for the adjustment of the inoculum concentration. 

Flasks containing 50 ml nutrient broth No. 2 (2.1.5) were inoculated with 

C. jejuni cells at a starting concentration of 5 to 7 log10 CFU ml-1, 

respectively. After inoculation, flasks were sealed with cotton stoppers 

and placed in anaerobic jars (Oxoid). Microaerobic conditions were 

introduced through a gas replacement method (2.2.2). Cultures were 

then incubated in a shaking incubator at 42°C and 100 RPM. After 2 h of 

incubation, bacteriophage CP_F1 was added at an MOI of 2. Samples 

were collected at two-hour intervals for determination of viable cell 

concentration using viable cell enumeration (2.2.4) and phage titre 

methods (2.7.6). Phage samples were treated with 2 µl chloroform (Carl 

Roth) and centrifuged at 13,000 x g for 5 min. The supernatant was 

removed and used for titration. PT14 wild type and knock-out strains 
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were tested in triplicate to ensure statistical certainty. Growth controls 

without phage addition served as references. 

 

2.7.10 Bacteriophage growth parameter determination 

In order to assess the bacteriophage burst size and latent period a single 

step growth curve was monitored for 4 h. The protocol after Carvalho et 

al., (2010b) was employed for this purpose. Triplicate samples of 10 ml 

nutrient broth No. 2 were inoculated with 7 log10 CFU ml-1 cells and grown 

under MAC (2.2.2) at 42°C under constant shaking at 100 RPM into early 

exponential phase (approx. 8 log10 CFU ml-1). Bacteriophage CP_F1 was 

added at an MOI of 0.001. Samples for titre determination (2.7.6) were 

taken every 15 min for 4 h. These were centrifuged at 13,000 x g for 5 

min and the supernatants used for titration. Three biological replicates 

of each individual experiment were performed and mean values used for 

presentation of titre development. Non-linear regression was used to 

determine latent period and burst size of the first burst event. 

 

 

2.7.11 Adsorption assay 

Phage adsorption rates were determined as described previously 

(Siringan et al., 2014) with some slight modifications, which are outlined 

as followed. Suspensions of C. jejuni PT14 wild type, flaB mutant and 

complemented mutant, that contained approximately 7.7 log10 CFU ml-1, 
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were inoculated in nutrient broth No. 2 and incubated at 42°C in MAC 

(2.2.2) at 100 RPM for 5 h to obtain cells in the exponential growth state. 

The actual viable count was determined following serial dilution and 

incubation as described above (2.2.4). For the experiment, 

bacteriophage CP_F1 was diluted and added to the suspensions to give 

a final titre of 5 log10 PFU ml-1 (approx. MOI 0.0001), then briefly mixed 

and kept static at 42°C under MAC (2.2.2). Sampling was performed 

every 5 min over a period of 30 min. Samples were immediately 

centrifuged at 13,000 x g for 5 min and the supernatants removed. The 

titre of free bacteriophages in the supernatants was determined (2.7.6) 

and used to calculate numbers of bound bacteriophages. Bacteriophage 

adsorption constants were determined using the formula k = -ln 

(Pt/P0)/Nt, where Pt = phage titre at time point t (PFU ml-1), P0 = initial 

phage titre (PFU ml-1), N = bacterial density (CFU ml-1) and t = time 

(min). A one-way t test was performed to determine if phage adsorption 

showed a statistically significant difference (P < 0.05) between wild type 

and mutant strain. 

 

2.8 Analysis of bacteriophage genomes 

2.8.1 Isolation of genomic phage DNA  

The extraction of phage DNA was performed using a modified protocol 

of the Wizard DNA clean up kit (Promega, Southampton, UK) (Summer, 

2009). For this purpose, plate propagation of bacteriophages (2.5.5) was 

employed to produce an appropriate quantity of phage material (30 – 



Chapter 2 
 

75 
   

50 ml of 9 log10 PFU ml-1). Following filter sterilisation, the phage 

suspension was placed into a clean centrifuge tube, mixed with nuclease 

solution (10 µg µl-1 DNase and RNase final concentration) and incubated 

at 37°C for 30 min. Next, a precipitant solution (10% (w/v) PEG 8000 

(Carl Roth), 1 M NaCl (Carl Roth)) was added at a ratio of 1:2 precipitant 

to lysate. The solution was mixed gently by inversion and incubated at 

4°C overnight. The following day the phage solution was precipitated at 

10,000 x g at 4°C for 10 min. The supernatant was discarded and the 

pellet resuspended in 500 µl of 5mM MgSO4. After transfer into a 1.5 ml 

Eppendorf reaction tube, insoluble particles were sedimented by 

centrifugation for 5 to 10 s and the supernatant transferred into a fresh 

reaction tube. Potentially heat stable nucleases were degraded by 

addition of 10 µl of 0.5 M EDTA pH 8 (Carl Roth) and proteinase K (Carl 

Roth) to a final concentration of 100 µg ml-1. The purification resin (Part# 

A731A) supplied with the Promega Wizard kit was thoroughly 

resuspended and 1 ml added to the phage suspension. This mixture was 

inverted 5 to 6 times and filled into a 3-ml syringe (Part# A809B). A 

Wizard minicolumn (Part# A721B) was placed into a reaction tube and 

the syringe barrel attached to the column. Next, the resin/lysate mix was 

pushed into the column until all liquid was forced through the resin. The 

column was then washed with 2 ml of 80% (v/v) isopropanol (Carl Roth) 

and centrifuged at 13,000 x g for 2 min to dry the resin. In the next step, 

the column was placed in a 1.5 ml microcentrifuge tube and 100 µl of 

sterile RO water, preheated to 80°C, was pipetted on top of the column. 

Immediately the column was centrifuged at 13,000 x g for 1 min to elute 
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the DNA. In order to remove residual guanidine contaminants from the 

DNA preparation, ethanol precipitation over night was performed. The 

extracted genomic phage DNA was dissolved in TE-buffer and stored at 

-20°C until further use. 

 

2.8.2 Whole bacteriophage genome amplification  

DNA amplification reactions of extracted bacteriophage genomes were 

performed via Repli-g kit (Qiagen, Hilden, FRG) according to the 

manufacturer’s instructions. The amplified genomic DNA was tested for 

quality and quantity via gel electrophoresis (2.11) and 

spectrophotometry (Nanodrop ND1000, Thermo Scientific, Wilmington, 

USA). DNA samples were diluted to 100 ng ml-1 and stored at -20°C until 

further use. 

 

2.8.3 Sequencing Analysis 

The genomes of Campylobacter phages were sequenced using the 

Illumina MiSeq next generation sequencing technology to produce 

between 1.1 and 2.7 millon sequence reads of 180 to 250 bps per 

genomic DNA preparation. These reads were used for de novo assembly 

of the phage genomes using the CLC Genomic Workbench Software 

package version 8.6 (Qiagen). These data resulted in 1,100 to 2,100-

fold coverage of the genomes. Genomic regions containing either 

repeated DNA sequences or low coverage were confirmed by directed 

sequencing of amplified PCR products.   
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2.9 RNA extraction 

Total RNAs were extracted from CP_F1 infected (MOI 1) and uninfected 

control cultures of C. jejuni PT14. For each treatment three independent 

early-log phase cultures at approximately 2 – 5 x 107 CFU ml-1 (eclipse 

phase of the infected cultures, 50 min post phage addition) growing in 

150 ml nutrient broth No. 2 (2.1.5) were harvested 2.8 h after initial cell 

inoculation and the RNA content extracted using TRIzol Max with Max 

Bacterial Enhancement Reagent (Invitrogen) according to the 

manufacturer’s protocol as described previously (John et al., 2011). 

Subsequently ethanol-precipitation and purification using the RNeasy 

Mini kit (Qiagen, Crawley, UK) according to the manufacturer’s 

instructions were performed including DNase treatment through a 

RNase-free DNase set (Qiagen). Pure RNA samples were collected in 40 

µl of RNAse free water and analysed for quantity / purity (Nanodrop 

ND1000, Thermo Scientific, UK) and quality (Bioanalyser 2100, Agilent 

Technologies Inc., South Queensferry, UK). Prokaryote Total RNA Nano 

series II software, Version 2.3 was used for analysis of the RNA quality. 

Out of the twelve extracted RNA samples one showed an RNA Integrity 

Number (RIN) of 9.8 while the remaining had RIN values of 10.0. This 

indicated the least grade of RNA degradation within the samples. RNA 

samples with integrity values of at least 8.0 are suitable for RNA 

sequencing. Hence, all samples were employed for RNA sequencing. 
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2.9.1 Depletion of rRNA and library construction 

Total RNAs were depleted of rRNA employing the Ribo-Zero rRNA 

removal kit for Gram-negative bacteria (Epicentre Biotechnologies, 

Madison, WI, USA). The removal of 23S, 16S and 5S rRNAs were 

confirmed using a Bioanalyzer 2100 (Agilent). For all samples, 2 mg of 

rRNA-depleted RNA was then used to prepare cDNA libraries with the 

TruSeq RNA sample preparation kit (Illumina, San Diego, CA, USA) 

following the manufacturer's instructions. Each library was individually 

indexed with a unique identification adapter sequence before 15 cycles 

of PCR enrichment. The libraries were validated using the MultiNA 

analyzer (Shimadzu, Milton Keynes, UK) and were normalized to 

approximately 10 nM.  

 

2.9.2 RNAseq analysis  

Paired-end, directional sequencing was carried out using the Illumina 

NextSeq 500 sequencer (Illumina Inc.). The indexed libraries were 

pooled and loaded onto a single lane of a NextSeq 500 flowcell at a 

concentration of 7 pM. Sequencing was performed according to the 

Illumina standard protocol at the Deep Seq department of the University 

of Nottingham. On completion of the run, the raw sequence data were 

extracted, sorted according to index and converted to the FASTQ format 

using the sequencing analysis software Real Time Analysis (RTA) v1.10 

and CASAVA v1.8. 
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2.9.3 Analysis of differential gene expression  

Analysis of filtered reads was performed using the RNA-seq analysis tool 

of the CLC Genomics Workbench version 8.6 (Qiagen) in order to identify 

differential gene expression. For this purpose, the prokaryote setting 

under the exon identification and discovery section was chosen. Reads 

were mapped to the C. jejuni PT14 genome sequence (GenBank 

accession number CP003871). Expression values were determined using 

reads per kilobase of transcript per million mapped reads (RPKM) 

(Mortazavi et al., 2008). Significant differential gene expression was 

assessed employing the Baggerly’s statistical test on expression 

proportions, which assumes a Beta-Binomial distribution and tests for 

RPKM differences between replicate samples (Baggerly et al., 2003). 

Statistical treatment was performed through calculation of p-values by 

applying the false discovery rate controlling method of Benjamini and 

Hochberg (1995). Genes with a fold change of 1.5 or more and an 

adjusted p-value of <0.05 were considered to exhibit differential 

expression. Quality control of individual data sets deriving from replicate 

samples was performed by principal component analysis available within 

the CLC Genomics Workbench software. 

 

2.9.4 cDNA synthesis 

Synthesis of complementary DNA was performed using SuperScript II 

(Fisher Scientific) reverse transcriptase. RNA samples were diluted to a 

concentration of 50 ng/µl and mixed with random hexamer primers (25 
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ng/µl). Primer annealing was performed at 70 °C for 10 min, followed by 

25 °C for 10 min. After Addition of the enzyme mix cDNA synthesis was 

done using the following program. 25 °C for 10 min, 37 °C for 45 min, 

42 °C for 45 min, 70 °C for 15 min. Subsequently the cDNA quantity and 

quality was analysed by spectrometry (Nanodrop ND1000). 

 

2.10 Polymerase chain reaction (PCR) 

2.10.1 Primer design 

The primers used within this thesis are listed in Table 2.4. Primers were 

designed to meet specific criteria suggest by in silico analytic tools (Sci 

Ed Central, Primer designer 4, Version 4.20). Melting temperatures 

between primer pairs were set to not exceed 5°C. The optimal G+C 

content of primers was set between 40 - 60%, if possible. In addition, 

guanine or cytosine residues were present at the 3’-end and sequence 

lengths should not exceed 25 nucleotides. All primers were synthesized 

by Eurofins MWG Operon (Ebersberg, FRG). 
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Table 2.4: PCR primers used in this project. 

Primer name Sequence (5' -> 3') 
Length 

[bp] 
Binding target sequence 

    

Campylobacter primer    

Cj1320_fw GGAAGCACCTATGAAAACAAGG 22 GenBank CP003871, REGION:1249621..1249642 

Cj1323_rv ATTTGCTAAAGCTCCTCGATTG 22 GenBank CP003871, REGION:1251386..1251407 

Cj1324_fw GTCATGCTTGTGCGAGTGATTACG 24 GenBank CP003871, REGION:1252623..1252646 

Cj1327_rv GTTTTTGCACCATTTGAAGCTGACT 25 GenBank CP003871, REGION:1253794..1253818 

FlaA_fw_new GATTGCACGATATAGCATTTAACAAG 23 GenBank CP003871, REGION:1270446..1270471 

FlaA_rv_new TCTAAACTAGGCTTGGATTTGTA 26 GenBank CP003871, REGION:1268646..1268668 

FlaA_i5'_rv GTAAGATACCTAAAGCATCGTTAC 24 GenBank CP003871, REGION:1270182..1270205 

flaA_intern_fw AGGACTTGGAGCTTTAGCAGATGAGAT 27 GenBank CP003871, REGION:1269746..1269772 

flaA_intern_rv CGGCAGTATTAGCATCAAGCTGTC 24 GenBank CP003871, REGION:1269276..1269299 

FlaB_fw GCCATGGCACAGGCTAATTC 20 GenBank CP003871, REGION:1268723..1268742 

FlaB_rv GGGTTTATGCACACGAAGCTTTGATAG 27 GenBank CP003871, REGION:1266673..1266699 

flaB_int_fw AACGACCATAATTTTCCATCATATTTG 27 GenBank CP003871, REGION:1267556..1267582 

flaB_int_rv GGTGAAGTGCAATTTACTCTTAAAAATTAC 30 GenBank CP003871, REGION:1267965..1267994 

fur_fw CTTTATATTTGGCGGGGCAAAAATCT 26 GenBank CP003871, REGION:364797..364822 

fur_rv CTGGAGCAATTCTTAAAAATCTTTC 25 GenBank CP003871, REGION:366182..366206 

htrB_fw AGGAAATGATAGCGGCCCAACA 22 GenBank CP003871, REGION:1067952..1067973 

htrB_rv GCCACCAACCACATGCCTTTATC 23 GenBank CP003871, REGION:1069428..1069450 

KpsM_fw AAGGTGTGCAAGCTAAGGCCGAGTT 25 GenBank CP003871, REGION:1379612..1379636 

KpsT_rv GATCTCCAACAGCTCCTGCTTCAT 24 GenBank CP003871, REGION:1378127..1378150 

maf5_fw GTATTAAACATTGTAGAGATTTTAGTA 27 GenBank CP003871, REGION:1264493..1264519 

maf5_rv GATATAGCTGAAACAGCCACAACAA 25 GenBank CP003871, REGION:1267061..1267082 
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Table 2.4 continued 

Primer name Sequence (5' -> 3') 
Length 

[bp] 
Binding target sequence 

perR_fw AAGTGAGGTGGAAAAAAATCTA 22 GenBank CP003871, REGION:293572..293593 

perR_rv GCTCTTTCCTATAATCTTTTTTC 23 GenBank CP003871, REGION:294430..294452 

pflA_fw TCGTGCTGGAGAACATGGTAGAGG 24 GenBank CP003871, REGION:148167..148190 

pflA_rv CAGGTATCCCGCCTTTTGGAGT 22 GenBank CP003871, REGION:1491037..1491058 

waaf_fw ACTTAGCCCAAACCGACCAGCAAA 24 GenBank CP003871, REGION:1080739..1080762 

waaf_rv ACGCAAGGCTTTAGCAGGCATAG 23 GenBank CP003871, REGION:1082547..1082569 

waaf_int_fw GGTTAGGCGATACGGTAATGGCTTCAC 27 GenBank CP003871, REGION:1081303..1081329 

waaf_int_rv TCTTGTTCGGCTTTTCCTGCAC 22 GenBank CP003871, REGION:1081843..1081864 

    

Cloning primers    

flab_NgoMIV_fw  CGGCCGGCACAAATCCAAGCCTAGTTTAGAA 31 GenBank CP003871, REGION:1268645..1268667 

flab_BsmBI_rv        AACGTCTCACATGGACGAAGCTTTGATAGAAAATATCAT 39 GenBank CP003871, REGION:1266685..1266709 

cj0046_fw GCTCTTAGTGGCATTACCACTACC 24 GenBank CP003871, REGION:67662..67685 

cj0046_rv GCCACACTAGTCGCATCAAGAGAA 24 GenBank CP003871, REGION:68417..68440 

    

qPCR primer    

flaA_q_fw  CAGCTGAGTCACAAATCCGT 20 GenBank CP003871, REGION:1268812..1268831 

flaA_q_rv  CCATGGCATAAGAGCCACTT 20 GenBank CP003871, REGION:1268736..1268755 

flaB_q_fw  GTTAAAGCAGCAGAATCAACCA 22 GenBank CP003871, REGION:1266953..1266974 

flaB_q_rv  ACTCATAGCATAAGAACCTGACTG 24 GenBank CP003871, REGION:1266870..1266893 

rplA_q_fw  GAGATATTGTGGGTAGCGATG 21 GenBank CP003871, REGION:437194..437213 

rplA_q_rv  GAGCAACATCCATAGTCACTG 21 GenBank CP003871, REGION:437349..437369 
 

(Underlined sequence = restriction sites) 
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Table 2.4 continued  

Primer name Sequence (5' -> 3') 
Length 

[bp] 
Binding target sequence 

Phage Primers    

CP_F1_mcp_fw GTATTACTTCGCTTAGAATCTAACTC 26 Phage genome sequence of CP_F1* 

CP_F1_mcp_rv TTATCAACAATTACATCGTAACGATTAT 28 Phage genome sequence of CP_F1* 

CP_A1_RR1_fw ATGGGTGATTTAGCTCGCCCAACA 24 Phage genome sequence of CP_A1* 

CP_A1_RR1_rv GCTTGATATTTCAGCGGCGGTTTC 24 Phage genome sequence of CP_A1* 

CP_A1_RR2_fw GTGCGATGGTTATTATGATGATGAC 25 Phage genome sequence of CP_A1* 

CP_A1_RR2_rv GCCAGCCTATGTATCCGAGCATAGC 25 Phage genome sequence of CP_A1* 

CP_A1_RR3_fw GAGCCAAAGAAGAAGTATTTTTAGG 25 Phage genome sequence of CP_A1* 

CP_A1_RR3_rv GCGATCATCATTAACAACTAAACC 24 Phage genome sequence of CP_A1* 

CP_A1_RR4_fw GCGGTAATCCTTGTGCTACACACAG 25 Phage genome sequence of CP_A1* 

CP_A1_RR4_rv CCTTTGCCTTTAGTCGCACACGTA 24 Phage genome sequence of CP_A1* 

CP_A1_RR5_fw GGCAATATTACGGAGCAATTATTGAC 26 Phage genome sequence of CP_A1* 

CP_A1_RR5_rv ACACCACACGTGAATTCTTTATTTG 25 Phage genome sequence of CP_A1* 

CP_A4_RR1_fw_DIG5' CTTAGAATTTGATTAGAATTTTGCCTAGA 29 Phage genome sequence of CP_A4* 

CP_A4_RR1_rv_DIG5' ATATCTTGATGTTTGGTATACAATTTATG 29 Phage genome sequence of CP_A4* 

CP_A4_ORF81_fw_nest AATGGTCTTCCGAGCCAGTCGGCATAA 27 Phage genome sequence of CP_A4* 

CP_A4_ORF88_rv_nest GCGTTCTAACAGCAAGCCTGTGAACCT 27 Phage genome sequence of CP_A4* 

CP30A_gp117_fw CCATTGTCTGCTACTACACCCGATT 25 GenBank JX569801, REGION: 102766..102790 

CP30A_gp117_rv GGTGGATTGACAGCTACATCAACTG 25 GenBank JX569801, REGION: 103619..103643 

CP30A_gp18-20_fw GTGCCTGTATCCCAATTTGATGG 23 GenBank JX569801, REGION: 17433..17455 

CP30A_gp18-20_rv GAAGTTCCTGGTGCTGGTAGAAT 23 GenBank JX569801, REGION: 18098..18120 

CP220_gp0103_fw GGTATGATACCCACTGAAG 19 GenBank FN667788, REGION: 89205..89223 

CP220_gp0103_rv ACCCAAAGATCCTGGTACT 19 GenBank FN667788, REGION: 90113..90131 

CP220_gp044_fw CCCAGTGGGTTGGACTTACTTGTTTA 26 GenBank FN667788, REGION: 37868..37893 

CP220_gp044_rv CCAGCACCAATAGCTGCAAATTTACC 26 GenBank FN667788, REGION: 38448..38473 

*: Sequence not yet deposited in any online sequence depository 
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2.10.2 PCR conditions 

Analytical PCR was carried out using the DreamTaq Green PCR Master 

Mix (2x) (Fisher Scientific). This mix contained 2 U DreamTaq DNA 

polymerase, 2 x DreamTaq Green buffer, 0.4 mM of each dNTP and 4 

mM of MgCl2. In addition, the master mix was stained with two dyes to 

monitor electrophoresis progress. Reactions were carried out in 0.5 ml 

thin-walled PCR tubes (Fisher Scientific) in 25 μl volumes with approx. 

100 ng of template DNA. Amplification of PCR products was conducted 

using the BIOER XP thermal cycler (Alpha Laboratories, Hampshire, UK) 

or MJ Mini thermal cycler (Biorad). Initial denaturation of the template 

DNA and enzyme activation was done at 95°C for 1 min. In the next 

step, 25 - 35 cycles were performed with each carrying out denaturation 

at 95°C for 30 s, annealing of the primers at 40 - 55°C for 30 s and 

extension at 72°C for 1 - 3 min. The length of the extension step 

depended on the size of the desired amplicon, with 1 min of extension 

time per kb of products. Final extension was performed at 72°C for 5 

min. 

 

2.10.3 Real time qRT-PCR 

Total RNAs were converted to cDNA with random hexamer primers using 

the SuperScript II (Fisher Scientific) reverse transcriptase system 

according to the manufacturer’s protocol (see also 2.9.4). Specific 

primers for qRT-PCR analysis were designed with lengths of 18–24 nt 

and can be found in Table 2.4. An optical 48 well microtiter plate 
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(Applied Biosystems, Warrington, UK) was used with 20 µl reaction 

volumes consisting of Power SYBR Green PCR master mix (Life 

Technologies), 50 nM gene specific primers and 100 ng of the cDNA 

template. A StepOne real time PCR system (Applied Biosystems) was 

programmed for an initial set up of 30 s at 95°C, followed by 40 cycles 

of 15 s at 95°C and 1 min at 58°C. A melting curve was obtained from 

50 – 95°C to control specificities of quantitative PCR reaction for each 

primer pair. Cycle threshold (CT) values were determined employing the 

StepOne software version 2.0 (Applied Biosystems). The comparative 

threshold cycle method was used to calculate fold-change (n-fold) where 

samples were normalized to the internal control product of the 50S 

ribosomal subunit protein L1 gene (rplA), which showed no change in 

expression levels between phage infected and uninfected cultures of 

PT14 during acute CP8 infection in previous experiments. Reactions were 

performed in triplicate. The fold changes were calculated using the 2-ΔΔCt 

method. Verification of acute phage infection was done by PCR on the 

synthesized cDNA, employing specific primers targeting the gene for the 

major capsid protein (mcp) of bacteriophage CP_F1 (homolog of gp23 

from phage NCTC 12673) (Kropinski et al., 2011). 
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2.11 Electrophoresis 

2.11.1 Agarose gel electrophoresis  

Size separation and analysis of DNA fragments was performed employing 

agarose gel electrophoresis. Molecular Biology grade agarose (Melford 

Laboratories, Suffolk, UK) was dissolved in 1x TAE buffer (40 mM Tris-

HCl pH 8.3, 1 mM EDTA) to give a 1 or 2% (w/v) solution. The agarose 

solution was boiled in a microwave to completely dissolve the agarose. 

After cooling, ethidium bromide was added to a final concentration of 0.4 

μg ml-1 and swirled gently prior to pouring into a gel casting tray with an 

appropriately sized comb. The gel was allowed to set at room 

temperature followed by removal of the comb. DNA markers used were 

100 bp DNA ladders (Promega), 1 kb ladders (Promega) and λ/PstI 

(Thermo Fisher Scientific). DNA samples were run for 30 min at 90V (13 

V/cm) in 1 x TAE buffer. Gels were visualized under UV using the Gel 

Doc XR system (Biorad) with the Quantity One basic software, version 

4.6.5 (Biorad). 

 

2.11.2 Polyacrylamide gel electrophoresis for protein-

DNA-complex and exopolysaccharide fragmentation 

Gels were run in precast gradient gels (Mini Protean TGX, Biorad) or 6% 

TBE gels (Mini-PROTEAN TBE Precast Gels, Biorad). Sample volumes of 

20 µl containing 5 µl Laemmli sample buffer (Biorad) or DNA loading 

buffer (Novex Hi-Density TBE Sample Buffer, Fisher Scientific) were 

loaded on the gel. Gels were run at 200 V for 30 min in denaturizing Tris-
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glycine buffer (polysaccharide detection) or at 100 V for 2 h in non-

denaturizing TBE buffer (0.5% (v/v)) (DIG-detection). After 

electrophoretic separation, the gels were stained with either alcian blue 

(Acros Organics, Geel, Belgium) (polysaccharide detection, Section 2.4), 

colloidal Coomasie according to the manufacturer’s instructions (GelCode 

Blue Stain Reagent, Fisher Scientific) (protein detection) or transferred 

onto a nylon membrane (DIG-detection, Section 2.12). 

 

2.11.2.1 SDS-Tris-Glycine buffer 

For a denaturing running buffer 1 g l-1 of SDS (4 mM), 3.6 g l-1 Tris-HCl 

(pH 8) (30 mM) and 15 g l-1 glycine (200 mM) were dissolved in RO water 

and stored at 4°C until further use. 

 

2.11.2.2 Non-denaturing Tris-Borate-EDTA buffer 

A native TBE-buffer (pH 8) used in separation of DNA-protein complexes 

contained 10.8 g l-1 Tris-HCl (89 mM), 5.5 g l-1 Boric acid (89 mM) and 

0.7 g l-1 EDTA-Na2 (2 mM). 
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2.12 Electrophoretic mobility shift assay (EMSA) 

experiments 

2.12.1 Extraction of whole cell protein 

For the extraction of the whole cell protein from a phage infected 

Campylobacter cells, 5 ml cultures of C. jejuni NCTC 12661 or C. coli 

NCTC 12667 were grown in MH broth supplemented with 5 mM MgSO4. 

The medium was inoculated with a cell density of 2 x 107 CFU ml-1 and 

incubated at MAC for 2 h at 42°C, shaken at 100 rpm. After 2 h, addition 

of phage CP_A1 or CP_A4 was undertaken at an MOI of 1, and the 

incubation was continued for a further 2 h. In order to extract the whole 

cell proteins, two samples of 1 ml volumes were harvested and initial cell 

wall destabilization was achieved via lysozyme treatment. For each 

reaction, cells were pelleted and resuspended in lysis buffer (50 mM Tris 

pH 7.5, 200 mM NaCl, 5% (v/v) Glycerol, 1 mM DTT, 5 mM EDTA). After 

the addition of lysozyme (Carl Roth) to a final concentration of 300 µg/ml 

the mixture was incubated for 1 h at 30°C. Final cell wall disintegration 

was performed by mechanical disruption via glass beads. For this 

purpose, 0.5 g of glass beads (ø0.5 mm, Carl Roth) was added to the 

lysozyme treated cells and the whole mixture vortexed for 4 min. 

Following mechanical treatment, the reaction tube was placed on ice and 

the cell fragments and glass beads allowed to settle for 5 min. Next, the 

supernatant was transferred into a fresh reaction tube and centrifuged 

at 13,000 x g for 3 min. A volume of 100 µl of the supernatant was 

removed and used for protein concentration. 
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The concentration of the protein extract was performed in 3 kDa cut-off 

concentrator spin columns (Amicon Ultra, Sigma Aldrich) through 

centrifugation for 30 min at 14.000 x g. The concentrated protein extract 

was flash frozen in liquid nitrogen and immediately stored at -80°C until 

further use. 

 

2.12.2 Binding reaction 

Binding reaction of the DIG-labeled DNA probe and proteins from the 

whole cell protein extracts were performed in specific binding buffer at 

room temperature for 30 min. For this purpose, different reaction 

mixtures were set up with varying concentrations of protein extract in 

the presence or absence of DNA/protein competitors. The general 

binding reaction consisted of following components. 

Composition binding reaction:  

¶ 1 µl BSA (100 ng) 

¶ 1 µl Salmon sperm DNA (500 ng) 

¶ 3 µl 5x binding buffer 

¶ 1 µl protein extract (0.5 - 2.5 µg) 

¶ 8 µl ddH20 

The reaction mixture was pre-incubated for 10 min at room temperature 

to avoid non-specific binding of proteins with the DNA probe. Next, 1 µl 

of the DNA probe (50 ng) was added and mixed gently to start the 

binding reaction. The reaction mixtures were incubated at room 
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temperature for 30 min. Following binding, the samples were mixed with 

DNA loading buffer (Fisher Scientific) and loaded to a native acrylamide 

gel for electrophoretic separation (2.12.3). 

The 5x concentrated binding buffer consisted of following components: 

50 mM Tris pH 8, 750 mM KCl, 25% (v/v) Glycerol, 5 mM ETDA, 20 mM 

DTT and 0.5% (v/v) Triton-X 100. 

 

2.12.3 Electrophoretic separation of DNA-protein 

complexes 

Electrophoretic separation of DNA-protein complexes was performed on 

precast native 6% TBE gels (Biorad). Detailed information concerning 

the procedure can be found in section 2.11.2. 

 

2.12.4 Electroblotting 

The transfer of separated DNA-protein complexes from the acrylamide 

gel onto a positively charged nylon membrane (Amersham Hybond-N+, 

GE Healthcare Life Sciences, Little Chalfont, UK) was achieved using 

electroblotting in a Mini Trans-Blot Cell (Biorad). For this purpose, a 

typical sandwich composition was set up according to manufacturer’s 

instructions. The transfer process was performed in 0.5% (v/v) TBE 

buffer (2.11.2.2) for 1 h at 80 V at 4°C. Following the transfer, the 

membrane was washed and stored in 0.5% (v/v) TBE buffer until further 

development.  
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2.12.5 Detection of labeled DNA 

The specific detection of the DIG-labelled DNA probe was performed 

using a colorimetric alkaline phosphatase based detection system (DIG 

nucleic acid detection kit, Roche Applied Science, Mannheim, FRG). The 

preparation of the membrane was done according to the manufacturer’s 

instructions. Directly after the transfer of the separated DNA-protein 

complexes, the membrane was equilibrated in a plastic container with 

100 ml of washing buffer for 2 min at room temperature (100 mM Maleic 

acid, 150 mM NaCl; pH 7.5; 0.3% (v/v) Tween 20). In the next step, 

100 ml of blocking buffer (Blocking Solution in Maleic Acid Buffer, pH 7.5, 

Roche) were added and the membrane shaken for 30 min at room 

temperature. After incubation, the buffer was discarded and 20 ml of an 

antibody solution (Anti-Digoxigenin-alkaline phosphatase antibody 

conjugate (75 mU/ml, Roche) in blocking solution) added.  This binding 

reaction was incubated for 30 min at room temperature. Next, the 

membrane was washed twice in 100 ml of washing buffer for 15 min 

during each step. Prior to detection, the membrane was equilibrated for 

3 min in 20 ml of detection buffer (100 mM Tris-HCl, 100 mM NaCl, pH 

9.5). For the detection of the DIG-labeled probe, a colorimetric NBT/BCIP 

substrate was added according to manufacturer’s instructions (200 µl 

substrate in 10 ml detection buffer) and the membrane incubated at 

room temperature in the dark. During the development of the 

colorimetric reaction, the membrane was analyzed every 10 min to 

evaluate the progress of the reaction. After the alkaline phosphatase 
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reaction yielded noticeable signals, the membrane was stored in washing 

buffer in order to stop the reaction and the results were documented. 

 

2.13 Transmission electron microscopy (TEM) 

Bacteriophage morphologies were examined by employing a negative 

staining technique. For the removal of cell debris and residual 

polysaccharides, phage preparations in SM-buffer were sedimented by 

centrifugation at 35,000 x g for 2 h. The supernatant was discarded 

carefully and 20 ml of 0.1 M ammonium acetate was added. Next, the 

solution was centrifuged at 25,000 x g and 4°C for 1 h. The pelleted 

phage material was resuspended in 1 ml SM-buffer and stored at 4°C 

until further use. For TEM analysis, the phage samples were applied to 

copper grids (Agar Scientific, Essex, UK) and the grid was then rinsed 

with a drop of double distilled water and the excess removed by touching 

the grid with filter paper. The adsorbed material was then stained with 

0.5% (w/v) uranyl acetate (Agar Scientific) and the excess quickly 

removed leaving a thin film of stain on the grid. The images were 

observed using a Tecnai Biotwin transmission electron microscope (FEI, 

Hillsboro, USA) operated by the technical staff of the Advanced 

Microscopy Unit of the Queen’s Medical Centre in Nottingham at an 

accelerating voltage of 100 kV.  
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CHAPTER 3 

Isolation and characterization of Campylobacter 

specific bacteriophages from environmental 

samples 

 

3.1 Introduction 

With the rapid emergence of multidrug resistant bacterial pathogens 

throughout the world, the efficacy of commonly used antibiotics that 

have been the most effective weapons against bacterial-induced 

infections for over seventy years could soon be rendered all but useless 

(Ventola, 2015). In the wake of this upcoming antibiotic resistance crisis, 

alternative treatment strategies have made their way back to the focus 

of research and industrial or medical applications. One of the most 

promising alternatives regarding the reduction of bacterial loads on 

potential vectors for infection are bacteriophages. In contrast to 

antibiotics, which are ideally administered to living organisms where 

infection has already been established, phage-based strategies primarily 

focus on prevention. Several studies documented the potential of 

bacteriophages for the reduction of several undesired pathogenic 

microbes colonizing productive animals (Smith and Huggins, 1983; 

Barrow et al., 1998; Lau et al., 2010) and the decontamination of fresh 

meat and produce (Leverentz et al., 2001; Pao et al., 2004; García et 

al., 2009; Ye et al., 2009; Hooton et al., 2011; Rossi et al., 2011). As 
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one of the major zoonotic pathogens, campylobacters have also been 

target for phage-based biocontrol strategies in primary production (Loc 

Carrillo et al., 2005; El-Shibiny et al., 2009; Kittler et al., 2013; Hammerl 

et al., 2014) and post-harvest in bio-sanitation approaches (Atterbury et 

al., 2003, Goode et al., 2003; Bigwood et al., 2008). A risk assessment 

study estimated that a potential reduction of infection for the consumer 

of 45 to 90% could be achieved through bacteriophage treatment of 

broiler chickens two days prior to abattoir processing, emphasizing its 

capabilities as part of a multi-stage biosecurity concept (Havelaar et al., 

2007). 

Composing an effective bacteriophage cocktail for biocontrol applications 

requires suitable single phages, which must be obtained from the 

environment and propagated to high numbers. The isolation of phages 

specific for campylobacters has been established and improved through 

different protocols and can be performed routinely. Isolation protocols 

generally include the filtration of processed environmental samples and 

direct detection on target host strains. For samples where phage 

numbers are assumed low, protocols including a pre-enrichment of 

sampled materials have been established (Carvalho et al., 2010a). 

Campylobacter-specific bacteriophages can be acquired from several 

sources of animal fecal content, sewage, abattoir effluent and manure 

(Grajewski et al., 1985; Salama et al., 1989; Khakhria & Lior, 1992; 

Sails et al., 1998; Connerton et al., 2004; Atterbury et al., 2005; El-

Shibiny et al., 2005; Loc Carrillo et al., 2007; Sørensen et al., 2015). 



Chapter 3 
 

95 
 

Among the phage carrying hosts, pigs, poultry and wild birds have been 

reported (Janež and Loc Carillo, 2013; Hansen et al., 2007). Further, 

retail chicken meat and liver samples have also served as sources for 

bacteriophages (Atterbury et al., 2003; Tsuei et al., 2007; Firlieyanti et 

al., 2016). In addition, active phages could be retrieved from human 

fecal matter of infected patients suffering from campylobacteriosis, 

emphasizing that phages can withstand the harsh conditions in the 

human intestinal tract (Salama et al., 1989). Poultry meat has been 

recognized as the most common vector for transmission of 

campylobacters. Hence, the focus of research lies on chicken as a model 

organism and the majority of successful bacteriophage isolation 

attempts were made from samples of chicken origin (Tab. 3.7). 

Following the isolation of bacteriophages, characterization is essential to 

select suitable candidates for biocontrol studies. Besides discrimination 

between lytic and lysogenic bacteriophages and analysis of their host 

ranges, the determination of receptor targets for adsorption is another 

criterion for the selection of bacteriophages as components of a diverse 

phage cocktail. In general, surface located structures are recognized as 

targets for the initial adsorption of bacteriophages. Screening of the 

bacteriophages from the British Campylobacter typing collection (NCTC) 

on transposon-induced random mutants revealed motility and capsular 

polysaccharides as essential factors for infection of the majority of the 

phages tested (Coward et al., 2006). In the literature, 

exopolysaccharides are well-described targets for infection of several 
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bacteriophages infecting bacteria throughout different species (Lindberg, 

1973; Rakhuba et al., 2010). For C. jejuni detailed phage infection 

studies verified specific compositions of capsular polysaccharide moieties 

as binding targets for certain bacteriophages (Sørensen et al., 2012). 

Likewise, the flagella are known for their essential role in virulence and 

colonization, but are also identified as an initial structure for adsorption 

of numerous bacteriophages (Aravinthan et al., 1999; Zhilenkov et al., 

2006; Choi et al., 2013; Baldvinsson et al., 2014). In campylobacters, 

both the flagella and the exopolysaccharide synthesis gene clusters are 

prone to mutation events, termed phase variation. Both genetic areas 

contain homopolymer GC tracts within the reading frames, which can 

exist in an on or off state, leading to the presence or absence of the 

affected structure (Bayliss et al., 2012; Anjum et al., 2016).  As flagella 

and capsular polysaccharide structures are primary targets for phage 

infection, phase variation events lead to obstacles, which may hinder 

effective approaches in Campylobacter biocontrol (Connerton et al., 

2011; Hertwig et al., 2013). Hence, identification of additional factors 

affecting the phage infection process, which may be independent of 

phase variation, should improve the selection process of suitable 

bacteriophage for a cocktail.  

It is speculated that a link exists between virulence / colonization factors 

and phage infection, as phages rely on hosts with increased fitness for 

efficient propagation. Conversely, there are assumptions that phage 

infection drives the incremental increase of bacterial virulence. This 

alteration is based on surface modifications as defensive response 
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mechanisms against infection by lytic bacteriophages (Louwen and van 

Baarlen, 2013; Louwen et al., 2013). Hence, virulence and 

bacteriophage defense are assumed linked properties. In the current 

study, several factors involved in the virulence and colonization of host 

animals were chosen as targets for gene disruption to study their impact 

on bacteriophage infection. Hence, isogenic knock out mutants in the 

bacteriophage propagation strain C. jejuni PT14 were introduced and 

employed to analyze changes in phage induced lysis on bacterial lawns 

(Brathwaite et al., 2013). 

 

3.2 Results 

3.2.1 Isolation of bacteriophages 

Most studies that have focused on the isolation of Campylobacter-specific 

bacteriophages have processed environmental samples of avian origin, 

as poultry were identified to be the most common carrier of zoonosis-

relevant campylobacters. Hence, most characterized and genetically 

identified Camyplobacter-specific bacteriophages are of avian origin. In 

order to isolate and characterize novel phages, specific for 

campylobacters, this study primarily focused on samples from locations 

throughout the pork production chain. Sampling was performed in 

different geographical locations in the United Kingdom and Germany. 

The analyzed samples included fecal matter, total intestinal content and 

manure specimens. In addition, pooled chicken ceca content from a 

poultry abattoir, and fecal matter from a free-range chicken farm were 

employed in the phage detection process. As indicator strains the NCTC 
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collection of the phage-typing scheme, established in the United 

Kingdom, were selected as host bacteria (Frost et al., 1999). 

Additionally, universal propagating host C. jejuni PT14 (Brathwaite et al., 

2013) was included in order to increase the success of primary phage 

detection. 

In total seven phage isolation attempts (Rounds A – G) were performed, 

which included 136 environmental samples, which were subject to direct 

or pre-enriched phage detection (Tab. 3.1). The highest isolation rate 

of 100% was achieved from free-range organic chicken samples (n=10) 

after pre-enrichment steps. In general, pre-enrichment also proved an 

efficient tool for the detection of bacteriophages from pig manure 

samples. In 72% of samples (n=50) positive interaction, in the form of 

plaque formation, with the target host strain was observed. In contrast, 

direct detection methods yielded variable success rates between 28 – 

88% of samples collected for phage detection. Due to the sheer number 

of positive samples, not all phage candidates could be processed and 

included in the further analyses. In total 92 phages were isolated and 

plaque-purified or adapted onto a secondary host, and employed in an 

extensive screening analysis on a panel of Campylobacter wild type and 

mutant strains. With respect to type and source of material, samples of 

pig origin predominately gave rise to phages propagating on C. coli 

strains, while chicken samples only contained phages that exclusively 

propagated on C. jejuni strains during primary detection (Tab. 3.1). 

Even pre-enrichment yielded no detectable phages that directly 

propagated on C. coli strains NCTC 12666 and 12667. This observation 
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is likely a consequence that chickens are predominately colonized by 

C. jejuni, whilst pigs are generally carriers of C. coli (Fosse et al., 2009; 

Horrocks et al., 2009; EFSA 2010). However, once propagated on 

C. jejuni PT14, phages that initially were infecting C. jejuni strains 

exclusively, showed lytic reactions towards C. coli strains (CP_G1 - 

CP_G10, Tab. 3.2). This may represent an indication that phage 

populations need to reach a sufficient total population size to contain 

phage variants that exhibit no restrictions towards successful infection 

of a new host. In order to analyze the isolated phages with respect to 

their genomic organization, total genomic DNAs were extracted from 

selected plaque purified preparations and sequenced using next-

generation sequencing technologies. The comparative analysis of the 

obtained genomic data will be discussed in chapter 4. Data from this 

genomic analysis revealed, with respect to genetic abundance, no 

correlation between any phage genetic type and a specific geographical 

location. This is similar to the observations from phage isolation studies, 

conducted at different locations worldwide (Atterbury et al., 2003; 

Hansen et al., 2007; Hwang et al., 2009; Owens et al., 2013; Jañez et 

al., 2014). Isolation of bacteriophages from pigs in the UK and Germany 

showed similar genomic organization and only two varieties of genomic 

phage types were observed (see Chapter 4). This phenomenon of 

limited genetic diversity has already been observed in phages CP8 and 

CP81, which show highly similar genetic organization and were 

independently isolated from poultry respectively in the UK and Germany 

(Loc Carillo et al., 2005; Hammerl et al., 2011).  
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Table 3.1: Overview of isolated bacteriophages from environmental 

samples. Propagating hosts were differentially colored. C. coli strains are 

marked blue, while C. jejuni strains are shaded in red. Phages selected for 

genome sequencing are highlighted in yellow.  

 

Bacteriophage Primary propagating host Source Sample amount Method

CP_A1 C. jejuni  NCTC 12661

CP_A2 C. coli  NCTC 12666

CP_A3 C. coli  NCTC 12666

CP_A4 C. coli  NCTC 12667

CP_A5 C. coli  NCTC 12667

CP_A6 C. coli  NCTC 12667

CP_A7 C. coli  NCTC 12666

CP_A8 C. coli  NCTC 12666

CP_A9 C. coli  NCTC 12666

CP_A10 C. coli  NCTC 12667

CP_A11 C. coli  NCTC 12667

CP_A12 C. coli  NCTC 12666

CP_B1 C. coli  NCTC 12667

CP_B2 C. coli  NCTC 12666

CP_B3 C. coli  NCTC 12666

CP_B4 C. coli  NCTC 12666

CP_B5 C. coli  NCTC 12666

CP_B6 C. coli  NCTC 12666

CP_B7 C. coli  NCTC 12666

CP_B8 C. coli  NCTC 12666

CP_B9 C. coli  NCTC 12666

CP_B10 C. coli  NCTC 12666

CP_B11 C. coli  NCTC 12666

CP_B12 C. coli  NCTC 12666

CP_B13 C. coli  NCTC 12666

CP_B14 C. coli  NCTC 12667

CP_B15 C. coli  NCTC 12667

CP_B16 C. coli  NCTC 12667

CP_B17 C. coli  NCTC 12667

CP_B20 C. coli  NCTC 12667

CP_B22 C. coli  NCTC 12667

CP_B23 C. coli  NCTC 12667

CP_B25 C. coli  NCTC 12667

CP_B26 C. coli  NCTC 12667

CP_B27 C. coli  NCTC 12667

CP_B28 C. coli  NCTC 12667

CP_B3.PT14 C. jejuni NCTC 12662 PT 14

CP_B14.PT14 C. jejuni NCTC 12662 PT 14

CP_C1 C. coli  NCTC 12667

CP_C2 C. coli  NCTC 12667

CP_C3 C. coli  NCTC 12667

CP_C4 C. coli  NCTC 12667

CP_C5 C. coli  NCTC 12666

CP_C6 C. coli  NCTC 12666

CP_C7 C. coli  NCTC 12666

CP_C8 C. coli  NCTC 12666

CP_C9 C. coli  NCTC 12666

CP_C10 C. coli  NCTC 12666

CP_C11 C. jejuni  NCTC 12660

CP_C12 C. jejuni  NCTC 12660

CP_C13 C. jejuni  NCTC 12660

fecal matter, experimental 

pig shed, Sutton Bonington 

Campus, UK

intenstinal content, pig 

abbatoir, Osnabrück, FRG

Direct 

detection

2 samples out of 7 

contained detectable 

phages

Direct 

detection

Direct 

detection

7 samples out of 8 

contained detectable 

phages

1  sample of mixed 

intestinal content of 

several pigs

Host adaptation to PT14

fecal matter, commercial 

pig farm, Mansfield, UK



Chapter 3 
 

101 
 

Table 3.1 (continued) 

 

 

 

 

 

Bacteriophage Primary propagating host Source Sample amount Method

CP_D1 C. jejuni  NCTC 12660

CP_D2 C. jejuni  NCTC 12660

CP_D3 C. jejuni  NCTC 12660

CP_D4 C. jejuni NCTC 12662 PT 14

CP_D5 C. jejuni NCTC 12662 PT 14

CP_D1.PT14 C. jejuni NCTC 12662 PT 14

CP_D2.PT14 C. jejuni NCTC 12662 PT 14

CP_D3.PT14 C. jejuni NCTC 12662 PT 14

CP_E1 C. jejuni  NCTC 12661

CP_E2 C. jejuni  NCTC 12661

CP_E3 C. jejuni  NCTC 12661

CP_E4 C. jejuni  NCTC 12661

CP_E5 C. jejuni  NCTC 12661

CP_E6 C. jejuni  NCTC 12661

CP_E7 C. jejuni  NCTC 12661

CP_E8 C. jejuni  NCTC 12661

CP_E9 C. jejuni  NCTC 12661

CP_E10 C. jejuni  NCTC 12661

CP_E11 C. jejuni  NCTC 12661

CP_E12 C. jejuni  NCTC 12661

CP_E13 C. jejuni  NCTC 12661

CP_E14 C. coli  NCTC 12666

CP_E15 C. coli  NCTC 12666

CP_E16 C. coli  NCTC 12666

CP_E17 C. coli  NCTC 12666

CP_E18 C. coli  NCTC 12666

CP_E19 C. coli  NCTC 12666

CP_F1 C. jejuni NCTC 12662 PT 14

CP_F2 C. jejuni NCTC 12662 PT 14

CP_F3 C. jejuni NCTC 12662 PT 14

CP_F4 C. jejuni NCTC 12662 PT 14

CP_G1 C. jejuni NCTC 12662 PT 14

CP_G2 C. jejuni NCTC 12662 PT 14

CP_G3 C. jejuni NCTC 12662 PT 14

CP_G4 C. jejuni NCTC 12662 PT 14

CP_G5 C. jejuni NCTC 12662 PT 14

CP_G6 C. jejuni NCTC 12662 PT 14

CP_G7 C. jejuni NCTC 12662 PT 14

CP_G8 C. jejuni NCTC 12662 PT 14

CP_G9 C. jejuni NCTC 12662 PT 14

CP_G10 C. jejuni NCTC 12662 PT 14

ceacum content, chicken 

abbatoir, UK 10 chicken ceaca samples 

from abbatoir, pooled 

together

Direct 

detection

Host adaptation to PT14

manure from pig farms in 

the state of 

Niedersachsen, FRG

50 manure samples

Enrichment 

prior to 

detection

manure from pig farms in 

the state of 

Niedersachsen, FRG

fecal matter, private free-

range chicken farm, 

Bönen, FRG

10 fecal samples

Enrichment 

prior to 

detection

50 manure samples

Enrichment 

prior to 

detection
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Transmission electron microscopy revealed the morphology of 

bacteriophages, which were selected for whole genome sequencing (Fig. 

3.1). This morphological analysis disclosed that all phages belong to the 

Myoviridae family, characterized by long contractile tails. Head 

structures showed the typical icosahedral geometry with no noticeable 

elongation or protrusion. Head diameters were measured between 80 

and 96 nm (n=30). Tails exhibited lengths between 125 and 130 nm 

(n=30). 

 

 

Figure 3.1: Transmission electron micrographs of isolated 

bacteriophages from environmental samples. All phages carry long 

contractile tails and icosahedral heads with mean diameters of approx. 88 nm 

± 8.8 (n=30). All visualized phages can be classified in the Myoviridae group of 

phages. The scale bars in each panel represent 100 nm. (A: CP_B2, B: CP_A9, 

C: CP_A4, D: CP_C11, E: CP_B14, F: CP_B3). 
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3.2.2 Determination of phage infection through lytic 

spectra 

Analysis of bacteriophage sensitivity of a panel containing 22 strains of 

C. jejuni and C. coli via spot test assays revealed different reaction 

patterns for the isolated phages. These patterns showed dependence on 

the primary isolation host. Phages that were isolated and initially 

propagated on the C. coli strains NCTC 12666 or 12667 were 

characterized as having a narrow host range in the set of strains that 

mainly consisted of C. jejuni strains. These phages showed lytic reactions 

solely on the two C. coli strains or extended by a few additional C. jejuni 

strains, resulting in a coverage of 9 to 27%. Similarly, phages 

propagated on C. jejuni NCTC 12661 showed a narrow reaction pattern 

with similar coverage (9 to 27%) to the C. coli propagated phages. In 

contrast, phages primarily propagated on strain PT14 or NCTC strain 

12660 showed broader reaction patterns with overall coverages of 41 – 

77% (PT14) and 41 – 45% (12660) (Tab. 3.2). However, phages 

CP_D1-3 represented exceptions from this observation. These phages, 

primarily propagated on NCTC 12660, experienced an extremely narrow 

host range. In one case, lytic reaction was limited to the propagating 

host. Interestingly, these phages were isolated from chicken caecum 

samples, discriminating them from pig-originated phages, propagated on 

the same host, experiencing broader host coverage. This difference in 

host range may be an indication of high specialization of these phages, 

only evoking lytic reactions on a limited number of suitable hosts. By 
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calculation of the differences in overall coverage between phages, a 

phage distance matrix was generated (Fig. 3.2). This comparative 

analysis, based on lytic spectra, revealed for much of the isolated phages 

high similarity to CP220. Among those were phages isolated in the 

rounds A, B, E and the majority of phages from isolation round C. High 

similarity in lytic reaction patterns were further observed between and 

within these groups of phages. On the other hand, phages obtained in 

isolation round G and phages from the national typing collection (ᶲ) 

showed similarities, that resulted in their clustering with CP8 and related 

phages, with some minor exceptions. Based on these data it appears 

very likely, that most phages within each isolation group are duplicates 

or slight variations of the same phage lineage. 

Further, it was observed that the majority of pig-derived phages, 

primarily propagated on C. coli strains NCTC 12666 and 12667, showed 

lytic patterns similar to CP220, while PT14-propagated chicken isolates 

exhibited higher similarity to CP8unalike phages with respect to host 

range (Fig. 3.2). These results further emphasize the limited lysis 

potential of phages propagated on C. coli strains towards C. jejuni 

strains. They also indicate that the primary propagation host has a 

profound impact on the range of infection of susceptible hosts. A similar 

observation of general host range was reported in other phage isolation 

studies (Sørensen et al., 2015). However, there were exemptions from 

this rule, as the phages from rounds D and F, primarily propagated on 

or adapted to PT14, gave unique reaction patterns that exhibited no 
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similarity to either CP220 or CP8unalike patterns. In general, tail fiber 

structures are the primary determinants of host range and receptors 

(Drexler et al., 1991; Scholl et al., 2001). It was proposed that tail fiber 

genes evolve more rapidly and are employed in horizontal gene transfer 

to extend host range (Hendrix et al., 1999). With respect to these 

circumstances it can be assumed that these specialized phages carry 

unique tail fiber structures that are subject to limited changes after host 

adaptation, resulting in narrow host ranges. This assumption is further 

supported by results from genome sequencing of phage CP_F1, which 

revealed a CP8unalike genome organization with no unusual genetic 

aberrations (Chapter 4). Phage CP_F1 was subsequently used for phage 

infection studies of a flaB-deficient strain, and showed a slight 

divergence in infection patterns to other phages tested in this study. 

However, due to a limited panel of test strains, especially with regard to 

C. coli strains, these data may not represent the full gamut available in 

the environment. Extension of the strain bank and the inclusion of further 

C. coli strains would help to improve the resolution of the similarities and 

divergences in the phage reaction patterns. 
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Table 3.2: Lytic reaction matrix of isolated bacteriophages tested 

against a set of Campylobacter strains. C. coli strains are shaded in blue, 

the remaining strains are C. jejuni (1 indicates clear lysis, SP: formation of 

single plaques, 0.5 indicates opaque lysis areas, 0: no reaction). 
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A1.61 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

A2.66 0 0 0 1 SP 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0

A3.66 0 0 0 1 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0

A4.67 0 0 0 1 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0

A5.67 0 0 0 1 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0

A6.67 0 0 0 1 1 0 0 1 1 0.5 0 0 0 0 0 0 0 0 0 0 0 0

A7.66 0 0 0 1 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0

A8.66 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0

A9.66 0 0 0 0 SP 0 0 SP 1 1 0 0 0 0 0 0 0 0 0 0 0 0

A10.67 0 0 0 1 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0

A11.67 0 0 0 1 1 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0

A12.66 0 0 0 0 SP 0 0 SP SP 1 0 0 0 0 0 0 0 0 0 0 0 0

B1.67 0 0 0 1 SP 0 0 1 SP 0 0 0 0 0 0 0 0 0 0 0 0 0

B2.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B3.66 0 0 0 SP SP 0 0 SP SP 0 0 0 0 0 0 0 0 0 0 0 0 0

B4.66 0 0 0 0 0 0 0 SP SP 0 0 0 0 0 0 0 0 0 0 0 0 0

B5.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B6.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B7.66 0 0 0 1 SP 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B8.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B9.66 0 0 0.5 0 1 0 0 SP 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B10.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B11.66 0 0 0 1 SP 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B12.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B13.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B14.67 0 0 0 0 0 0 0 1 1 0 0 0 0 0.5 0 0 0 0 0 0 0 0

B15.67 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B16.67 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B17.67 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B20.67 0 0 0 SP 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B22.67 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B23.67 0 0 0 SP SP 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B25.67 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B26.67 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B27.67 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

B28.67 0 0 0 SP SP 0 0 1 SP 0 0 0 0 0 0 0 0 0 0 0 0 0

C1.67 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0.5 0 0 0

C2.67 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0.5

C3.67 0 0 0 1 1 0 0 1 1 1 0 0 0 0 0.5 0 1 0 0.5 0.5 0 0

C4.67 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

C5.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

C6.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

C7.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

C8.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

C9.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

C10.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

C11.60 0 SP 1 1 1 1 1 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0

C12.60 0 SP 1 1 SP 1 1 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0

C13.60 0 1 1 1 1 1 1 0 0 0 0 0 0.5 0.5 1 1 0 0 0 0 0 0

D1.60 0 0 1 0 0 0 0 0 0 0 0 0 0.5 0 0 0 0 0 0 SP 0 0

D2.60 0 0 1 0 0 0 0 0 0 0 0 0 0 0 SP 0 0 0 0 0 0 0

D3.60 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

D4.PT14 0 1 1 1 1 1 1 0 0 0 0 0 1 0 1 1 0 0.5 0 0.5 0 0

D5.PT14 0 1 1 1 1 0 0 SP SP 0 0 1 1 1 1 1 1 SP 0 SP 0 0
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Table 3.2 (continued) 
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E1.61 0 0 0 1 1 0 0 1 SP 0 0 0 0 0 0 0 0 0 0 0 0 0

E2.61 0 0 0 1 1 0 0 1 1 0.5 0 0 0 0 0 0 0 0 0 0 0 0

E3.61 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

E4.61 0 0 0 1 1 0 0 1 1 0 0 0 0 SP SP 0 0 0 0 0 0 0

E5.61 0 0 0 1 1 0 0 1 1 0.5 0 0 0 0 0 0 0.5 0 0.5 0 0 0

E6.61 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0.5 0 0 0 0 0

E7.61 0 1 SP 1 1 0 0 1 1 0 0 0 0 0 0 0 0.5 0 0 0 0 0

E8.61 0 0 0 1 1 0 0 1 1 0 0 0 0 0 SP 0 0 0 0 0 0 0

E9.61 0 0 0 1 1 0 0 0 SP 0 0 0 0 0 0 0 0 0 0 0 0 0

E10.61 0 0 0 1 1 0 0 1 0 0.5 0 0 0 0 0 0 0.5 0 0 0 0 0

E11.61 0 0 0 1 1 0 0 SP SP 0 0 0 0 0 0 0 0 0 0 0 0 0

E12.61 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

E13.61 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

E14.66 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

E16.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0

E17.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0.5 SP 0 0 0 0

E18.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0.5 0 0 0 0 0

E19.66 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 0 SP 0 0 0 0

F1.PT14 1 0 1 0 1 1 0 0 0 0 0 1 1 0 0.5 0 1 1 0 SP 0 0

F2.PT14 1 0 1 0 1 1 0 0 0 0 0 1 1 0 0.5 0 0.5 1 0 1 0 0

F3.PT14 0 1 0 1 1 0.5 1 1 1 0 0 0 0 0.5 0.5 1 1 0 0 0 0 0

F4.PT14 0 1 0 1 1 0.5 1 1 1 SP 0 0 0 0.5 0.5 1 1 0 0 0 0 0

G1.PT14 0 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 SP 0 0

G2.PT14 0 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 1 0 0

G3.PT14 0 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 SP SP 0 0

G4.PT14 0 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 SP 0 0

G5.PT14 0 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 SP 0 0

G6.PT14 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 SP 0 0

G7.PT14 0 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 SP 0 0 0

G8.PT14 0 1 1 1 1 1 1 SP SP 0 0 1 1 1 1 1 1 SP SP 0 0 0

G9.PT14 0 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 SP 0 0 0

G10.PT14 0 1 1 1 1 1 1 SP 1 0 0 1 1 1 1 1 1 1 0 1 0 0

B3.PT14 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 SP 0 0

B14.PT14 0 1 1 1 1 1 1 1 1 SP 0 1 1 1 1 1 1 1 0.5 1 0 0

D1.PT14 0 1 1 1 SP SP SP 0 0 0 0 1 SP SP 1 1 1 1 0.5 0 0 0

D2.PT14 0 1 1 1 SP 0 0 0 0 0 0 0 0 0 1 1 1 1 0.5 0 0 0

D3.PT14 0 1 1 1 SP 0 0 0 0 0 0 0 0 0 1 1 1 1 0.5 0 0 0

ɸ1 1 SP 1 1 1 1 1 0 0 0 0 1 1 1 1 1 0 0.5 0 SP 0 0

ɸ2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 SP 0 0

ɸ3 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0.5 0 SP 0 0

ɸ4 0 1 1 1 1 1 1 1 1 0 0 0 SP 1 1 1 1 0.5 0 SP 0 0

ɸ5 1 SP 1 1 1 1 1 0 0 0 0 SP 1 1 1 1 1 1 0 SP 0 0

ɸ6 1 1 1 1 1 1 1 0 0 0 0 SP 1 1 1 1 1 0.5 0 SP 0 0

ɸ9 1 1 1 1 1 1 1 0 0 0 0 0.5 SP 1 1 1 1 1 0 SP 0 0

ɸ12 1 SP 1 1 1 1 1 0 0 0 0 SP SP 1 1 1 1 SP 0 0 0 0

ɸ13 1 SP 1 1 1 1 1 0 0 0 0 SP 1 1 1 1 1 SP 0 1 0 0

ɸ16 1 1 1 1 1 1 1 0 0 0 0 0 SP 1 1 1 1 1 0 SP 0 0

CP8 0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 1 0 0

CP9 0 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 0 0

CP20 0.5 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 0 0

CP28 0.5 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 SP 0 0

CP30 0 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 0 0

CP32 0.5 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 0 0

CP34 0 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 0 0

CP220 0 0 0.5 1 SP 0 0 1 1 1 0 0 SP 0.5 0.5 1 1 0 0.5 0 0 0
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3.2.3 PCR based analysis of genetic phage groups 

In order to analyze the genetic makeup of the isolated bacteriophages 

specific primers were generated that should discriminate CP220like from 

CP8unalike phages. For this purpose, primers were designed that 

hybridize to regions within open reading frames that are conserved 

among phages from the respective genetic group. For the identification 

of CP8unalike phages, gp117 and the region of gp018 to gp020 of phage 

NCTC 12673 were chosen as target areas (Kropinski et al., 2011). For 

CP220like phages, primers specific for gp103 and gp044 from phage 

CP220 were designed (Timms et al., 2010). In Table 3.3, the studied 

phages are listed with their respective genetic group. The gel images can 

be found in the Appendices 4 & 5. 

 

Table 3.3: PCR based genetic discrimination of isolated bacteriophages. 

Phages Genetic group 

CP_A1-12 CP220 

CP_B1-28 CP220 

CP_B3.PT14                 CP8una 

CP_B14.PT14 CP8una 

CP_C1-10 CP220 

CP_C11-13 CP8una 

CP_D1-3 CP8una 

CP_D1-5.PT14 CP8una 

CP_E1-19 CP220 

CP_F1+2 CP8una 

CP_F3+4 CP220 

CP_G1-10 CP8una 
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3.2.4 Change of propagating host 

In order to extend the host range of the bacteriophages selected, that 

primarily infected C. coli strains, host adaptation attempts were made 

through serial enrichment on the phage-susceptible strain PT14, and 

testing for the infection of new hosts by spot test assays. In five cases 

the change of the propagation host was successful. Interestingly, 

changes of the propagating host through adaptation drastically increased 

the overall coverage ranges of the hosts that could be lysed from 

between 4.5 - 18% to 34 - 75% (CP_D4 lower values; CP_B3 higher 

values) of the strains tested. Phages D4 and 5 were notable in that they 

expanded their host ranges from what previously were extremely narrow 

host ranges. However, in all cases it could not be excluded that the initial 

phage preparation, employed in host adaptation experiments, contained 

minute amounts of a phage sub-population, although serial plaque 

purification was employed to obtain pure single phage lines. After PCR 

analysis, it became evident that phages that were initially of the 

CP220like genetic-type (CP_B3, CP_B14) were identified as CP8unalike 

following adaptation towards strain PT14 (Section 3.2.3). Therefore, the 

scenario of a second phage population within the initial stocks appears 

to be the most likely explanation.  
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Figure 3.2: Phage distance matrix based on reaction patterns on the tested Campylobacter strains. The values show the difference in total numbers 

of positive host interactions. Phages that were isolated in the A, B, C and E round of isolation experienced high reaction similarity to each other and to CP220. 

In contrast, phages from the G round of isolation and from the UK typing scheme (ᶲ) showed higher similarity to CP8 and CP8unalike phages (green indicates 

lower differences in number of infected hosts, while red displays higher divergence in host infection). 
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Figure 3.2 (continued): Detailed description of phages analysed with the phage distance matrix. 
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3.2.5 Identification of structures essential for phage 

infection  

3.2.5.1 Phenotypic verification of mutant strains 

In order to further characterize the isolated phages in terms of host 

infection strategies and the receptors used for adsorption, a range of 

single gene mutant strains were generated based on the universal 

propagating host strain PT14 (Tab. 3.4). Genetic verification of 

successful insertion of antibiotic resistance cassettes and disruption 

of target genes was performed via PCR analysis and sequencing of 

target gene regions. Phenotypic verification of motility related 

mutants was confirmed using motility assays on 0.4% (w/v) MHA 

(Fig. 3.3). In all related mutants, loss of motility was observed, while 

in the flaB mutant exhibited no major reduction in swimming motility 

(Fig. 3.4). Analysis of the production of exopolysaccharides via alcian 

blue based polysaccharide staining (Karlyshev et al., 2001), revealed 

absence of CPS in the kpsM mutant, while the waaF mutant lacked 

LOS (Fig. 3.5). In order to verify the effects on LOS production and 

phage infection resulting from deletion of the waaF gene, a trans 

complementation of the waaF gene was pursued. Using a strategy 

analogous to the complementation of the flaB mutant, a suicide vector 

was designed, that allows recombination and integration within a 

putative pseudogene in the genome of the PT14 mutant strain 

(compare with Section 5.2.3). Due to time restrictions, successful 

introduction of the vector-based complementation in the mutant 

strain was not accomplished, as the transformation process proved 

challenging in the time available. 
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Figure 3.3: Swimming motility of C. jejuni PT14 strains on 0.4% 

motility agar. Non-motile knock out mutants or escape mutants from phage 

infection experienced growth zones below 1 cm of diameter. Induced carrier-

state clones (Chapter 5) were characterized by plaque formation within 

growth zones. Growth areas larger than 1.4 cm in diameter after 24h 

incubation and larger than 3 cm after 48h incubation were assessed as full 

motility. 

 

Figure 3.4: Diameters of growth zones during motility analysis of 

PT14 wild type and flagella-related mutant strains after 24h of 

incubation. While the wild type and the minor flagellin mutant (flaB) 

exhibited full motility, the major flagellin (flaA, flaAB) and accessory factor 

mutants (maf5, pflA) showed severe reductions in their swimming 

capabilities. Displayed are the means of three independent biological 

replicates with standard deviations. 
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Figure 3.5: Detection of exopolysaccharides of C. jejuni PT14 wild 

type and mutant strains through alcian blue staining. Absence of the 

CPS band between 20 and 37 kDa was observed in the samples extracted 

from three separate clones of the kpsM disruption mutant. In contrast, an 

absence of the LOS band in extracts from separate clones of the waaF 

deletion mutant was visualized, while CPS was still detected. 
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Table 3.4: Generated knock out mutant strains based on C. jejuni PT14. 

mutant phenotype gene function 

cj0051 chicken colonisation attenuated secreted serine peptidase 

cj1322 motile, flagella intact flagella glycosylation 

cj1325/26 motile, flagella intact flagella glycosylation 

flaA non-motile, absence of flagella major flagellin gene A, filament structure 

flaAB non-motile, absence of flagella flagellin genes A and B 

flaB motile, flagella present minor flagellin gene B, filament structure 

fur up-regulation of genes involved in iron uptake oxidative stress and iron uptake regulator 

htrB 
pleiotropic effects: morphology change, 
hyperflagellation, growth inability at high temp., 
incr. bile resistance, red. virulence 

acetyltransferase, biosynthesis of lipid A 

kpsM no/reduced capsular polysaccharides (CPS) pore involved in export of capsular polysaccharide 

maf5 
non-motile, aflagellate, only the hook is present 

posttranslational processing of the flagellin or 
assembly of flagella 

perR 
hyper resistant to peroxide stress caused by 
hydrogen peroxide and cumene hydroperoxide 

transcriptional regulator gene, metalloregulator, 
role in response to oxidative/peroxide stress 

pflA flagella filament intact, but paralyzed putative flagella motor protein 

waaF 
truncation of LOS, loss of serum reactive 
epitopes heptosyltransferase 
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3.2.5.2 Determination of phage infection receptors 

Screening of bacteriophages isolated in this study against a set of 

single gene knock out mutants revealed, that the majority of isolated 

phages reacted poorly on strain C. jejuni PT14, as they were primarily 

isolated on C. coli strains. Therefore, these candidates could not be 

further characterized. Of the remaining phages, that showed lytic 

reactions towards strain PT14, the majority exhibited either a 

dependence on capsular polysaccharide (CPS) or motility (Tab. 3.6 

& Appendices 1 + 2). This data verifies previous findings, which 

reported similar dependencies (Scott et al., 2007; Sørensen et al., 

2012; 2015; Baldvinsson et al., 2014). In general, all phages that 

were identified as CP8unalike, showed dependence on CPS, while 

CP220like phages were strictly flagellotropic. However, in at least one 

case both structures appeared to affect phage infection (Tab. 3.6), 

as the absence of CPS abolished plaque formation, while the loss of 

motility resulted in reduced EOP values. 

The most distinct example of flagellotropic infection was observed for 

phage CP220 (prototype of the CP220likevirus genus), as no 

replication or host lysis was observed on flagellin mutants (flaA and 

flaAB) or indeed motility-related accessory factors (maf5, pflA) (Fig. 

3.3, Tab. 3.6). The same strict dependence on motility was observed 

for phages CP_F3 and CP_F4. According to their lytic reaction patterns 

and PCR analysis, both phages were found to be CP220like, indicating 

that flagellotropic infection is a widespread characteristic of the 

CP220like phages (Sørensen et al., 2015). However, CP8unalikevirus 

phage CP_F1 also experienced a decrease in infection efficiency on 
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non-motile cells, as infection of flaA and flaAB mutant strains yielded 

reduced EOP values (flaA 0.08 ± 0.04, n=3; flaAB 0.12 ± 0.03, n=3) 

and highly opaque plaques. Further, testing of host lysis on individual 

clones revealed no consistency in lysis between independent non-

motile clones, a phenomenon that was reported for flagellotropic 

phages ɸ 4 and ɸ 12 in previous publications (Coward et al., 2006; Frost 

et al., 1999). This variability indicates that loss of motility is a 

hindrance, but full motility not an essential requisite for infection of 

phage CP_F1. Additionally, CP_F1 was found to be strictly dependent 

on capsular polysaccharides (CPS), as no plaque formation occurred 

on a kpsM mutant, which synthesized no detectable lipo-

oligosaccharide (Fig. 3.5). Taking into account that the lytic reaction 

pattern of CP_F1 showed distinct differences to other CP8unalike 

phages, and that it required two independent structures for efficient 

host infection, this phage represented a unique specialist. Further 

analysis of the plaquing efficiency revealed that two types of 

dependences on specific structures exist. This more discriminative 

approach displayed the most striking differences were associated with 

the capsule-deficient mutant strain. While some bacteriophages (CP8, 

CP32) showed strict dependence on CPS, reflected by a complete 

absence of plaque formation at any tested phage concentration, other 

phages exhibited reductions in plaquing efficiency. For example, 

phages CP30A, CP_B3.PT14, and CP_B14.PT14 were still able to infect 

a CPS-deficient strain, although at severely reduced rates (Tab. 3.5). 

Testing of phages from the UK typing collection revealed infection by 

ᶲ1, ɸ 2, ɸ 6 or ɸ 16 had a strict requirement for capsular polysaccharides, 
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which is in accordance with previous observations (Coward et al., 

2006). The remaining phages from the typing collection yielded clear 

lysis on the spot test screening upon testing on motility-related and 

CPS-deficient mutant strains. However, it cannot be excluded that 

reduced EOP values may be exhibited as no further testing was 

performed.  

Interestingly, phage CP_F1 experienced no striking differences in EOP 

values between the PT14 wild type and the LOS-deficient mutant 

strain (waaF) (1.56 ± 0.46), although it yielded clearer lysis areas on 

the mutant strain relative to the wild type. Furthermore, increased 

susceptibly of the mutant strain towards phage infection was 

observed in liquid growth cultures (Fig. 3.8). Similar aberrations of 

lysis zones on bacterial lawns of the minor flagellin mutant (flaB) were 

observed for phages CP220 and CP_F1 (Fig. 3.6 & 3.7). The changes 

connected to this observation were further investigated in chapter 5. 

In contrast to the hypothesis established by Sørensen et al. (2015), 

no clear evidence for a correlation between propagating host and 

phage type were found in this study. The current data show that 

CP8unalike and CP220like phages isolated on PT14 showed either 

strict dependence on flagellar motility (CP_F3.PT14 + F4.PT14) or 

capsular polysaccharides (CP_D4.PT14 + D5.PT14). Whether this 

reflects a difference in the PT14 hosts used remains to be determined. 

In addition to receptor identification, also virulence factors that 

experience no surface exposure were included in the analysis to 

elucidate their potential influence on the phage infection process. The 

data for the screening analysis can be found in the Appendix 3. With 
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regard to lytic reactions to individual mutants, no clear results were 

obtained for the majority of the phages tested, as the analysis of lytic 

reactions via spot test assays revealed no clear consistency in lysis 

between independent clones. Plaque formation was prevented using 

the flagellotropic phages with a disruption of the gene cj1322, which 

is involved in the multi-stage process of flagellin glycosylation. 

However, analysis of swimming motility revealed that the absence of 

plaquing was likely attributable to a concurrent loss of motility. 

Therefore, none of the tested mutants showed unequivocal effects on 

lytic reactions of the applied phage samples. In summary, only 

motility defects or the absence of surface exopolysaccharides had 

distinct effects on phage infection in this study.  

 

 

 

Figure 3.6: Lytic zones of bacteriophage CP_F1 on bacterial lawns of 

the PT14 wild type and waaF, flaB mutants on semi-solid media. 

Infection of the wild type resulted in opaque lysis, while clear lytic areas were 

found upon infection of the mutant strains. 
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Figure 3.7: Lytic area of bacteriophage CP220 on bacterial lawns of 

the PT14 wild type and flagella related mutant strains. CP220 yielded 

opaque lysis on the wild type strain, while clear lytic areas were observed on 

a flaB mutant strain. No plaque formation occurred on non-motile mutants. 

 

 

Table 3.5: Efficiency of plating (EOP) values of selected phages on 

motility-related and surface polysaccharide mutants of strain PT14. 

The values represent the titre relative to the PT14 wild type strain from 

triplicate samples (n=3) with standard deviations (R= resistant, no plaque 

formation on mutant strain). 

EOP 

Mutant B14.PT14 B3.PT14 CP30A CP32 CP8 CP220 

flaA 2.19 ± 0.57 2.59 ± 0.57 0.76 ± 0.19 2.52 ± 0.64 1.55 ± 0.29 R 

flaAB 2.53 ± 0.56 2.42 ± 0.34 1.34 ± 0.18 3.39 ± 0.69 1.50 ± 0.50 R 

pflA 2.20 ± 0.07 1.91 ± 0.13 1.88 ± 0.50 2.07 ± 0.20 1.35 ± 0.18 R 

kpsM 0.00005 ± 
0.00003 

0.00003 ± 
0.00001 

0.20 ± 0.10 R R 0.92 ± 0.19 

waaF 0.86 ± 0.04 0.86 ± 0.01 1.73 ± 0.44 1.77 ± 0.18 1.35 ± 0.16 1.09 ± 0.03 
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Table 3.6: Identified receptor preferences of analyzed 

bacteriophages. Phages that showed strict structural dependence, lacked 

plaquing reactions on the affected mutant strains. Other phages experienced 

reduced plaquing efficiency (EOP) resulting from the absence of a certain 

factor (CPS: capsular polysaccharides). 

Phage Receptor dependence 

CP_B3.PT14 CPS (reduced EOP) 

CP_B14.PT14 CPS (reduced EOP) 

CP_C11 - C13.60 CPS (strict) 

CP_D1 - D5.PT14 CPS (strict) 

CP_F1.PT14 CPS (strict), motility (reduced EOP) 

CP_F2.PT14 CPS (strict) 

CP_F3.PT14 motility (strict) 

CP_F4.PT14 motility (strict) 

CP_G1 - G10.PT14 CPS (strict) 

ɸ1, ɸ2, ɸ6, ɸ16 CPS (strict) 

CP8 CPS (strict) 

CP9 CPS (strict) 

CP20 CPS (strict) 

CP28 CPS (strict) 

CP30 CPS (strict) 

CP32 CPS (strict) 

CP34 CPS (strict) 

CP220 motility (strict) 
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Figure 3.8: Increased susceptibility of the LOS-deficient mutant of PT14 upon infection of bacteriophage CP_F1 in liquid media 

at a concentration below the phage propagation threshold. In contrast to the wild type (A), CP_F1 infection of the waaF mutant strain 

(B) yields a slight drop in viable cell counts, with a subsequent stagnation of cell numbers for a period of 4 hours. 
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3.3 Discussion 

3.3.1 Isolation of bacteriophages 

Bacteriophage isolation from environmental samples often represent 

the first step in a long, elaborate selection process of suitable 

bacteriophages for application in biocontrol or bio sanitation. In this 

study, it was observed that intestinal content, fecal matter and 

manure samples of pigs and chicken were optimal sources of 

bacteriophages. With respect to isolation rates, fecal samples from 

free-range chickens, after enrichment, yielded the best results. In 

previous studies, free-range egg laying hens and chickens reared 

under organic conditions were sources of high levels of 

Campylobacter-specific phages (El-Shibiny et al., 2005; Owens et al., 

2013). It is assumed that rearing conditions may represent one factor 

that affects composition and ecology of bacteriophages within a flock, 

which subsequently may be crucial for successful phage detection on 

specific indicator strains (Owens et al., 2013). 

 

3.3.2 Diversity of isolated bacteriophages experienced 

limitations 

One key element for the successful application of a bacteriophage 

preparation is the presence of diverse single phages. Exhibiting 

diversity in genetic setup and mode of infection, a diverse 

bacteriophage cocktail will decrease the probability of resistance 

development in target strains (O’Flynn et al., 2004; Tanji et al., 2004; 

Fischer et al., 2013). As suggested in several reports focusing on 
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bacteriophage isolation from diverse environmental samples and 

metagenomic analyses the potential to yield multiple types of phages 

is existent (Breitbart et al., 2003; Clokie et al., 2011; De Paepe et al., 

2014; Grose & Casjens, 2014); however, in this study only a limited 

variety in the phage classes detected were observed. The 

bacteriophages analyzed fell into the two genetic subgroups 

representing CP220likevirus and CP8unalikevirus phages (Javed et 

al., 2014). Further, the morphology of the tested phages all showed 

characteristics of tailed phages, with a further classification into the 

Myoviridae family. Also with respect to their lytic spectra the majority 

of phages showed reaction patterns, that were either highly similar to 

CP220 or CP8 (Fig. 3.2). However, there were a few exceptions, 

which may be attributed to environmental adaptation and 

specialization onto individual hosts. Genomic analysis of selected 

phages (Chapter 4) revealed no novelty in phage genomic 

organization. All analyzed phages belonged to either the CP220 or 

CP8 group of phages. 

One reason for the limited variety of the isolated phage might be 

associated with the limited range of indicator strains available. Most 

phages in this study were detected either on C. coli stains or on the 

universal propagation strain PT14. In the literature, strain C. jejuni 

PT14, which is also termed the universal phage propagation host, is 

a favored indicator strain for phage isolation studies (Tab. 3.7), as it 

experiences high susceptibility to all bacteriophages from the typing 

scheme and was genetically characterized (Frost et al., 1999). 

However, PT14 used in these studies obtained from the Laboratory of 
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Enteric Pathogens may have greater plaque efficiency (Brathwaite et 

al., 2013). However, it cannot be excluded that this convenience-

driven strategy for phage isolation is accompanied by a certain bias 

in detection. Although multiple rounds of phage enrichments were 

performed on a number of indicator strains, successful isolation of 

bacteriophages was only realized on a limited set of strains. Similarly, 

Janež et al. (2014) managed to isolate bacteriophages from pig and 

chicken samples only on two indicator strains, although 68 strains 

were used in the isolation process. Another explanation for limited 

phage diversity may be adaptation of host and bacteriophages 

towards environmental conditions. Sorensen et al. (2015) speculated 

that restrictions in genetic and morphological diversity within isolated 

Campylobacter phages are linked to the high specialization of these 

phages and their host to their specific ecological niche within the 

chicken gut. From the data collected in this study, it can be assumed 

that this hypothesis may also be further extended to the intestinal 

environment of pigs, as no striking expansion of phage variety was 

observed for pig-originated phage isolates.  

Despite assumptions that specific hosts select for the isolation of a 

certain type of phage (Sørensen et al., 2015), no distinct connections 

between primary propagating host and obtained phage types was 

observed per se. In this study, strain PT14 gave rise to both classes 

of phages (Tab. 3.3). However, although this study was not designed 

for quantitative analysis of samples, indications can be drawn that 

both classes of phages can be obtained from primary propagation on 

a certain host. Sørensen et al. (2015) attributed selective isolation of 
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certain phage types to differential surface composition of the CPS 

structure. They further observed reduced motility in the employed 

indicator strain NCTC 12662 in their study, which seemed the main 

obstacle for the isolation of flagellotropic CP220like phages. In this 

study, strain PT14 was tested regularly for motility deficiencies and 

experienced no mobility reductions. Hence, bacteriophages that show 

flagellotropic infection properties (CP_F3, CP_F4) were successfully 

isolated employing PT14 as primary host. Likewise, in other phage 

isolation studies, both phage types were successfully isolated from 

poultry employing C. jejuni strain NCTC 12662 (Atterbury et al., 

2003; Owens et al., 2013). Thus, full motility can be assumed as one 

of the key selectors for successful isolation of CP220like 

bacteriophages as further supported by findings from non-motile 

knock out mutant strains (Tab. 3.5). However, to some extent 

preferential selection of specific phage types was observed in 

connection to the initial propagating host. Lytic spectra indicated that 

the majority of phages detected and propagated on C. coli strains 

showed CP220like characteristics. Although, CP8unalike phages were 

also successfully isolated from pig-derived samples. Similarly 

CP220like phage classes could be isolated from chicken samples, but 

the majority of the phage isolates were classified as CP8unalike. With 

regard to this data it can be stated that, based on the employed 

indicator strain, there was higher tendency for successful detection of 

a specific phage class, but this may coincide with assumptions that 

CP8unalike phages are more abundant in the chicken gastrointestinal 

tract (Sørensen et al., 2015). Likewise, CP220-like phages appear to 

exist in higher abundance in pigs, which raises the question about 
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correlative connections between the microbiota of the animal host and 

phage type selection. Analytic determination of these potential links 

may be a target for follow-up studies. Despite remaining questions, it 

can be concluded that the primary host may represent one factor that 

contributes to the selection of a certain type of phage during isolation, 

but does not solely dictate the outcome of phage isolation. 

Further, with respect to results from lytic spectra two potential 

determinants were identified that have an impact on host range. The 

genetic type and the propagating host had profound influence on the 

host reaction patterns. For Campylobacter-specific phages the 

receptor binding proteins (RBP) are presumed to be located at the tip 

of the tail fibers, and are expected to determine host specificity (Janež 

et al., 2014; Javed et al., 2014). The genome sequence of the 

Campylobacter phage NCTC 12673 contains a putative RBP identified 

and annotated as gp047 (Kropinski et al., 2011). Homologs of this 

gene have been found in all sequenced phages (Javed et al., 2014). 

Binding studies verified that the receptor-binding domain is localized 

in the C-terminal area, which is conserved throughout all sequenced 

phages (Javed et al., 2014). However, it was suggested that Gp047 

might serve as a secondary RBP or an accessory effector during phage 

infection, as absence of its primary binding target did not fully abolish 

infection of phage NCTC 12673 (Javed et al., 2015a). Later it was 

discovered that Gp047 indeed is not part of the phage particle and 

possesses bacteriostatic properties (Javed et al., 2015b). Hence, the 

primary RBP of Campylobacter phages remains undiscovered, and the 
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detection of molecular factors that determine infection of suitable 

hosts may be a challenge for future research.  

 

Table 3.7: Overview of isolated Campylobacter bacteriophages in the 

literature. It is evident that strain C. jejuni NCTC 12662 (PT14) represents 

a favored indicator strain in a number of studies (NM: not mentioned).  

  

 

 

Animal source Sample type

Number of 

analysed 

samples

Isolated phages Indicator strains Reference

Poultry manure 4 45 (NCTC12673 and etc) 27 cultures (C. coli  & C. jejuni ) Grajewski et al., 1985

total 272
49 (42 against C. jejuni  + 7 

against C. coli )

pig manure 8 4

abattoir effluents 120 35

human faeces 35 7

sewage 40 2

poultry manure 42 1

cattle faeces 0

sheep faeces 0

water 0

farm pasture soil 0

skin (10 cm2) of chilled 

retail portions; total
300 34 (W1-W34)

free-range 27

standard 5

economy 2

frozen retail portion 150 0

Cloacal swap 10 x 3

excreta 10 x 3

Chicken free-range; caecum 38 10

organic; caecum 37 19

broiler chicken excreta NM

free-range layer-chicken 

excreta
NM

processed chicken meat NM

Broiler intestines
222 4 (F14, 198, 341, 346)

Broiler abbatoir 80 3 (F287, 325,326, 336)

Duck intestines 7 5 (F267,268, 3 unstable)

Duck abbatoir 3 2 (F207, 303)

Chicken intestine tissue NM 43 (IBB1-IBB43) 12 strains of C. coli Carvalho et al.,  2010a

Broiler
skin of the retail carcass 

portion
NM CP81 (C. jejuni ) NM Hammerl et al.,  2011

Poultry
Faeces, litter, gut 

content, sewage water
661 55 (of 130 pos. samples)

C. jejuni  NCTC 12662, NCTC 11168,

 18 wild type strains
Owens et al. , 2013

Pigs Caecum 4 2 (PK80, PK83)

Broiler Caecum 50 5 (PC5, PC14, PC17, PC35, PC48)

Broiler Faeces 15 0

Broiler Fresh poultry meat 9 2 (PM1, PM5)

Chicken fresh faeces
5 samples from 

17 farms = 85

Goose fresh faeces
5 samples from 

1 farm = 5

20 strains of C. coli  & 47 strains of C. jejuni Janež et al. , 2014

12 C. jejuni  strains (7 different serotypes + 

detelion mutants): 

NCTC12658, NCTC12658 del. motA

104-733

NCTC 11168

1447

NCTC 12662, NCTC 12662 del. kpsM, motA

81116

81-176

RM 1221

NCTC 12568 del. kpsM

Sørensen et al.,  201543

Atterbury et al., 2003.

Loc Carillo et al. , 2005

Various samples

Chicken

Various chicken 

samples

27

53 (incuding CP8, CP34)

Campylobacter host derived from the same 

sample or the C. jejuni  reference strain 

NCTC12662

30 strains of C. jejuni  & C. coli Salama et al., 1989

C. jejuni  NCTC12662 (PT14) in primary 

isolation

as described in Atterbury et al.,  2003 El-Shibiny et al.,  2005

Chicken, ducks

6 (CPS1-6)

Broiler (3 

consecutive flocks)
Connerton et al.,  200425 (Cphi1-Cphi25) C. jejuni  NCTC12662

Chicken

sewage, soil

skin, cecal content

20

30

0

C. jejuni  NCTC 12662 (PT14) Hwang et al.,  2009

C. jejuni  NCTC 12662, 

Danish broiler isolate 1447
Hansen et al.,  2007
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3.3.3 Effects of knock out mutations on bacteriophage 

infection 

In addition to host rang analysis, determination of receptors and host 

factors involved in bacteriophage infection were attempted to be 

elucidated in this study. Target structures for selective disruption 

were factors that have been shown to serve essential functions in 

virulence and colonization. A number of studies have reported that 

host virulence and bacteriophage infection show connected 

properties. In E. coli, for example, the outer membrane protein A 

(OmpA) is recognized a as virulence factor, but also serves as a 

receptor for binding of T-even-like coliphages (Smith et al., 2007; 

Nicholson et al., 2009). In campylobacters, surface modifications are 

employed as substantial determinants of virulence, as 

campylobacters are among the most glycosylated organisms. It was 

shown that for the flagellar filament O-linked carbohydrates added up 

to 10% of additional mass to the flagellin gene product (Thibault et 

al., 2001; Guerry, 2007) and are essential for the synthesis of fully 

functional flagella (Goon et al., 2003). Additionally, it was shown that 

sialyated campylobacters are highly pathogenic (Louwen et al., 2008; 

2012) and sialyated LOS confers protection against lytic 

bacteriophages. The basis for increased bacteriophage resilience is 

assumed to be due to steric blockage of adsorption receptors or the 

protection from saccharide degrading enzymes (Louwen et al., 2013). 

Hence, the presence of sialic acid modifications is assumed to 

correlate with increased bacteriophage resistance and virulence 

(Louwen and van Baarlen, 2013). Other factors that are both 
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virulence determinants and bacteriophage receptors in 

campylobacters represent the saccharide composition of the capsule 

and the rotating flagella (Guerry, 2007; Sørensen et al., 2011; Guerry 

et al., 2012; Baldvinsson et al., 2014). 

Based on these linked properties, single gene knock outs targeting a 

number of virulence factors were introduced in strain PT14. A 

screening analysis of phage induced host lysis revealed that genes, 

involved in motility or the flagella structure, were found to impair 

infection of flagellotropic phages. On the other hand, genes in 

connection to synthesis of exopolysaccharides were another group of 

factors impairing phage infection. 

 

3.3.3.1 Motility loss has an effect on phage infection of certain 

phages 

Motility is an essential factor for the infection process of certain 

bacteriophages. For a number of Salmonella enterica specific 

bacteriophages flagellin has been identified as receptor for infection 

(Shin et al., 2012). In another study, Zhilenkov et al. (2006) showed 

that Proteus vulgaris phage PV22 specifically binds to Campylobacter 

flagella. In a similar manner, direct binding of Campylobacter phage 

F341 to the flagella filament was reported (Baldvinsson et al., 2014). 

It was further shown, that translocation of the phage virion towards 

the basis of the flagella occurred. In general, it is assumed that 

CP220like phages are flagellotropic, although Sorensen et al. (2015) 

reported a CP8unalike phage (F341) to be motility dependent. In this 
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study, CP220 and two additional CP220like phages (CP_F3.PT14, 

CP_F4.PT14) exhibited strict dependence on functional flagella, as the 

presence of a non-rotating flagellar filament was not sufficient for 

infection. Not surprisingly, in mutants that affected the formation of 

the flagellar filament (flaA, flaAB) no plaque formation was observed. 

A similar effect was found after disruption of the motility accessory 

factor 5 (maf5), which was reported to be involved in the formation 

of the flagella filament (Karlyshev et al., 2002). The maf5 gene is part 

of a gene family with seven hypothetical, paralogous genes. It is 

assumed that maf enzymes are involved in post-translational 

modification of the flagellin or assembly of the flagella, and are 

reported as prone to phase variation (Karlyshev et al., 2002). In a 

similar fashion, non-motility was induced in this project by disruption 

of the paralyzed flagella gene (pflA), a factor that was assumed to 

take part in motility-related motor functions (Bleumink-Pluym et al., 

1999). All individual mutant strains that experienced a loss in motility 

proved to be refractory to lysis by afore mentioned phages. 

Similarly, Coward et al. (2006) identified phages ᶲ4 and ᶲ16 as 

flagellotropic, but noted that variability in lysis reactions were 

apparent. Frost et al. (1999) obtained similar results with respect to 

the lytic variability of these phages through lysis tests on non-mutant 

NCTC strains. In this study, ᶲ4 and ᶲ16 showed no clear dependence 

on motility structures employing direct spot test-based analysis, as 

lysis occurred on all tested mutant strains. However, no EOP analysis 

was performed, which may detect if a decrease in infection efficiency 

may result from motility deficiencies. 
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Besides strictly flagellotropic bacteriophages, one example was 

revealed in this study, in which the flagella represented an important 

factor, but loss of motility did not fully abolish phage infection. 

Instead, a reduction in efficiency of plaquing was observed. On the 

other hand, strict dependence on capsular polysaccharides was 

demonstrated. This data clearly reveals that phage CP_F1 shows 

dependence on two different structures, which may be an example of 

a polyvalent phage (Morona and Henning, 1984). With regard to the 

infection process, it can be hypothesized that phage CP_F1 may 

initially bind to the rotating flagella to translocate towards the 

secondary receptor on the surface of the capsular layer. In this 

scenario termination of motility will result in inefficient localization of 

a secondary receptor structure, but does not completely prevent the 

infection process. A similar process of translocation during phage 

infection was reported for phages Cb11 and CbK infecting Caulobacter 

crescentus (Guerrero-Ferreira et al., 2011). In both cases, the initial 

binding target is the flagella filament. Following translocation towards 

one cell pole, the interaction with pilus structures as secondary 

receptors occurs. Earlier studies showed that phage χ attached to the 

flagella filament of Echerichia, Salmonella and Seratia, while infection 

occurred at the base, representing another example of flagellotropic 

infection (Schade et al., 1967). In a mechanistic study, the phage 

translocation process was suggested to execute a rotational descent 

in the manner of a nut on a bolt (Samuel et al., 1999). A process in 

a similar manner might be a possible mode of infection for phage 

CP_F1. Further investigation into the process of the attachment of 

phage CP_F1 will help to elucidate the individual steps of the phage 
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infection process. With regard to application of bacteriophages in 

biocontrol, this might give a valuable insight into the interaction of 

flagella-dependent phages and their hosts. This analysis might be of 

interest, especially as it has been shown that the minor flagellin gene 

product (flaB) had a negative effect on CP_F1 infection (Chapter 5). 

 

3.3.3.2 Surface located saccharides serve as phage receptors 

The cell envelope is one of the most important structures involved in 

the protection from biotic or abiotic stress from the environment 

(Labrie et al., 2010). Hence, some of the knock out mutations 

generated in this study targeted genes involved in the synthesis of 

the capsular polysaccharides or fixed cell wall components to study 

their effect on bacteriophage infection. Previous studies have shown 

that the O-methyl phosphoramidate moiety (MeOPN) within the 

capsular polysaccharide of strain 11168 served as receptor for phage 

F336 and is prone to phase variation (Sørensen et al., 2011; 2012). 

Similar to the motility deficient mutants, this study revealed that a 

number of phages were strictly dependent on CPS or experienced 

severe reductions in plaquing efficiency upon infection of CPS-

deficient mutant strains. In cases of reduced plaque formation, it can 

be assumed that a phage variant sub-population has overcome the 

absent adsorption receptor and was still able to generate progeny. 

This circumstance may represent a further indication that not only 

one factor might be the determinant for efficient infection of certain 

phages as also speculated previously (Javed et al., 2015a).  
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Besides effects of CPS absence on bacteriophage infection, also lack 

of LOS was found to influence the infection process of certain 

bacteriophages. In mutant strains that lacked full-length cell wall 

linked LOS, higher susceptibility towards infection of phage CP_F1 in 

liquid culture was found, as phage addition had a bacteriostatic effect 

for a period of 6 hours, while no apparent effect on the wild type 

cultures was observed (Fig. 3.8). Deficiency in full length LOS was 

shown to be accompanied by decreased resistance to erythromycin 

and increased surface hydrophobicity (Jean et al., 2009). In another 

study, in vitro experiments revealed reduced invasion levels of a 

deep-rough mutant strain of C. jejuni 81-176 for INT407 intestinal cell 

lines (Kanipes et al., 2004). Effects of deep-rough mutations on 

bacteriophage infection have not been reported to date. 

The most plausible explanation for increased bacteriophage 

susceptibility with regard to deep-rough mutants may lie in a missing 

layer of protective exopolysaccharides. There are examples in which 

changes of surface composition had an effect on bacteriophage 

infection efficiency. In Salmonella anatum the composition of O-

antigen showed an influence on plaquing efficiency of bacteriophage 

Felix 0-1 (McConnell and Wright, 1979). Further, it is a common 

feature of several bacteriophages to hydrolyse LPS via 

endorhamnosidase activity in order to improve access to suitable 

surface structures for efficient DNA injection (Wollin et al., 1981). 

Hence, the observed increase in vulnerability towards phage infection 

through loss of cell wall saccharides is in general not a new concept, 

but has not been reported for Campylobacter to date. 
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3.3.4 No clear link between primary propagating host 

and receptor selection 

In a bacteriophage isolation study that characterized the receptors of 

novel phage isolates, a correlation between indicator host and 

receptor determination was postulated (Sørensen et al., 2015). 

Indicator strain PT14 was characterized as to give rise to CPS-

dependent CP8unalike phages, while strain RM1221 selected for 

flagellotropic CP220like phages. Consequently, it was hypothesized 

that primary detection hosts dictate the phage type and adsorption 

receptor. In the current study, no clear proof was obtained that 

supports this assumption. On the contrary, examples of phages were 

found, that were primarily propagated on strain PT14 and showed 

either capsule dependence (CP_D1.PT14 to CP_D5.PT14), 

flagellotropic infection (CP_F3.PT14 and CP_F4.PT14) or relied to a 

certain extent on both factors (CP_F1.PT14). These observations are 

in contradiction to the hypothesis postulated in the abovementioned 

phage screening study (Sørensen et al., 2015). However, the fact that 

phages were derived from pig and chicken samples might have an 

influence on the selection process, resulting in a more diverse 

spectrum of bacteriophage isolates.  

In the current study, especially with phage CP_F1.PT14, it became 

evident, that a black or white concept in which a bacteriophage either 

is strictly flagellotropic or strictly CPS-dependent does not align with 

the reality of bacteriophage infection. As with many aspects of the 

nature of phage infection, bacteriophage adsorption represents a 

more nuanced and complex process, which in many aspects still 
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contains a few areas for discovery. In short, it can be postulated that 

C. jejuni strain PT14 can give rise to flagellotropic and capsule-

dependent bacteriophages. Further, no additional factors, despite 

surface saccharides and motility, were identified, that had profound 

effects on bacteriophage infection and were independent of phase 

variation. However, the PT14 derived mutant collection proved a 

valuable tool for characterization of phage receptors and will help in 

further analysis of novel bacteriophage isolates with respect to 

independence of characterized surface factors. 

 

3.3.5 Conclusion 

In general, it can be assumed that the diversity of Campylobacter-

specific bacteriophages, with respect to morphology and genetic 

groups, exhibits certain limitations. In a multitude of studies, 

Campylobacter-specific phages have been described, that only fall 

into one of the two genetic phage groups of CP8unalikevirus or 

CP220likevirus. Two exceptions of this classification are phages NCTC 

12676 (ᶲ4) and NCTC 12677 (ᶲ12) from the national typing collection, 

that were described to contain a higher genome size of ~320 kb, 

based on electrophoretic analysis (Sails et al., 1998). These two 

examples of exemptions from the established phage groups were 

initially classified in the taxonomy as group I phages (Sails et al., 

1998). However, these phages remained genetically uncharacterized, 

due to restrictions in DNA isolation and sequencing. These obstacles 

were assumed to include extensive modification of the viral DNA, 

which was also reported to impede the characterization of other 
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Campylobacter phages (Hammerl et al., 2011; Carvalho et al., 2012). 

Solving these limitations might help to understand the inherent 

differences in genetic organization and widen the insight into the 

diversity and adaptation of Campylobacter phages. In addition to 

illuminating the diversity of Campylobacter bacteriophages, this study 

also gave insight into the employability of porcine derived 

bacteriophages for biocontrol. The employed host range analysis 

revealed that the majority of bacteriophages obtained from porcine 

samples and propagated on C. coli strains experienced limited lytic 

activity towards C. jejuni strains. Considering that C. jejuni is the 

dominant species in poultry, this circumstance leads to the 

disqualification of these phages as suitable candidates for application 

in C. jejuni specific phage cocktails in poultry biocontrol applications. 
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CHAPTER 4 

Comparison of genomic organizations of 

Campylobacter-specific bacteriophages of 

porcine origin 

 

4.1 Introduction 

Viral genomes are amongst the most compact genetic entities in 

nature with the smallest discovered being the genome of 

bacteriophage MS2, which consists of just 4 kb that encodes four 

proteins (Fiers et al., 1976). More complex, tailed bacteriophages can 

harbor as less as approximately 14 kb of genetic material within their 

genomes, although the majority of Siphoviridae phages harbor 

genome sizes of Ḑ50 kb (Petrovski et al., 2012). Bacteriophage 

genomes are in general equipped with a limited set of genes that are 

essential for infection and propagation within suitable hosts. The 

minimal configuration of a tailed phage genome (the Caudovirales 

that comprise 96% of all the identified phages) contains genes coding 

for DNA replication and packaging, as well as head and tail structures. 

Further, genes for functional proteins involved in regulation of 

transcription, and host lysis are part of the genomic equipment 

(Brüssow & Hendrix, 2002).  

In contrast to this tightly packed minimal configuration of genetic 

material, Campylobacter bacteriophages tend towards the other end 

of the spectrum of identified phage genome sizes, with genomes 
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ranging between 130 to 320 kb. The phages of Campylobacter were 

initially arranged in three groups based on their genomic size (Sails 

et al., 1998). In this classification, genome sizes are descending with 

group number. For example, group I phages possess genomes of 

approximately 320 kb, while phages within group II contain 190 and 

group III phages 130 kb genome sizes. Initial estimations of genome 

sizes prior to sequencing analyses were based on pulsed field gel 

electrophoresis (PFGE) analysis. For group I phages, these data 

represent the only information regarding genome size, as these types 

of phages proved refractory to sequencing attempts. The inability to 

sequence group I phages has been attributed to possible protein 

association, that may interact with PCR based sequencing attempts. 

This assumption was further supported by findings that in PFGE 

analyses of sequenced bacteriophages DNA sizes were generally 

overestimated, which may be a consequence of bound proteins 

(Kropinski et al., 2011). However, due to the inability to genetically 

characterize group I phages, a new classification has been proposed 

comprising of two genetically divergent groups of “CP8unalikevirus” 

and “CP220likevirus” phages within the Eucampyvirinae subfamily, 

based on data of the sequence archetypes CP81 and CP220 (Timms 

et al., 2010, Hammerl et al., 2011; Javed et al., 2014). 

Initial genetic discrimination of Campylobacter phages via restriction 

digest patterns has been hampered, as their genomes are refractory 

to digestion by the majority of commonly applied restriction enzymes. 

It is speculated that the main reason for this phenomenon may lie in 

the low G+C contents of phage genomes and further by modifications 
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of G and C bases (Hammerl et al., 2011, Kropinski, et al., 2011, Janež 

& Loc-Carrillo, 2013). The G+C contents of Campylobacter phages are 

generally low (26 - 27.4%, Hammerl et al., 2015) and lie in a 

comparable range to that of their hosts, which are around 30.5% for 

C. jejuni NCTC 11168 and PT14 (Poly et al., 2004; Brathwaite et al., 

2013). A number of restriction enzymes, of which recognition 

sequences contain predominantly A and T bases, have been reported 

to digest genomic phage DNA, although with variable success (Janež 

& Loc-Carrillo, 2013). HhaI, for example, has been proven to 

successfully discriminate CP8unalike phages (Atterbury et al., 2003; 

Sails et al., 1998; Loc Carillo et al., 2007). While DraI, SmiI and VspI 

(all targeting A + T recognition sites) were shown to digest CP81 

genomic DNA (Hammerl et al., 2011). 

To date nine genomes of Campylobacter phages have been fully 

sequenced and completely or partially assembled. In Table 4.1, 

these genomes are listed together with their respective accession 

numbers under which they were deposited in public DNA sequence 

databases. The genomes of Campylobacter phages, that have been 

studied to date, are described as linear, double stranded DNA 

molecules, the ends of which are yet to be fully characterized, 

although cohesive ends have not been detected (Javed et al., 2014). 

As aforementioned, all characterized bacteriophages are classified as 

CP8unalike or CP220like phages. While CP8unalike phages experience 

collinear organization with circular permutation, CP220like phages 

show module-based composition within their genomes, which can be 

subject to rearrangement (Jäckel et al., 2015). This organization 
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comprises functional gene clusters that are separated by non-coding 

repeat regions, which can make up 3.2% of total genetic material 

(Timms et al., 2010). CP8unalike phages, on the other hand, contain 

only minor sections of repetitive sequences. Analysis of phage CP81 

revealed inverted repeats of 20 bp length in four transcriptional 

terminators. Further, a 22 bp direct repeat was localized in a gene 

coding for a putative portal vertex protein (Hammerl et al., 2011). 

 

Table 4.1: Published data of genetically characterized, virulent 

Campylobacter bacteriophages. 

Bacteriophage 
Accession 
number 

Genetic group 
Genome size 

(kb) 
Reference 

CP220 FN667788 II (CP220like) 177,534 Timms et al., 2010 

CPt10 FN667789 II (CP220like) 175,720 Timms et al., 2010 

CP21 HE815464 II (CP220like) 182,833 Hammerl et al., 2011 

vB_CcoM-IBB_35  - II (CP220like) > 172,068 Carvalho et al., 2012 

    Contig 1 HM246720 

 

53,237 

 
    Contig 2 HM246721 51,534 

    Contig 3 HM246722 27,985 

    Contig 4 HM246723 14,701 

    Contig 5 HM246724 24,608 

NCTC 12673 GU296433 III (CP8unalike) 135,041 Kropinski et al., 2011 

CP81 FR823450 III (CP8unalike) 132,454 Hammerl et al., 2011 

CP30A JX569801 III (CP8unalike) 133,572 - 

CPX JN132397 III (CP8unalike) 132,662 - 

CP8 KF14816 III (CP8unalike) 132,667 - 

     

 

Due to areas of repetitive sequences, CP220like bacteriophages pose 

a challenge for the assembly of whole genome sequences. For 

bacteriophage vB_CcoM-IBB_35 the genome was published in five 

fragmented contigs, due to unsuccessful gap closure (Carvalho et al., 

2012). A repeated attempt of sequence identification with redesigned 



Chapter 4 
 

142 
 

primer pairs was not fully achieved (Jäckel et al., 2015). Based on 

repeated failures in linkage of fragmented sequences, it was assumed 

that DNA-bound proteins might have interfered with PCR reactions. 

This chapter describes the genome organization and features of 11 

bacteriophages isolated from porcine-derived environmental samples. 

Further, comparative analyses to previously described phages of the 

CP220like and CP8unalike groups were performed. 

 

 

4.2 Results 

In order to identify the genomic sequences of bacteriophages isolated 

from pig samples sufficient phage material had to be generated. 

Selected bacteriophages were plate propagated on their specific 

propagation host to high titres (>109 PFU ml-1) and suspended into 

SM buffer. Following PEG precipitation, bacteriophage genomic DNA 

was extracted and purified employing the protocol described in 

Section 2.8.1. Illumina MiSeq next generation sequencing 

technology was used for the identification of genomic sequences. Out 

of 136 environmental samples that were processed, 87 individual 

phages were isolated (Chapter 3) and 11 phages were chosen for 

analysis of their genomic sequences. Out of all the analyzed 

bacteriophages, nine genomes were assembled resulting in single 

genomic sequences. For two phages, no complete assembly of the 

genome data was achieved (CP_B3 (fragmented in 29 contigs); 

CP_C11 (partial assembly)). After the assembly of phage genomes, 

comparative analysis was performed with respect to genome size, 
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degree of sequence identity, numbers of open reading frames (ORFs) 

and further characteristic genetic traits. All the analyzed 

bacteriophages were found to be either of CP220like or CP8unalike 

genomic organization. 

 

4.2.1 Analysis of CP220like phages 

Analysis of phage genome sequences revealed that all bacteriophages 

primarily propagated on strain C. coli NCTC 12666 or 12667 had a 

CP220like genomic organization with genome sizes between 169 to 

179 kb. One phage (CP_A1) that was primarily propagated on strain 

C. jejuni NCTC 12661 harbored a smaller genome with an 

approximate size of 156 kb. Within the genome of CP_A1 a number 

of open reading frames coding for hypothetical proteins and a few 

putative T4-like proteins were found to be absent in the assembled 

genome sequence, compared to the genomic sequence of phage 

CP220 (Timms et al., 2010) (Fig. 4.1 + 4.2). One distinctive open 

reading frame, that experienced a reposition within the genome of 

CP_A1 relative to CP220, was identified as a sequence coding for a 

putative T4-like head completion protein. A PFGE-based size 

estimation of the CP_A1 phage genome should be performed in future 

analyses to verify if the reduced genome size is a trait of the phage 

which may be connected to adaptation processes towards the 

Campylobacter host (NCTC 12661) or an artefact from the assembly 

of the sequencing data. These experimental analyses could not be 

completed during the project period due to time constraints. 
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Bacteriophages that were isolated from the same location, but 

independent samples, exhibited the highest levels of sequence 

identity between each other. Whole genome comparisons of 

bacteriophages revealed a pairwise identity of 99.4% between phages 

isolated in the A round (CP_A4, CP_A6 and CP_A9). Phages CP_B2 

and CP_B14 shared 96.5% sequence identity. Between phages CP_C7 

and CP_C10 a sequence identity of 99.7% was observed. This high 

degree of relatedness was also reflected in further characteristics 

within the genome. For example, the numbers of open reading 

frames, identified homing endonucleases and genes coding for 

proteins that carry radical S-adenosylmethionine (SAM) domains 

exhibited close similarity within phages from individual isolation 

rounds (Tab. 3.1, Tab. 4.1). 

Further analyses revealed that all phages, exhibiting a CP220like 

genomic organization, have a G+C content ranging from 27.7% to 

28.2% which is in the same range as phage CP220 (27.4%, Timms et 

al., 2010). No tRNA genes were identified within the genomes of 

analyzed CP220like phages with the exception of CP_C7 and CP_C10, 

where two genes were predicted (Arg, Tyr). These genes are arranged 

in a tandem orientation, similarly to CP220 (Timms et al., 2010). The 

predictions of tRNA genes were conducted employing the web service 

tRNAscan-SE 2.0 (Lowe & Chan, 2016). In CP220 and other 

characterized CP220like phages two tRNA genes have been 

documented that code for tRNA that carry arginine and tyrosine type 

anticodons (CP220, CPt10, IBB_35) or threonine and proline type 

anticodons (CP21) (Hammerl et al., 2015). Further, in all CP220like 
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phages, between four to six genes coding for proteins, which carry 

SAM domains, were identified. The presence of these genes is also a 

characteristic of other CP220like phages (Timms et al., 2010; 

Carvalho et al., 2012; Hammerl et al., 2012). Analogous to previously 

characterized CP220like phages, in all phages of CP220like genomic 

organization multiple regions of repetitive sequences were observed. 

The frequency ranged from 30 to 86 regions with variable numbers of 

single motifs exhibiting minor sequence polymorphisms. A deeper 

analysis concerning the structure and potential functions of these 

repetitive areas was performed in chapter 6. Within all sequences of 

CP220like bacteriophages in this study, no transcription terminators 

were identified through sequence comparisons to annotated 

sequences within the genome sequences of phage CP220 and Cpt10 

(Timms et al., 2010). As in in the genome of CP220 the majority of 

open reading frames were observed orientated in the forward strand 

(Timms et al., 2010). 

 

4.2.2 Analysis of CP8unalike phages 

In previous studies, it has been observed that CP8unalike phages 

exhibit a higher degree of conservation with respect to overall 

genome organization than CP220like phages (Hammerl et al., 2015, 

Jäckel et al., 2015). CP220like phages on the other hand experience 

higher variability with respect to repetitive areas and open reading 

frames (Timms et al., 2010; Jäckel et al., 2015). Of the 

bacteriophages characterized in this study two specimen (CP_C11 and 

CP_F1) could be identified as possessing a CP8unalike genomic 
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architecture. The genome sizes of these phages were determined as 

123 and 128 kb, respectively with G+C contents of 25.2 and 26.3%, 

respectively for CP_C11, CP_F1. Within the genomes of both phages 

approximately 170 open reading frames were identified, which is 

close to the number of identified ORFs in CP8unalike phage NCTC 

12673 (172 ORFs within a 135 kb genome) (Kropinski et al., 2011). 

Two (Arg, Tyr) and six (Met (2x), Leu, Asn, Arg, Tyr) tRNA genes were 

identified in phages CP_C11 and CP_F1, respectively. Similar to other 

CP220like phages, the tRNA genes are organized in tandem 

orientation.  Sequence comparison revealed that both phages shared 

an identity of 81.9%. However, the genome of CP_C11 was only 

partially assembled, which resulted in a discrepancy of 5 kb in the 

genome sizes between both phages (Tab. 4.2). A PCR based 

sequence determination via Sanger sequencing might be a necessary 

step to achieve a full assembly of the genome sequence. This was not 

achieved during the time provided for this project due to time 

restrictions. A sequence comparison between the completely 

assembled genome of CP_F1 and CP81/NCTC 12673 resulted in 

sequence identities of 88.9 (to CP81) and 88.2% (to NCTC 12673), 

respectively. 

Further, phages CP_C11 and CP_F1 harbored comparable numbers of 

identifiable homing endonucleases and transcription terminators 

within their genomes. These observations are in agreement with 

previous findings (Hammerl et al., 2015). Notably lower numbers of 

homing endonucleases and no transcription terminator were found in 

CP220like phages. Concerning the presence of repetitive sequences 
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in the genome of analyzed CP8unalike phages, only short segments 

of non-coding repeat areas have been found. With regard to the 

direction of coding sequences, as in phage CP81, most open reading 

frames were found in forward strand orientation (Hammerl et al., 

2011). Differences from this organization in the genome of CP_F1 

were only found in a number of mobile genetic elements, which were 

coded in the opposite strand. 
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Figure 4.1: Genome alignment of phage CP_A1 against the genome of CP220 through mVISTA (Frazer et al., 2004). The peaks indicate 

conservation identity of sequences above 50% between both genome sequences. The genome of CP_A1 contains a number of segments 

(nucleotide pos. 20k – 24k, 60k – 64k, 122k – 126k, 132k – 138k, 152k – 155k) in which the sequence conservation towards the CP220 

genome falls below the threshold of 50%. 
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Figure 4.2: Genome alignment of phage CP_A1 and CP220 performed with the Artemis comparison tool (ACT) (Carver et al., 2005). The 

comparison data was generated through BLASTN. The red areas indicate areas of homology. The blue lines mark homologous segments that 

are located at distant locations relative to the reference genome. Through the comparison, it became evident that a number of areas present 

in the CP220 genome are missing in the CP_A1 genome. Particularly for the segments of nucleotide pos. 70.000 – 78.000 and 110.000 – 

130.000 in the CP220 genome, no or less corresponding homologous sequences are present in the CP_A1 genome. (CP_A1 genome: top axis, 

CP220 genome: bottom axis). 
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Table 4.2: Genetic properties of bacteriophages sequenced in this project. Characteristics of genome of newly sequenced phages are 

displayed including repeat regions as assembled. These regions may be variable in length (Timms et al., 2010). (*1: fragmented in 29 contigs; 

*2: partial assembly) 

Phage 
Genome 
size [bp] 

GC-
content 

[%] 

Number 
of ORFs 

Regions of 
repetitive 
sequences 

Genome 
organization 

tRNAs 
Homing 

endonucleases 
Transcription 
terminators 

SAM-
domain 
proteins 

CP_A1.61 156,078 28.2 175 30 CP220like - 2 - 4 

CP_A4.67 169,197 27.7 191 75 CP220like - 2 - 6 

CP_A6.67 169,085 27.7 190 73 CP220like - 2 - 6 

CP_A9.66 169,595 27.7 190 82 CP220like - 2 - 6 

CP_B2.66 178,563 27.7 207 61 CP220like - 3 - 6 

CP_B3.66*1 <182,590  27.7  -   - CP220like - - - - 

CP_B14.66 179,065 27.8 209 46 CP220like - 3 - 6 

CP_C7.66 172,478 27.6 197 85 CP220like 
2  

(Arg, Tyr) 
1 - 5 

CP_C10.66 172,490 27.6 197 86 CP220like 
2  

(Arg, Tyr) 
1 - 5 

CP_C11.60 
(part. as.)*2 

123,787 25.2 171 - CP8unalike 
2  

(Arg, Tyr) 
9 10 0 

CP_F1.PT14 128,944 26.3 169 - CP8unalike 

6 
 (Met 

(2x), Leu, 
Asn, Arg, 

Tyr) 

10 11 0 
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4.3 Discussion 

In a number of studies, the genome sequences of Campylobacter-

specific bacteriophages have been determined and analyzed with 

regard to the general organization of open reading frames, presence 

and frequency of repetitive sequences and further characteristic 

genetic traits (Timms et al., 2010; Hammerl et al., 2011; Kropinski 

et al., 2011; Carvalho et al., 2012). To date all the characterized 

bacteriophages fall either into the genera of CP220likevirus or 

CP8unalikevirus phages within the established subfamily of 

Eucampyvirinae (Tab. 4.1). 

 

4.3.1 Analyzed phages possess either CP220like or 

CP8unalike genome structures 

As indicated from PCR analyses in chapter 3, phage genome 

characterization presented in this chapter confirm that the 

bacteriophages isolated during this project show high similarity to the 

archetypal Campylobacter phages, CP220 or CP81 (Javed et al., 

2014). Similar limitations in genetic diversity have been observed in 

phage isolates specific for the Gram-positive bacterium 

Propionibacterium acnes. These restrictions in genetic heterogeneity 

were associated with the high specialization of the host bacteria 

towards their habitat (Marinelli et al., 2012). In this study, phages 

were primarily propagated on five different hosts of either C. coli or 

C. jejuni. Despite a slight variety in propagation hosts, the overall 

similarity of bacteriophages with respect to genomic organization was 
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high. However, all strains employed for phage detection and 

propagation are colonizers of the intestinal tract of either pigs or 

chickens, resulting in highly specialized metabolisms and growth 

requirements. Likewise, their specific bacteriophages may exhibit 

similar specialization that could be attributed to the habitat of their 

hosts and their metabolic characteristics. This high level of 

specialization will result in constraints regarding variability in genomic 

arrangement and composition. 

However, despite the phages that show the general organizations of 

CP220like and CP8unalike phages with some genomic distinctions 

were observed. With an assembled genome size of ca 150 kb, phage 

CP_A1 has a considerably smaller genome than comparable CP220like 

phages (approx. 180 kb). Notably, this phage was primarily detected 

and propagated on strain C. jejuni NCTC 12661, which may have an 

effect on the characteristic of the phage and to date has not been 

mentioned in the literature concerning phage propagation. Hence, 

CP_A1 might resemble a novel phage type that has emerged from 

recombination of functional modules during adaptation processes 

towards its host C. jejuni NCTC 12661. Strain NCTC 12661, however, 

was characterized as being able to induce filamentation under 

nutrient limited conditions with distinctly long filaments (Ghaffar et 

al., 2015). The elucidation of the question if filamentation-associated 

metabolic shifts might have an effect onto the genomic equipment of 

its bacteriophage might be a task for future, more extensive analyses. 

These analyses should also include verifications of the genome size of 

CP_A1. Despite these slight aberrations towards the general 
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organization of CP220like phages, CP_A1 still harbors the 

characteristic stretches of repetitive sequences, which are a feature 

of CP220like phages. The function of these repetitive sequences was 

not yet associated with any processes. However, it was assumed that 

recombination events might be supported by these areas (Jäckel et 

al., 2015). For lambdoid phages, it was shown that homologous 

recombination occurs more frequently at linker sequences (Hendrix 

et al., 2000; Juhala et al., 2000). In this project, deeper in silico 

analyses of the areas carrying repetitive sequences were performed 

and experimental approaches revealed that these areas are targets 

for binding of proteins extracted from phage infected cultures 

(Chapter 6). Hence, these regions might serve further functions in 

regulation of host gene expression during bacteriophage infection. 

Campylobacter phages exhibit conservation in the organization of 

essential genes necessary for structural components and replication 

(Timms et al., 2010; Hammerl et al., 2011). Many of these structural 

genes have a high degree of sequence identity to phage T4 at the 

protein level (Hammerl et al., 2011). Most genes that code for phage 

structures and replication are clustered together in the left and right 

ends of genome of CP220 (Timms et al., 2010). In the central part of 

the genome, metabolic genes were found that exhibit heterogeneity 

between the phage genomes of CP220 and Cpt10. Among these were 

a putative glycine amidinotransferase and a methyl transferase. It 

was assumed that these differences might be associated with different 

host adaptations towards restriction modification systems (Timms et 

al., 2010). All analyzed CP220like phages in this study showed a 
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higher degree of sequence identity towards CP220 than to CPt10. 

Also, all characteristics of CP220 described by Timms et al. (2010) 

were found in the genomes of the analyzed phages with CP220like 

genomic architecture. Therefore, their organization of genes follows 

the theme of CP220 open reading frames and control of gene 

expression. 

 

4.3.2 The presence of SAM-domain genes in CP220like 

phages 

In the first completely characterized CP8unalike phage CP81, most 

metabolic enzyme genes were found missing that are present in the 

genome of CP220 (Hammerl et al., 2011). In all analyzed CP220like 

phages, genes coding for proteins carrying radical SAM domains were 

found (Jäckel et al., 2015). In this project, all characterized CP220like 

phages were also found to harbor multiple genes coding for proteins 

carrying SAM domains (Tab. 4.2). Radical S-adenosylmethionine is 

used in a range of biochemical processes such as DNA repair, lysine 

metabolism, the generation of vitamins and cofactors, and the 

cleavage of unreactive C-H bonds (Wang and Frey, 2007). SAM-

associated enzymes are often found in anaerobic organisms due to 

their oxygen-sensitivity and catalyze oxygen independent oxidative 

reactions (Buckel & Golding, 2006). With respect to phage encoded 

SAM enzymes, it is assumed that their presence will increase the 

competitive fitness of phage infected Campylobacter cells due to an 

expansion of capacities within the bacterial metabolism (Timms et al., 

2010; Connerton et al., 2011). As in the literature, no comparable 
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genes were identified in CP8unalike phages (Hammerl et al., 2011, 

Kropinski et al., 2011; Hammerl et al., 2015). Hence, it might be 

assumed that each phage type may have its own distinct infection 

process with different strategies for the manipulation of host gene 

expression and metabolism. 

In conclusion, bacteriophages that were isolated from pig samples 

yielded genomic organizations that were very close to that of CP220 

or CP81. Differences in genome sequences were found in minor 

repositioning of open reading frames and in the frequency of 

repetitive sequences. From all analyzed samples, no novel 

organization other than these two characterized prototypes of 

Campylobacter phages were observed. This might lead to the 

assumption that Campylobacter phages may have a high degree of 

specialization towards their host. 
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CHAPTER 5 

The effects of flaB disruption on bacteriophage 

infection 

 

5.1 Introduction 

Campylobacter represents a major zoonotic pathogen, as emphasized 

in recent reports published by the European Food Safety Authority 

that document year-on-year recorded caseloads of >210.000, which 

is estimated to belie an actual annual infection rate of 9 million people 

(EFSA, 2012; 2014; 2015). The infection of human hosts is 

established in the gastro-intestinal tract, through adherence to and 

invasion of epithelial cells lining the gut lumen. In order to effectively 

colonize their host, Campylobacter cells are equipped with one or two 

polar flagella that confer high motility. Recent estimates suggest a 

torque of 3600 pN/nm for C. jejuni flagella, which is more than twice 

as high as that reported for Salmonella cells (Beeby et al., 2016). 

These high mobility structures together with CadF and FlpA adhesins 

help withstand peristaltic forces in the intestines of its colonized host, 

preventing the expulsion of Campylobacter cells and facilitate 

locomotion in the highly viscous environment of the epithelial cell 

mucus layer (Monteville et al., 2003; Konkel et al., 2004, 2010). The 

invasion of intestinal epithelial cells is another key function of the 

flagella apparatus. A model proposed for Campylobacter pathogenesis 

suggests attachment to and disruption of epithelial cell barriers, 

before migrating towards the basal ends of cells, where incorporation 
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takes place (O'Loughlin and Konkel, 2014). For this purpose, the 

flagella act as a type III secretion apparatus releasing Cia proteins 

(Campylobacter invasion antigens), that induce the cell invasion 

process (Konkel et al., 2001). Through these functions, flagella are 

recognized as crucial for colonization and virulence (Bolton, 2015). 

 

Figure 5.1: Transmission electron micrograph of C. jejuni 81-176 

carrying long flagella, located on each cell pole (Adapted from Ewing 

et al., 2009). 

 

Interestingly, these motility structures have also been employed by 

the natural antagonists of Campylobacter, as they serve as 

attachment sites for bacteriophage infection. It has been shown that 

loss of the flagellin structure or motility function will result in 

resistance to infection from flagellotropic bacteriophages (Coward et 

al., 2006; Scott et al., 2007a; Baldvinsson et al., 2014). Javed et al. 

(2015a) further supported these findings by reporting that 

glycosylated flagellin serves as target for a phage receptor-binding 
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protein (RBP) from bacteriophage NCTC 12673. The main initial 

binding-target of flagellotropic phages, namely the rotating flagellar 

filament, is coded for by two tandem genes flaA and flaB (Fig. 5.14), 

which show 95% sequence identity (Wassenaar et al., 1991). 

Selective disruption of the major flagellin gene (flaA) or a double 

deletion mutant lead to loss of the full-length flagellar filament, which 

results in the loss of motility, reduced colonization efficiency and 

resistance to flagellotropic bacteriophages (Guerry et al., 1991; 

Nachamkin et al., 1993; Baldvinsson et al., 2014). Inactivation of flaB 

does not have a major impact on motility as the FlaB content within 

the flagellar filament is sparse (Alm et al., 1993). Expression of the 

paralogous flagellin genes is governed by different sigma factors. 

While flaA is under control of σ28, flaB is σ54 regulated (Nuijten et al., 

1990). The functional significance or benefits of this separate gene 

regulation have yet to be unraveled. There are suggestions that flaB 

is involved in an intragenomic recombination mechanism aiming to 

evade immunological responses of the colonized host, and therefore 

increasing antigenic diversity (Harrington et al., 1997). Whether this 

could also have an effect on bacteriophage infection has not been 

tested, since there are no data available in the literature concerning 

links of the minor flagellin gene product (FlaB) to bacteriophage 

infection. After initial identification of changes in lysis reactions during 

infection of a flaB disruption mutant in contrast to the wild-type by 

two bacteriophages in chapter 3, a more detailed analysis of further 

effects on bacteriophage infection, resulting from the absence of the 

flaB gene product, were performed and described in this chapter. 
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5.2 Results 

5.2.1 Effects of flaB disruption on phage induced lysis 

on semi-solid media 

Following the results from the screening analysis of bacteriophage 

infection on a number of mutant variants of C. jejuni PT14 

(Chapter 3), more thorough investigations into the changes of phage 

infection properties caused by absence of the minor flagellin (FlaB) 

were performed. Spot test assays indicated, that two of the analyzed 

phages showed aberrations in the infection of the flaB mutant strain. 

For a deeper study of these changes in phage infection parameters, 

newly isolated CP8unalike phage CP_F1 was chosen as a model, due 

to its ease of handling and efficient propagation on its host. As most 

of the phages used in this study, CP_F1 was obtained from a pig 

sample. It was primarily detected and propagated on strain PT14 

(Chapter 3). Imaging of virion morphology through transmission 

electron microscopy showed that CP_F1 has the characteristic 

morphological features of a Myoviridae phage (Fig. 5.2). CP_F1 is 

able to infect and propagate on its host, but yields opaque plaques on 

soft agar bacterial lawns, which reveal regrowth of the host after 

infection. A similar reaction was observed for phage CP220, the 

prototype of the CP220likevirus genus, (Fig. 3.7), suggesting that 

this reaction is not limited to one class of Campylobacter phage 

(Javed et al., 2014). However, propagation on a flaB mutant of PT14 

produced clear lysis zones that persisted even after prolonged 

incubation (24 hours) (Fig. 5.3). Five individual clones, which all 

carried the desired disruption of flaB were tested in spot test assays 
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to exclude effects of secondary mutations (de Vries et al., 2015). All 

showed identical phenotypes towards phage-induced lysis on soft 

agar lawns and motility (Fig. 5.4 & 5.6). Size analysis of PCR 

products and sequencing of the PCR amplicons of all five clones 

carrying the desired gene disruption, revealed an integration of the 

resistance marker in the flaB gene in the orientation of the reading 

frame, mitigating polar effects on the adjacent flaA gene. Also, no 

mutations in the flaA gene were detected, as further supported by 

findings from motility tests. Analysis of the motility of the flaB mutant 

strains revealed no major reduction in swimming motility (Fig. 5.5 & 

5.6), which is in accordance with previous observations (Wassenaar 

et al., 1991; de Vries et al., 2015). 

 

Figure 5.2: Transmission electron micrograph of bacteriophage 

CP_F1. A long, contractile tail indicates, that this phage belongs to the 

Myoviridae family of tailed phages. Two conformations of the virion are 

visualized in the left image. On the left side the inactive, triggered state of 

the virion is shown. This state was induced after adsorption to a spherical 

vesicle (right panel) and liberation of the viral DNA, which is noticeable by a 

contraction of the tail and collapse of the capsid visible by a deformed head. 

The noncontracted, active form of the virion is shown on the right side. The 

scale bars represent 100 nm. 
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Figure 5.3: Lysis zones of bacteriophage CP_F1 on bacterial lawns of 

C. jejuni PT14. Opaque lysis areas were observed upon infection of the wild 

type strain caused by regrowth of a Campylobacter sub-population less 

susceptible to phage infection. Disruption of the flaB gene resulted in clear 

lysis. Complementation of the flaB mutant partially restored opaque lysis. 

Reduced plating efficiency and opaque plaques were observed in flaA and 

flaAB mutants. No plaque formation occurred for the kpsM mutant. 

 

 

 

 

Figure 5.4: Lysis areas of bacteriophage CP_F1 infecting five 

individual clones of the PT14 flaB mutant. Clear lysis zones are seen in 

each clone. 
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Figure 5.5: Swimming motility of C. jejuni PT14 wild type (WT), flaB 

mutant and the complemented strain on motility agar. All strains 

exhibited full motility. The diameters of growth zones after 24 and 48 h of 

incubation are derived from three biological replicates and presented as 

means with standard deviations. 

 

Figure 5.6: Swimming motility of five individual clones of the flaB 

disruption mutant on motility agar. All clones experienced no reduction 

in motility. Three biological replicates were employed to generate the 

displayed mean values and calculate standard deviations, represented as 

error bars.  
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5.2.2 Analysis of clones surviving phage infection  

To analyze the regrowth of Campylobacter cells in the lysis zones, 

surviving cells from the surface of turbid lysis areas were collected 

and sub-cultured. Single colony isolates of these were examined for 

motility, reaction to phage infection by CP_F1 and DNA sequence 

analysis of the flaA/B region. It was found that the majority of clones 

(78%, n=100) showed complete loss of motility or attenuation of their 

swimming abilities (Tab. 5.1). Further, these clones showed 

resistance towards reinfection by phage CP_F1, which was assessed 

by spot test assays. Additionally, eight clones were observed to be 

shifted into the carrier state (Siringan et al., 2014), as demonstrated 

by plaque formation inside of the growth zone on the motility agar 

plates and detectable phage propagation after sub-culturing of these 

clones (Fig. 5.7). Similarly, motility analysis of single clones 

recovered from CP_F1 infection in liquid growth cultures revealed loss 

or attenuation of motility in 12 out of 20 tested clones (60%) in the 

wild type cultures. One clone shifted into the carrier state, which 

represents 5% of tested clones. This data reveals a similar frequency 

of transition into the carrier state as in phage infection experiments 

on semi-solid media (8%). In contrast, only 2 out of 20 clones (10%) 

experienced changes in motility of the surviving clones of phage 

infection in the FlaB deficient cultures, with no observed carrier state 

induction. This suggests that the absence of FlaB may have an 

interfering effect on the generation of non-motile variants during 

phage infection. 
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Table 5.1: Swimming motility of escape mutants of C. jejuni PT14 

from CP_F1 infection spots (Assessment of motility: motile = 20 – 30 mm 

diameter growth zone, non-motile = < 5 mm diameter growth zone). 

Tested clones (n) motile 
non-

motile 
reduced motility 

(less then 50%) 

100 22 66 12 

 

 

 

 

Figure 5.7: Plaque formation of associated bacteriophage CP_F1 in a 

carrier state culture of PT14 in a growth zone on swimming motility 

agar (A). After collection and sub-culturing of cells from the growth zone, 

phage replication during growth on solid media was observed. The filtered 

supernatant of an emulsified overnight culture showed lytic activity on a 

bacterial lawn of a susceptible culture of strain PT14 (B).  
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Sequence analysis of the flaA gene after PCR amplification revealed 

no alteration in the gene or non-coding sequences in the non-motile 

isolates. These isolates were serially sub-cultured, and after each 

passage the motility and phage resistance of the culture were 

assessed by inoculation of swimming motility agar plates and plaque 

assay. Following two rounds of passaging, recovery of motility in 

cultures arising from a single clone occurred. In one case, the process 

of escape from bacteriophage infection was reversible, which may be 

attributable to phase variation. Further, the reverting clone regained 

sensitivity to phage infection. Whole genome sequencing of three 

non-motile clones exhibiting phage resistance revealed for all clones 

a single nucleotide deletion in the N-terminal region of the rpoN gene 

coding for the RNA polymerase factor σ54 (A911_03265) at nucleotide 

position 244 to 250 in a stretch of 7 adenine residues. Further, several 

phase variable genes were shifted to the off state compared to the 

wild type genome sequence (Tab. 5.2). For the flaB mutant, the shift 

to a phage resistant population on solid media based infection could 

not be observed, which might be due to an increased susceptibility of 

the mutant to phage infection that may also be accompanied by an 

inability to support the mutation(s) leading to phage resistance.  
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Table 5.2: Observed single nucleotide changes in the genome sequences of escape mutants recovered after 

CP_F1 infection relative to the reference sequence of C. jejuni PT14 (CP003871). Nine out of thirteen coding 

regions feature identical nucleotide changes in all three clones. 

 

Accession 
number 

Gene product Changes in coding region Phase status 
Occurance in 

clones 

A911_03265 RNA polymerase factor sigma-54 A deletion pos.244 -- 1,2,3 

A911_03335 Invasion protein CipA C insertion pos.844_845 phase off (10C) 2,3 

A911_05520 1,3-galactosyltransferase G deletion pos.341 phase off (10G) 1,2,3 

A911_06290 Hypothetical protein G insertion pos.167_168 phase off (10G) 1,2,3 

A911_06295 Aminoglycosidase N3'-acetyltransferase G deletion pos.310 phase off (9G) 2 

A911_06340 Hypothetical protein G insertion / deletion pos.588 phase off (12C/10C) 2 (ins), 3 (del) 

A911_06345 Hypothetical protein G insertion pos.588_589 phase off (10C) 1,2,3 

A911_06440 Put. methyl transferase G insertion pos.251_252 phase off (10G) 1,2,3 

A911_06490 Motility accessory factor G insertion pos.168_169 phase off (10G) 1,2,3 

A911_06906 SAM dependent methyltransferase G deletion pos.402 phase off (8C) 1,2,3 

A911_06907 Put. sugar transferase G insertion pos.123_124 phase on (8C) 1,2,3 

A911_07000 Alpha-2,3-sialyltransferase G insertion pos.1605_1606 phase on (10G) 1,3 

A911_08080 Lipoprotein G deletion pos.497 phase off (9G) 1,2,3 
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5.2.3 Trans-complementation of the flaB disruption 

In order to verify that the observed increase in susceptibility towards 

phage infection was a result of the disruption of the flaB gene, a 

suicide vector for the introduction of an intact copy of flaB into the 

pseudogene A911_00230 (homologue of pseudogene cj0046 of strain 

NCTC 11168) of the mutant strain was constructed (Fig. 5.8). This 

construct was used to transform the flaB mutant strain and the correct 

insertion was verified by DNA sequencing the target region. Trans-

complementation of the disrupted flaB gene led to partial restoration 

of the phenotype with respect to bacteriophage infection. Lysis zones 

on semi-solid media appeared not as clear as in the mutant strain, 

but remained less turbid than the wild type. With regard to swimming 

motility, the complemented strain remained comparable to the wild 

type (Fig. 5.5). Analysis of susceptibly in liquid media, burst size and 

adsorption rate showed a behavior comparable to the wild type. 
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Figure 5.8: Genetic map of the constructed suicide-vector pC_flaB. 

The vector construct was created for the insertion of an intact version of the 

flaB gene into the PT14 pseudogene A911_00230, a homologue of 

pseudogene cj0046 from strain NCTC 11168. The wild type flaB gene and its 

native promoter, together with an adjacent chloramphenicol 

acetyltransferase gene (cat) are flanked by sequence fragments of cj0046, 

enabling recombination and integration into the genome of PT14. 
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5.2.4 Induced changes in host susceptibility and 

bacteriophage growth parameters  

In order to analyze the changes in phage susceptibility in greater 

detail, phage replication experiments were performed in 50 ml liquid 

media cultures using either wild type, flaB mutant or the flaB trans-

complemented strain of C. jejuni PT14 over a period of 24 hours 

(Fig. 5.9). In these experiments, phage addition was performed at 

host cell densities, above and below the phage proliferation threshold 

of log10 7 CFU ml-1, which represents the density of bacteria required 

for the productive replication of bacteriophage (Cairns et al., 2009). 

At higher cell densities, CP_F1 infection of the wild type, the flaB 

mutant strain and the flaB complement resulted in an initial drop of 1 

log10 CFU ml-1 in viable cells. This event was followed by a direct 

recovery in cell numbers in the wild type cultures (Fig. 5.9A). In 

contrast, the flaB mutant exhibited a drastic reduction in the growth 

rate (µ) after the phage-induced crash in viable cell numbers (growth 

rate post population crash: infected wild type: µ=0.67 ± 0.02 h-1; 

infected flaB mutant: µ=0.31 ± 0.05 h-1 (p < 0.01)). The flaB 

complement culture also recovered faster than the mutant 

(Fig. 5.9C) exhibiting a significantly greater growth rate of μ = 0.44 

± 0.06 h-1 (p < 0.05).  

Infection of the wild type with CP_F1 at an MOI of 2, below the phage 

proliferation threshold of log10 7 CFU ml-1, resulted in minimal 

differences in the viable bacterial counts compared to uninfected 

control cultures. In contrast, the viable count for the flaB mutant 

cultures remained static for a period of four hours, post phage 
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infection but subsequently these cultures entered exponential growth. 

The growth rates (µ) of the infected cultures post delay were not 

significantly different to the uninfected control cultures (control: 

µ=0.62 ± 0.10 h-1; infected: µ=0.74 ± 0.06 h-1) suggesting under 

these conditions there was no fitness disadvantage for the emergent 

phage resistant sub-population. The delay evident in the phage 

infected flaB mutant was not present in trans-complemented cultures, 

which behaved similar to wild type with similar growth rates to the 

uninfected control at early stages of growth. Analysis of phage 

propagation during the experiment showed no increase in phage 

numbers during the initial 12 hours of incubation. However, after 24 

hours an increase in free virions was detected, implying phage 

replication. There was notably, a 1 log10 difference in phage numbers 

between infected wild type cultures and the infected flagellin mutant 

strain, which was statistically significant (t-test p < 0.001) 

(Fig. 5.10A).   
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Figure 5.9: Growth profiles of C. jejuni PT14 wild type strain (A, D), flagellin B mutant (B, E) and trans-complemented flaB cultures (C, F) in nutrient broth 

No. 2. Phage infection was accomplished by addition of bacteriophage CP_F1 to achieve an MOI 2 whilst uninfected cultures were mock infected. Panels (A – C) show initial 

infection above the phage proliferation threshold and panels (D – F) below the phage proliferation threshold. Data points indicate mean values for n = 3 biological replicates and 

the error bars show the standard deviation. 
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Figure 5.10: Delayed bacteriophage replication of CP_F1 during propagation experiments below (A) and above (B) the 

propagation threshold. After 24 hours, a significant increase of 1 log10 in liberated phage progeny between flaB mutant and wild type was 

observed in settings with lower cell density. Data points represent mean values for n = 3 biological replicates and the error bars show the 

standard deviation.
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Further analyses of phage growth parameters were examined using a 

one-step growth experiment. The latent period for CP_F1 was 

determined as 90 minutes, with two burst events marked as B1 (90 -

105 min) and B2 (180 - 210 min) in Figure 5.11, evident over a 

period of 240 min. The latent period for the wild type infection process 

was in a comparable range to other studies (Cairns et al., 2009; 

Carvalho et al., 2010b). The number of liberated phage particles per 

cell showed an increase for CP_F1 infecting the flaB mutant strain 

relative to the wild type and flaB complement. A burst size of 1.4 ± 

0.4 PFU cell-1 in the wild type and 4.2 ± 1.2 PFU cell-1 in the mutant 

strain were calculated for the first burst event. Differences in phage 

yields between the phage-infected cultures were statistically 

significant (t-test p < 0.05). Further, the phage yields were magnified 

after a second burst event. This resulted in a difference of 1 log10 in 

PFU between mutant culture and the wild type or the flaB complement 

225 min after the initial addition of the phage. However, the 

significant change in the replication process was not accompanied by 

a major difference in the relative efficiency of plating of phage CP_F1 

between infection of the PT14 wild type and the flagellin B mutant 

strain (1.59 ± 0.38, n=3). 
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Figure 5.11: Determination of burst size of Campylobacter 

bacteriophage CP_F1 infecting C. jejuni PT14 wild type (WT), 

flagellin B mutant (flaB) and the flaB trans-complement 

(flaB,0046::flaB). Cultures were infected with an MOI of 0.001. Two 

notable rises in phage titre are marked as burst steps B1 and B2. Calculations 

of burst size, during the first burst event (90 – 105min), resulted in a mean 

value of 1.4 virions (±0.4) per cell for the wild type strain, 1.8 virions (±0.6) 

per cell for the flaB trans-complement and 4.2 virions (±1.2) for the flagellin 

B mutant. Data points represent mean values for n = 3 independent 

biological replicates. Error bars represent standard deviations. 

 

5.2.5 Analysis of flagellin gene expression  

To test if any changes in flagellin gene expression were induced as a 

response to acute phage infection, quantitative RT-PCR analyses were 

performed. No alterations in the transcript levels of flaA or flaB in wild 
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type PT14 (Fig. 5.12) were observed during the eclipse period of 

phage infection in which phage DNA replication and capsid assembly 

occurs prior to host lysis. A time point of 50 min post phage addition 

was selected for transcriptional analysis, since one step growth 

experiments revealed a latent period of approximately 90 min for 

CP_F1 infection. Similarly, no change in the expression of flaA was 

observed in the flaB knock-out strain (Fig. 5.13). These data would 

suggest that the increase in bacteriophage sensitivity or phage yields 

of flaB mutants are not linked to a compensatory increase in flaA 

transcription. 

 

Figure 5.12: Relative expression of flagellin genes of C. jejuni PT14 

wild type during acute bacteriophage infection. No significant changes 

in levels of expressed mRNA were found for both genes relative to the 

uninfected controls by quantitative RT-PCR. Samples were normalized 

against the internal control gene rplA. Data represents mean values of three 

independent experiments carried out with three biological replicates. Error 

bars show the standard deviation.  
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Figure 5.13: Relative expression of the flagellin A gene of C. jejuni 

PT14 flaB mutant during acute bacteriophage infection. Quantitative 

RT-PCR revealed no significant changes in levels of expressed mRNA relative 

to the uninfected controls. Samples were normalized against the internal 

control gene rplA. Data represents mean values of three independent 

experiments carried out with three biological replicates. Error bars show the 

standard deviation. 

 

5.2.6 Influence of FlaB absence on bacteriophage 

adsorption 

As changes in susceptibility towards phage infection and burst size 

were observed in the mutant strain, further investigations of phage 

binding properties were performed to examine if a change in 

adsorption might also be an effect of flaB inactivation. Cultures of the 

wild type, flaB mutant and complemented strain were grown in 

nutirient broth No.2 into late exponential phase (9 log10 CFU ml-1) and 

aliquots of each strain in triplicate were mixed with phage CP_F1 to 

give a final MOI of 0.0001. Over a period of 30 min the samples were 

kept static at 42°C under MAC and sampling occurred every 5 min. 
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After centrifugation of removed sample material the titre of free 

bacteriophages was determined and used for the calculation of the 

adsorption constant according to the formula described in section 

2.7.11. The calculated adsorption constant of CP_F1 binding to the 

PT14 wild type was in a similar range to that of the CP8unalikevirus 

phages CP30 and CP8 (Siringan et al., 2014). In comparison to other 

bacteriophages infecting E. coli or Salmonella enterica a 10 to 100-

fold lower adsorption constant can be observed (Shao and Wang, 

2008; Park et al., 2012), indicating that Campylobacter phages in 

general show different adsorption properties than comparable phages 

infecting other Enterobacteriaceae. However, there were two-fold and 

greater increases in the adsorption constant (k) for the flaB mutant 

clones after 30 minutes. In relation to changes observed in tail fiber 

variants of phage λ (up to 7-fold increase; Shao and Wang, 2008), 

this alteration in the adsorption constant represents a moderate 

increase, but still indicates that the propability of CP_F1 binding and 

infecting the mutant strain is more than two-times more likely than 

for the wild type under the same conditions. Differences in the 

adsorption constant between the wild type and the mutant were 

statistically significant for five independent clones based on triplicate 

experiments (p < 0.01). Further, the complemented strain showed a 

k-value similar to the wild type, verifying that flaB has an effect on 

the adsorption process.  

 



Chapter 5 
 

178 
 

Table 5.3: Adsorption constants of phage CP_F1 infecting C. jejuni 

PT14 wild type (WT), five independent clones of flaB mutants and 

trans-complemented flaB (n=3). 

  k values  (x 10-10 ml/ min) SD 
p-different 

to WT 

WT 0.54 ±0.08 - 

flaB c1 2.30 ±0.16 p <0.01 

flaB c2 1.31 ±0.14 p <0.01 

flaB c3 3.05 ±0.09 p <0.01 

flaB c4 1.40 ±0.15 p <0.01 

flaB c5 0.97 ±0.12 p <0.01 

flaB,0046::flaB 0.58 ±0.06 - 

 

 

5.2.7 In silico analysis of flagellin protein sequences 

The genes coding for major and minor flagellins flaA and flaB are 

organized in the genome of C. jejuni adjacent to each other in a non-

operon gene cluster of motility-associated genes (Fig. 5.14). These 

genes share a similarity of 95% at the nucleotide level (Nuijten et al., 

1990). A pairwise sequence alignment of the protein sequences of 

PT14 major (A911_06505) and minor (A911_06500) flagellins 

revealed 95% identity in their amino acid sequences (Fig. 5.15). 

Residue substitutions are primarily clustered in the C- and N-terminal 

domains of the proteins. These sections of the protein are assumed 

to have no surface exposure based on homology predictions with the 

structurally identified protein FliC from Salmonella typhimurium 
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(Mimori-Kiyosue et al., 1998; Neal-McKinney et al., 2010). In the 

central, surface exposed domain three areas were found in which 

residue substitutions exist, of which one serine and tyrosine in the 

flagellin B protein might be additional targets for O-linked glycan 

anchorage (N224S, I493T) (Thibault et al., 2001; Ewing et al., 2009; 

Neal-McKinney et al., 2010). 

 

 

Figure 5.14: Organization of the flaA and B genes in the genome of 

C. jejuni PT14. The structural flagellin genes are located in a non-operon 

cluster of motility-associated genes on the genome of PT14. Both genes are 

expressed through different σ-governed promoters. 
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Figure 5.15: Protein sequence alignment of C. jejuni PT14 flagellin A and B. Both proteins share an identity in amino acid residues of 

95%. The majority of residue substitutions are present in the C- and N-terminal areas of the proteins. Three substitution clusters are found in 

the central region at residue positions 218 (A218V, D219E, N224S, K227Q), 371 (Q371R, L372F) and 493 (I493T). 
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5.3 Discussion 

5.3.1 Effects of flaB disruption on different phages 

Several reports have demonstrated that Campylobacter 

bacteriophages are dependent on certain surface structures for the 

infection of suitable hosts, for example the capsular polysaccharide or 

functional flagella (Coward et al., 2006; Scott et al., 2007a; Sørenson 

et al., 2011; Baldvinsson et al., 2014). These targets for 

bacteriophage adsorption are recognized as being prone to variation 

in expression at different stages of bacterial cell growth and are often 

subject to stochastic phase variation. Campylobacters contain 

homopolymer GC tracts within dispensable reading frames that can 

expand or contract to place the reading frame in or out of phase and 

the gene effectively on or off (Bayliss et al., 2012; Anjum et al., 

2016). Variable expression of surface-associated structures may 

contribute an obstacle to efficient infection by bacteriophages and 

may affect the efficacy of phage based biocontrol approaches (Nuijten 

et al., 1995; Park et al., 2000; Karlyshev et al., 2002; Connerton et 

al., 2011; Sørenson et al., 2012). In search of phage target structures 

that do not exhibit phase variability the effect of several genes, 

recognized as essential for Campylobacter virulence and colonization, 

on the infection process of a collection of bacteriophages was tested 

(Chapter 3). The aim was to find novel elements that may be 

essential for, or have an impact on, bacteriophage infection. During 

the screening, a factor that interferes with bacteriophage infection of 

certain bacteriophages was found in this project. Inactivation of the 

minor flagellin gene (flaB) showed a number of effects on different 
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parameters of bacteriophage infection. Collectively, these effects 

increased the efficiency of phage infection and impaired the resilience 

of the affected host population towards infection. It was shown that 

the presence of a gene product, classified as a structural protein, 

confers defensive properties against bacteriophage infection. Further, 

this effect was not limited to one genetically classified genus of 

Campylobacter myovirus phages, as two phages CP_F1 and CP220 

from two different genera showed similar reactions during infection of 

a flagellin B mutant strain. CP_F1 is a CP8una-like phage and CP220 

is the archetype of the CP220-like phages (Javed et al., 2014). 

Furthermore, these two phages differ in requirements for effective 

infection. The analysis in chapter 3 revealed that CP220 is a 

flagellotropic phage, while CP_F1 strictly relies on capsular 

polysaccharide (CPS). However, CP_F1 also showed a certain 

preference for motile cells as infection of flaA and flaAB mutant strains 

yielded reduced EOP values.  

 

5.3.2 The potential role of FlaB in phage defense 

It can be hypothesized, that flaB is an essential component of an 

integral defensive mechanism against bacteriophage infection. The 

data in this chapter showed, that disruption of this gene prevented 

cells from shifting to resistant, non-motile phenotypes during 

infection of a bacterial lawn on semi-solid media. This phenomenon 

may be based on the lysis of a large proportion of cells before 

mutations or gene regulatory responses can develop that lead to a 

resistant sub-population. As Campylobacter colonization of broilers 
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occurs at cell levels ranging from log10 4 to 9 CFU g-1 of cecal matter 

(Stern, 2008; Bahrndorff et al., 2015), effects on phage infection 

were tested at two different host cell densities. In liquid growth 

cultures, at cell densities below the phage proliferation threshold, 

CP_F1 was effectively bacteriostatic for flaB deficient cultures, 

whereas the phage did not impair the growth of cultures with an intact 

flaB gene. At cell concentrations that promoted phage proliferation, 

host bacterial population crashes were observed after phage addition 

to wild type or mutant cultures. However, the recovery from acute 

phage infection and resumption of exponential growth observed for 

wild type cultures was severely retarded and the growth yields 

reduced in the flaB mutant cultures compared to wild type. These 

results clearly show that flaB deficient strains have a greater 

susceptibility to phage infection. Inevitably an increase in 

susceptibility will increase the selective pressure to escape phage 

infection and the generation of less susceptible sub-populations. 

Whilst not evident upon infection on semi-solid medium, regrowth 

was observed post infection of the flaB mutants in liquid culture. 

Spatial differences between liquid and semi-solid media in terms of 

diffusion, host mobility and distribution might be some of the key 

factors contributing to the probability of the cells to evade infection 

and develop resistance (Abedon and Yin, 2009). However, these 

conditions also represent ideal conditions in terms of nutrient 

availability, suitable oxygen tension and the absence of competitor 

organisms that would not exist in intestinal or extra-intestinal 

environments inhabited by campylobacters.  The increase in phage 

yields observed for the flaB mutant are accompanied by a significant 
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increase in the burst size, which suggests that phage maturation is 

more efficient in the flaB mutant. Trans-complementation of the flaB 

mutation results in a reduction in the burst size from 4.2 virions 

(±1.2) per cell to 1.8 virions (±0.6) per cell, a value similar to that of 

the wild type. The flaB mutant also shows an increase in the 

adsorption constant, which would theoretically make the mutant more 

susceptible at lower cell densities. Figure 5.9E conclusively 

demonstrates that the flaB mutant culture remains susceptible to 

phage infection at cell densities below the phage proliferation 

threshold, such that host growth is arrested as compared to the wild 

type and flaB trans-complement cultures. Lysis times are predicted to 

become shorter in phage exhibiting high adsorption rates (Shao and 

Wang, 2008), and it is noteworthy that the first significant increase 

in free phage titres were observed for the flaB mutant in Figure 5.11 

at 90 min post-infection. From these observations, it is evident that 

any host bacterium that can evolve a countermeasure against this 

perfect storm would be at a selective advantage when subject to 

bacteriophage predation. Campylobacter bacteriophages have been 

proposed for the biocontrol of campylobacters in the food chain 

(Connerton et al., 2011), and from a biotechnological stand point the 

introduction of a flaB mutant for Campylobacter phage amplification 

strategies offers the prospect of increasing phage yields from growth 

cultures, which would render large scale phage production more cost 

effective. If the FlaB protein acts either directly or indirectly to reduce 

the burst size, then the Campylobacter population would benefit by 

limiting the release of free virus and the rate of propagation. Such a 

mechanism could account for the rather low burst size of 
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Campylobacter bacteriophages compared to phages infecting other 

proteobacteria. The peak expression of the flaB σ54 promoter was 

reported to occur mid exponential phase (Alm et al., 1993), which 

would coincide the ideal conditions for efficient phage replication 

when cells are metabolically replete and at a density beyond the 

phage proliferation threshold. Under these circumstances, the 

deployment of FlaB as a countermeasure would confer the maximal 

impact on the bacterial population’s ability to evade and adapt to 

bacteriophage infection. 

  

5.3.3 The effect of glycosylation on phage infection 

Campylobacter flagella are highly decorated due to O-linked 

glycosylation of the flagellin monomer (Guerry, 2007; Ewing et al., 

2009). A phage receptor binding protein (RBP) has been reported to 

specifically interact with flagella decorated with acetamidino-modified 

pseudaminic acid (Javed et al., 2015a). As a consequence, changes 

in the glycosylation pattern of the flagella may introduce or reduce 

steric effects on the adsorption process. In this study 1.8 - 5.6-fold 

increases in the adsorption rate of flaB mutant strains compared to 

wild type was measured, but how this is manifest is unclear since it 

has been reported that for C. coli VC167 surface exposure of the FlaB 

protein could not be detected (Guerry et al., 1991). However, it is 

also reported that inactivation of flaB increases colonization efficiency 

(Wassenaar et al., 1993). Glycosylation is recognized as an essential 

colonization factor; therefore, it is possible that an altered distribution 

of glycan molecules may affect a change in colonization efficiency 
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(Howard et al., 2009). There is evidence for diversity in glycan 

structure and variation in the numbers of residues serving as flagellar 

glycosylation targets in different Campylobacter strains (Thibault et 

al., 2001; Guerry, 2007), and variations in the occupancy of the 

glycosylation sites adding to the complexity of surface exposed region 

of the flagellin proteins (Meinersmann and Hiet, 2000; Ulasi et al., 

2015). With respect to flagellin sequence in strain C. jejuni PT14, FlaA 

and B share 95% identity at the protein level (Fig. 5.15). Differences 

in amino acid sequence can be found predominantly within terminal 

regions of the protein (23 residues). However, a centrally located 

region of the protein is predicted to be surface exposed, which 

contains 7 amino acid differences between FlaA and FlaB proteins of 

C. jejuni PT14, of which a serine at position 224 and a tyrosine at 

position 493 in the FlaB sequence represent additional substrates for 

glycosylation. An analysis of the glycan distributions of FlaA and FlaB 

may provide further insight as to their potential for interaction with 

bacteriophage. 

 

5.3.4 The assumed functions of FlaB 

Information regarding the function of the minor flagellin is sparse, 

although several studies have characterized flaB as not essential for 

motility (Guerry et al., 1991; Wassenaar et al., 1993; de Vries et al., 

2015). These observations lead to the question as to why a 

paralogous structural gene has emerged and has been preserved 

throughout all known Campylobacter species. It has been reported 

that intragenomic recombination between flaA and flaB can occur in 
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Campylobacter cultures (Wassenaar et al., 1995). Later Meinersmann 

and Hiet (2000) hypothesized that flaB could serve as a driver for 

antigenic variety, since differences in amino acid position were found 

in residues that function as targets for O-linked glycosylation. A 

similar conclusion was reached by Harrington et al. (1997), who 

identified intra-genomic recombination between flaA and flaB in strain 

VC670 and proposed that the variation enabled adaptation to 

eukaryotic host species, since functional flagella are essential for 

colonization and a key target of the host immune system. It can be 

assumed that recombination events between the flagellin genes will 

also assist in the escape of phage infection by varying the flagellin 

structure and the O-linked glycosylation attachment sites, a response 

mechanism that is likely to have evolved before the immune systems 

of animal hosts of Campylobacter species. However, analyses of the 

flaA coding sequences in this study provided no evidence for 

recombination events between the flaA and flaB genes in escape 

mutants of bacteriophage infection. Further, no alterations in the flaA 

open reading frame or its 5’-untranslated region were detected. 

Instead whole genome analysis of escape mutants revealed a single 

adenine deletion in the N-terminal region of the rpoN gene coding for 

the σ54 factor. In most polar flagellate species σ54 serves as an 

essential part of flagellar expression. This is also the case for the 

flagella biogenesis of Campylobacter. A knock-out mutation in the 

rpoN gene of strain 11168 resulted in complete absence of flagella 

and flagellin expression (Jagannathan et al., 2001). Motility loss is 

one strategy by which campylobacters evade phage infection (Scott 

et al., 2007a; Baldvinsson et al., 2014). Moreover, Campylobacter 
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bacteriophage carrier state cultures also escape phage lysis by 

undergoing growth phase dependent motility attenuation as a 

response to phage association (Siringan et al., 2014). Whereas, flaA 

gene transcription is down-regulated in carrier state cultures, which 

likely accounts for their impaired mobility, flaB transcription is up-

regulated, which based on the current data could be an adaption to 

limit phage infection leading to cell lysis (Brathwaite et al., 2015; 

Hooton et al., 2016). It is recognized that σ54 is part of a group of 

transcriptional regulators termed class 1 genes that demonstrate 

hierarchical regulation of class 2 genes, which are fundamental for 

the formation of the flagellar secretory apparatus and code for the 

structural components of the basal body of the flagellum (Hendrixson 

and DiRita, 2003; Lertsethtakarn et al., 2011). The absence of σ54 

therefore has a profound effect on the formation of functional flagella. 

The genome sequencing data in this study also revealed several phase 

variable genes in the off state. Amongst those were several genes 

coding for sugar transferases, which may have an impact on the cell 

surface polysaccharides and the phage infection process. High rates 

of phase variation in Campylobacter can facilitate the adaptation 

towards environmental effects (Gaasbeek et al., 2009; Bayliss et al., 

2012). For example, phase variable frame shifts in the key flagellar 

export regulator FlhA has been reported to cause transcriptional 

repression of flaA and flaB to vary motility in C. coli (Park et al. 2000). 

Further, nucleotide deletions in fliW and flgD have also been found in 

connection with motility loss. This phenomenon was observed upon 

analysis of second-site mutations in a flaB knock-out mutant strain 

(de Vries et al., 2015). To exclude that secondary mutation in 
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connection with flaB disruption were responsible for the observed 

increase in bacteriophage sensitivity; five independent clones, which 

all carried the selective marker in the desired position were tested. 

All five independent clones showed identical phenotypes with respect 

to phage induced lysis and motility. Further, trans-complementation 

partially restored the wild type phenotypes with respect to cell lysis 

in spot test assays and continued growth at low cell densities in phage 

infected broth cultures. These results confirm, that the observed 

changes were introduced through the inactivation of the flaB gene. 

 

5.3.5 Conclusion  

In the effort to determine novel elements in the pathogen C. jejuni in 

connection with bacteriophages a novel role of a gene product was 

identified in this study. This gene product has been generally 

recognized as part of the structural flagellin of Campylobacter flagella. 

It is not essential for motility, but here effects on a number of factors 

related to bacteriophage infection were discovered. It can be 

proposed that the maintenance of flaB is not only an evolutionary 

adaptation to drive antigenic diversity in response to phage infection 

and the defensive activities of its colonized hosts, but also acts as a 

countermeasure in the arms race between bacteriophages and their 

hosts, since disruption resulted in a number of changes beneficial for 

the replication of virulent phages. Given the ubiquitous presence of 

virulent bacteriophage in the environment, it is perhaps not surprising 

that this seemingly redundant gene duplication was fixed and remains 

a landmark feature of many C. jejuni and C. coli strains. 
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CHAPTER 6 

DNA-Protein binding analysis of a repeat region 

of bacteriophage CP_A4 

 

6.1 Introduction 

Bacteriophages are a heterogeneous group of organisms, which show 

high diversity in morphology and genetic makeup. Genomes of 

phages have highly diverse contents and are commonly used to 

classify bacteriophages based on the composition of their genetic 

material (RNA or DNA, ss or ds). Besides difference in nucleic acid 

composition, phage genomes also show diversity in size and 

organization. In the data base of deposited genome sequences, phage 

genomes range from 4 to 600 kb (Brüssow and Hendrix, 2002). In 

general, bacteriophage genomes have a mosaic structure, in which 

modules of functional similarity are clustered and may exhibit 

rearrangement (Krupovic et al., 2001). Lambdoid phages, for 

example harbor modules of gene clusters responsible for DNA 

packaging, virion assembly, induction of lysogeny or lysis as well as 

regulation of genome replication and transcription (Brüssow and 

Desiere, 2001). Many phages carry areas of repetitive sequences 

either internally or in terminal segments of their genomes (Savilahti 

and Bamford, 1993). Repeat regions within the genome can be 

targets for recombination of adjacent genetic modules between 
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closely related phages through modular exchange and may generate 

novel phages (Botstein, 1980; Clark et al., 2001). In addition to 

repetitive sequences dispersed throughout a phage genome, terminal 

inverted or direct repeats are a common feature in several 

bacteriophages (Ritchie et al., 1967; Yoshikawa and Ito, 1981; Sabehi 

and Lindell, 2012). These repetitive sequences are a product of 

nuclease activity during the packaging mechanism, following 

replication of phage DNA through the rolling circle mechanism 

(Casjens, 2011). Further, it was shown that these terminal repeat 

areas are target structures for packaging of DNA into mature capsids 

(Casjens and Gilcrease, 2009). These examples show that repetitive 

sequences in bacteriophages can affect multiple functions, depending 

on their composition and location. 

Comparative analyses of the genomes of C. jejuni specific 

bacteriophages, showed a unique organization of coding regions in 

CP220like phages. In contrast to CP8unalike phages, which have 

collinear genomes with similar organization of open reading frames 

(ORFs), the functional gene regions are clustered in modules (Timms 

et al., 2010; Hammerl et al., 2011; Kropinski et al., 2011; Jäckel et 

al., 2015). While two representatives of this group (CP220 and CPt10) 

show high similarity between genomes, with respect to module 

organization, the genome of phage CP21 experienced rearrangement 

of homologous modules (Hammerl et al., 2015; Jäckel et al., 2015). 

This genetic reorganization manifests within the circular permutation 

in orientation of modules, with two modules having experienced an 

inversion relative to the genomes of CP220 and Cpt10. 
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A common feature of all CP220like phages is the presence of areas of 

non-coding genetic material in-between functional regions. However, 

it was reported that repeat regions can also harbor open reading 

frames, as shown for the putative coding sequences CPT_0180 and 

CPt10_1891 in phage CP220 and Cpt10, respectively (Timms et al., 

2010). Similarly, in CP21, two of the repeat regions were enclosing 

open reading frames (Hammerl et al., 2012). The number of 

repetitive regions can account for 1.4 (Cpt10) to 3.2% (CP220) of the 

whole genome (Timms et al., 2010). These non-coding areas 

comprise repetitive sequences of direct or inverted repeat units, 

which vary in length and number (3 - 18 copies per region in CP21) 

(Jäckel et al. 2015). In the CP220like genomes described, individual 

repeat units contain lengths of 72 to 86 bp and are nearly identical, 

despite minor sequence polymorphisms. Further Jäckel et al. (2015) 

postulated a core consensus sequence, comprising a length of 13 

nucleotides. The general function of these repeat regions within the 

genome is yet to be fully understood, although it is suspected that 

these areas are sites for recombination and modular shuffling, 

increasing genetic diversity and fitness within a bacteriophage 

population (Timms et al., 2010; Jäckel et al., 2015). 

In this chapter, potential protein binding sites within the repeat units 

were discovered that lie adjacent to the core consensus of repeat 

units described by Jäckel et al. (2015). Further protein binding 

experiments were performed, that showed that proteins extracted 

from a bacteriophage infected culture of C. jejuni and C. coli bind to 

DNA fragments amplified from a repeat region within the 

bacteriophage genome. 
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6.2 Results 

6.2.1 In silico analysis of an individual repeat unit, 

within repeat regions of CP220like phages 

DNA sequence analyses of whole genomes from isolated 

Campylobacter-specific CP220like bacteriophages, revealed areas of 

repetitive sequence elements with variable numbers of repeat units 

within all specimen. Similar observations have been made in all 

described genomes of the CP220like Campylobacter phages (Timms 

et al., 2010; Carvalho et al., 2012; Jäckel et al., 2015). The amount 

of repetitive areas varies between these bacteriophages. While CP21 

contains four long repeat regions (1.0 to 2.9 kb), phages CP220 and 

Cpt10 were found to harbor 10 and 8 regions (196 bp to 1.6kb), 

respectively. The repeat areas are described as a sequence of 

repetitive units containing an iterative core motif with minor sequence 

polymorphisms.  

This general organization was also found in CP220like phages that 

were isolated and sequenced in this study. Comparative analysis 

revealed between 3 and 16 repeat units within the repeat regions with 

a core repeat structure of 24-nucleotides in all analyzed phages 

belonging to the CP220like class. The consensus sequence of this core 

repeat in all regions, within the genome of sequenced phages, carries 

the motif 5’-ATTAAAAAGTATAAAAAATGCTTG-3’. Deeper in silico 

analysis of these core sequences in all analyzed CP220like phage 

genomes, revealed two adjacent, potential promoter signatures on 

the plus strand. These motifs might enable binding of the RNA 

polymerase sigma factors σ54 and σ70 carrying the recognition 
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sequences 5’-AAAATGCTT-3’ and 5’-ATTAAAAAGTATAAAA-3’. 

Further, on the complementary strand a potential σ28 signature was 

found within the sequence 3’-TTTTTACGAAC-5’ overlapping both the 

afore mentioned motifs (Fig. 6.1). These detected sequences 

correspond to consensus sequences of the C. jejuni binding motifs of 

the housekeeping factor RpoD (σ70), as well as alternative sigma 

factors RpoN (σ54) and FliA (σ28) (Wösten et al., 1998; Zhao et al., 

2009; Dugar et al., 2013). In E. coli similar sequence motifs act as 

binding targets for sigma factors responsible in nitrogen assimilation 

and response to environmental signals (σ54), flagellar biosynthesis 

(σ28) and general housekeeping (σ70) (Wösten, 2006). E. coli possess 

a number of σ factors, which modulate gene expression, while 

campylobacters rely on three regulative σ-based elements (Dugar et 

al., 2013). Given the distribution of multiple repeat units within a 

number of repetitive regions, these putative binding areas might have 

a high potential to intercept all three types of Campylobacter sigma 

factors during infection (Parkhill et al., 2000). Further, these motifs 

were found in bacteriophages specifically infecting C. coli and phages 

that preferentially target C. jejuni strains. Indicating a general system 

that is not limited to one class of hosts. 
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Figure 6.1: Potential binding motifs of Campylobacter sigma factors 

within the core repeat unit within the repeat regions of 

bacteriophage CP_A4. These sites were found in all repeat units within the 

genomes of all CP220like phages. 
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Figure 6.2: Distribution of potential sigma binding sites within the repeat regions of bacteriophage CP_A4. Despite slight sequence 

insertions within two repeat units (RR1.1 unit 1+2), all analyzed units carry the identified motifs for potential binding of all three Campylobacter 

sigma factors. These motifs were found downstream of a previously suggested core repeat sequence (CRS) within the genome of CP220like 

phage CP21 (Jäckel et al., 2015).
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6.2.2 PCR analysis of repeat regions in CP_A1  

In the sequenced genomes, which were subject to comparative 

analysis in chapter 4, repeat regions showed variability in the 

abundance of the regions, as well as numbers of single repeat units 

and their orientation within a repetitive region. Individual repeat units 

within the regions were found either organized in direct or inverted 

orientation or in a mixed fashion (Example: CP_A1 repeat unit 

distribution: RR1: 7 direct + 2 inverted, RR2: 3 inverted, RR3: 5 

direct, RR4: 5 direct + 2 inverted, RR5: 8 direct + 8 inverted).  Timms 

et al. (2010) reported that repeat regions in CP220 were prone to 

variability within a phage population originating from a single plaque, 

while for CP21 and related phages no such variability was verified 

(Jäckel et al., 2015). In this study, the genome of bacteriophage 

CP_A1 was chosen as initial model subject to analyze the stability and 

variability in the length of these regions within a phage population. 

The five areas of repetitive sequences identified in the genome of 

CP_A1 vary in length between 605 and 1453 bp. The variability in 

amounts of repeat units within each region was tested through PCR 

analysis. Specific PCR primers hybridizing in unique areas of adjacent 

open reading frames were designed and employed for amplification 

of the five identified regions of repetitions in the genome of phage 

CP_A1. In similarity to results obtained from PCR analyses in the 

genome of CP220 (Timms et al., 2010), the regions in bacteriophage 

CP_A1 also showed variability in length of repeat units. In one out of 

five tested repeat regions, the amplicon showed a strong, single 

signal of constant length, while in four areas multiple amplicons of 
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variable length were found (Fig. 6.3). These results indicate 

variability in the composition of repeat units within a phage population 

origination from a single plaque. However, annealing temperature of 

designed primers were relatively low (44 - 51°C) and thus unspecific 

amplification of by-products cannot fully be excluded. 

 

 

 

Figure 6.3: Variability in the quantity of repetitive units within a 

bacteriophage population of CP_A1 arising from a single plaque-

purified culture. PCR analyses of five repeat regions (RR) revealed only for 

repeat region 2 a clear, single band. The amplicons of the remaining regions 

showed multiple bands of variable size (RR3), a striation of DNA (RR4) or a 

ladder structure (RR1, RR5) after electrophoretic separation (Ma: λ/PstI DNA 

ladder (Thermo Fisher Scientific)). 
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6.2.3 DNA band shift assay with repeat regions 

6.2.3.1 Unlabeled approach to detect protein interaction with 

CP_A1 repeat regions 

As the in silico analysis identified potential binding targets for host 

sigma factors within repeat regions, binding experiments were 

performed to analyze if binding to host proteins occurs in vitro. For 

initial DNA binding experiments repeat regions 2 and 4 of 

bacteriophage CP_A1 were PCR amplified, as both regions 

predominantly showed amplicons of uniform length (Fig. 6.3). These 

DNA fragments were gel purified and employed in binding reactions 

with concentrated protein extract from a CP_A1 infected culture of 

C. jejuni strain NCTC 12261. These initial tests were performed 

without modifications of the DNA amplicons, which would enable 

specific detection of the employed target fragment. The aim of these 

experiments was to obtain indications of general binding and changes 

in the band migration after addition of pure protein extract.  

Electrophoretic separation of the employed DNA fragments on 1% 

agarose gels revealed alterations in band migration for both repeat 

regions after addition of the lysate of infected C. jejuni NCTC 12661 

(Fig. 6.4). This data was a first indication, showing that component 

of the extracted lysate bind to the target regions. However, at this 

stage the specificity of the binding reaction could not be fully verified, 

as neither DNA nor protein competitors were added in that approach. 
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Figure 6.4: Observed shift in DNA migration on 1% agarose gels of 

amplified repeat regions (RR) from bacteriophage CP_A1, after 

addition of a protein extract from a phage infected culture of C. jejuni 

NCTC 12661.  Panel A: RR2 of CP_A1, Panel B: RR4 of CP_A1 (Ma: 1 kb 

DNA ladder (Promega), C: amplicon of RR2/RR4, 1: 1 µg lysate added). 

 

 

6.2.3.2 DIG-labeled approach for protein binding detection with 

CP_A4 repeat region 1 

In order to further verify that repeat regions from phages, belonging 

to the CP220like group, are targets for protein binding digoxigenin-

labelled (DIG) primers were designed that specifically amplify the 

target sequence in the genome of bacteriophage CP_A4. Due to 

background signals generated by the unspecific DNA competitor, 

labelling of the tested DNA fragment was necessary to specifically 

identify the assumed alterations in gel migration (Höltke et al., 1995). 

The amplified DNA-probe containing a repeat region of bacteriophage 

CP_A4 was chosen to detect and identify potential proteins that 

hybridize with the repetitive sequence in the region within the 

genome of bacteriophage CP_A4. The target region was selected due 
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to a minimal configuration of repeat units found amongst all 

sequenced phage genomes in this project. Within the region two 

direct repeat units are located, with each unit carrying a length of 70 

to 80 nucleotides (Fig. 6.5). The reason for this strategy was to 

minimize non-specificity during hybridization and avoidance of 

unnecessary complication with binding reactions. Further, the low GC 

content and the repetitive nature of these target areas hamper the 

design of PCR primers that give specific and unique products within a 

repeat area. Subsequently, no amplification of a single repeat unit 

was achieved, but a whole region with two units employed for binding 

analysis, as primers were designed that hybridize in the adjacent 

open reading frame containing less repetitive DNA segments 

(Fig. 6.5). However, the amplification of this repetitive area yielded 

multiple fragments of variable length. The reason for this observation 

may either lie in primer unspecificity due to the low annealing 

temperature of 48°C or may represent a similar effect of potentially 

unhomogenous repeat composition within a whole phage population 

indicated by the PCR analyses of repeat regions in section 6.2.2 and 

within the data acquired from analyses of phage CP220 (Timms et al., 

2010). Therefore, a nested-PCR approach was chosen to acquire a 

single length product. The primer pair of the inner amplification 

reaction step carried 5’-end DIG-labelling, which can be harnessed for 

antibody detection and visualization through alkaline phosphatase 

reaction, after immobilization on a nylon membrane. Resulting from 

the nested PCR approach, a fragment of approximately 375 bp length 

was enriched and gel purified, as multiple bands appeared due to a 

low annealing temperature of 45°C in the PCR reaction (Fig. 6.6).  
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Figure 6.5: PCR amplified repeat region of bacteriophage CP_A4 containing two direct repeat units of approx. 70-80 bp length. 

Within each repeat unit, potential binding sequences for RNA polymerase sigma factors RpoD (σ70), RpoN (σ54) and FliA (σ28) were identified. 

These are located upstream of a conserved repeat sequence (CRS) identified previously by Jäckel et al. (2015).
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Figure 6.6: DIG-labelled DNA probe of the repeat area of phage 

CP_A4 after a nested PCR. The prominent upper band with a size of 

approx. 375 bp was gel purified and used for protein binding assays. Ma: 

100 bp DNA ladder (Promega). 

 

The purified product was then analyzed via Sanger sequencing to 

verify sequence identity and integrity of the repeat units. After 

positive verification, the DNA probe was used in binding assays to 

identify single proteins or protein complexes that interact with the 

target area. As binding partners, concentrated protein extracts of 

phage infected C. coli NCTC 12667 cultures were employed. Sheared 

salmon sperm DNA and bovine serum albumin (BSA) were added as 

unspecific competitors to enhance specificity of the binding reactions. 

After incubation, the whole reaction samples were separated through 

gel electrophoresis on native TBE gels and transferred on positive 

charged nylon membranes via electro blotting. Protein contents were 
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varied between 2.5 and 0.5 µg. The increase of total protein content 

up to 2.5 µg led to a decrease of the detectable signals in all 

conditions tested, which may be an indication of DNase activity or an 

overload of material, resulting in an inability of the material to migrate 

into the gel. Alkaline phosphatase detection of labeled DNA revealed 

two additional bands, which migrated a shorter distance in 

comparison to the control fragment (Fig. 6.7). This result indicates 

binding of proteins as the increase in size and charge mitigates the 

migration of DNA complexes into the gel matrix. Further, it can be 

excluded that differences in binding band migration were a result of 

complex formation with the DNA competitor. A control sample without 

addition of the protein extract showed no additional bands (Fig. 6.7, 

lane 8). Interestingly, no additional bands were observed in the non-

infected sample (Fig. 6.7, lane 3) indicating that native host sigma 

factors alone do not have strong binding affinity towards the target 

region. This observation raises the questions if host sigma factors are 

the actual binding partners of repeat regions or if phage infection 

might introduce modifications that will change the binding properties 

of host sigma factors. Answering these questions will be a task for 

additional, more extensive analyses. 

Further, the effects of thermal denaturation of the DNA-probe prior to 

the binding reactions were analyzed. This variation in the assay 

resulted in clearer differences in migration relative to control and 

multiple bands, indicating further binding partners or complex 

formation (Fig. 6.8). A possible explanation for these changes in 

binding might be due to minimization of secondary structures prior to 
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the binding reaction. Another scenario might involve the binding of 

potential reaction partners to single stranded DNA. Although it is 

recognized that sigma factors bind to double stranded DNA (Hellman 

and Chamberlin, 1988), it cannot be excluded that several additional 

proteins might also be involved in complex formation. 

 

 

Figure 6.7: Visualization of DIG-labelled DNA samples through 

alkaline phosphatase reaction of substrate-loaded anti-DIG antibody 

conjugates. Additional bands, representing protein-bound complexes, were 

observed in samples containing extracted proteins (lysate) from a phage 

infected culture of C. coli NCTC 12667 (lanes: 1: control only probe (100 

ng), 2: competitor DNA (500 ng salmon sperm DNA), 3: 2.5 µg lysate non-

infected, 4: 2.5 µg lysate, 5: 1 µg lysate, 6: 0.5 µg lysate, 7: no probe 

added, 8: no lysate, 9: no competitor DNA). 
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Figure 6.8: Alkaline phosphatase detection of DIG-labeled DNA 

probes of the repeat region of phage CP_A4. The DNA probe was 

thermal-denaturated prior to binding. In the samples of the binding reactions 

multiple additional bands can be observed which indicate binding to single 

stranded DNA (1: control, 2: 2.5 µg lysate, 3: 1 µg lysate, 4: 0.5 µg lysate). 

 

Following these discoveries, identification of bound proteins was 

pursued via mass spectrometry. As proteins had to be preserved for 

downstream analysis a Coomassie Brilliant Blue staining for protein 

detection was favored over silver staining. Although silver staining is 

more sensitive (detection limit up to 1 ng of protein) compared to 

coomassie detection, classical staining protocols are not compatible 

with further downstream analyses (Weiss et al., 2009). Modified silver 

staining protocols exist, that are compatible with mass spectrometry 

but at the cost of sensitivity (Chevallet et al., 2006). 

Several attempts to detect potential protein candidates in a variety of 

non-denaturating gels yielded no detectable protein bands after 



Chapter 6 
 

207 
 

classical and colloidal coomassie staining. This may be due to the low 

concentration of bound protein. The antibody-based detection of 

labelled DNA fragments employing an alkaline phosphatase reaction 

represents a highly sensitive method, with a detection limit of 0.1 pg 

of labelled DNA. In contrast protein staining, even with the more 

sensitive colloidal coomassie staining technique, has limited detection 

capabilities with a detection threshold of up to 10 ng of protein (Weiss 

et al., 2009). Due to time restrictions no optimization of binding 

parameters, electrophoretic separation and protein detection could be 

performed. Hence, no protein binding partner was identified in this 

study. A full verification of repeat region binding partners and 

elucidation if sigma factors are involved, may be achieved with 

overexpressed and purified campylobacter sigma factors. This may be 

a suitable target of follow up experimental approaches. 

 

 

6.3 Discussion 

6.3.1 Areas of repetitive sequences in bacteriophages 

and their function 

Areas of repetitive DNA sequences are a common feature in a number 

of bacteriophages. In bacteriophage T4 for example, the circular 

permutation, which is a general phenomenon in T-even phages, is 

generated due to non-specific endonuclease cleavage of polymeric 

genetic material during the packaging of the phage genome 

(Streisinger et al., 1967). During the rolling circle replication mode, 
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long continuous DNA molecules are produced, that contain multiple 

copies of identical sequences linked together. These so called 

concatemers are cleaved either specifically or non-specifically after 

the recognition of a specific sequence, termed pac signal (cos in λ, 

Catalano et al., 1995) and translocated into the prohead at the 

generated ends (Chung and Hinkle, 1990; Hashimoto and Fujisawa, 

1992). After filling the prohead the DNA is cleaved a second time 

through termination cleavage at a specific or non-specific site. During 

this packaging step of replicated phage genomic material, redundant, 

repetitive areas are generated by the head full mechanism (Fujisawa 

and Morita, 1997). These terminal regions of repetitive sequences are 

found in the terminal ends of the genome and represent the physical 

ends of phage genomes.  It was shown that these regions can make 

up 3 to 6 kb of terminal redundancy (Merrill et al., 2016). In 

bacteriophage T5, terminal repeats at both ends of the genome can 

account for a total amount of 8.3% of the whole genome content 

(10 kb) (Wang et al., 2005). 

In contrast to this terminal repetitive organization of well-studied 

E. coli phages, in CP220like bacteriophages infecting campylobacters 

the repetitive areas are scattered throughout the genome, dividing 

areas of functional genes into modules (Jäckel et al. 2015). While in 

CP8unalike phages many internal repeats of shorter length were 

observed distributed over the entire genome (Hammerl et al., 2011). 

This genomic organization indicates, that DNA packaging of 

Campylobacter-specific phages may not rely on terminal redundant 

repetitions. In the identified genome sequence of CP8unalike 



Chapter 6 
 

209 
 

Campylobacter bacteriophage NCTC 16273 Kropinski et al. (2011) 

found no obvious signs of DNA packaging. Although T4 terminase 

homologs and packaging protein from Prochlorococcus phages were 

identified in NCTC 16273 and CP81 (Kropinski et al., 2011; Hammerl 

et al., 2011). In contrast, a putative single strand binding protein and 

a T4-like endonuclease VII packaging enzyme were found in phage 

CP220, in addition to a putative T4 terminase homologue (Timms et 

al., 2010). No information is available in the literature concerning the 

packaging mode of Campylobacter phages. However, condensation of 

genomes through histone-like protein complexes has been excluded 

by Javed et al. (2014), as no suitable candidates were found in silico. 

As these internal areas of repetitive sequences may not be involved 

in DNA packaging the question about their real function remains. In 

prokaryotes, repetitive areas are hypothesized as regions promoting 

genetic plasticity, involved in intra-chomosomal recombination or 

horizontal gene transfer. In that way amplification, deletion or 

rearmament of genetic repertoire can be achieved (Treangen et al., 

2009). Further, in Streptococcus thermophilus noncoding viral DNA 

elements, carrying tandem and inverted repeats, yielded protection 

against phage infection (Foley et al., 1998).  

In C. jejuni specific phages the repetitive areas are hypothesized to 

have a function in rearrangement of genomic content and may be 

sites that trigger intra- and intergenomic recombination, based on the 

mosaic nature of genome compositions (Hammerl et el., 2011; 

Hammerl et al., 2012; Jäckel et al., 2015). It is further speculated 

that campylobacter phages are genetically unstable (Jäckel et al., 
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2015). PCR analyses of repeat regions in CP220 and CPt10 indicated 

variability within the numbers of repeat units (Timms et al., 2010). 

The basis for this is assumed in combinatory variation during phage 

proliferation leading to expansion or contraction of repeat unit 

quantities. In this study, similar variability was observed for 

CP220like phage CP_A1. In contrast, analysis of CP220like phages 

with primer sets of extended length yielded amplicons of unique 

length (Jäckel et al., 2015). Hence, the variability of repeat regions 

in general remains unclear. However, despite the above-mentioned 

assumption selective pressure on the genomic level would eliminate 

non-functional repetitive sequences, which have no evolutionary 

value for the phage population. Hence, the repeat units may serve a 

further role during the infection process of hosts, besides above-

mentioned functions of genomic diversification.  

 

6.3.2 Proteins binding to repetitive genome sequences 

Experimental analysis of repeat regions from CP220like phages via 

gel mobility shift assays verified protein binding in this study. Due to 

time restrictions no identification of the involved binding partners, 

which may be single proteins or protein complexes was achieved. As 

mentioned before, several protein partners are assumed to bind to 

repetitive DNA. In retro viruses, long terminal repeats are binding 

targets for factors that initiate and regulate transcription, as well as 

for integration into host cell genomes (Temin, 1982). It was further 

discovered that DNA nuclease hypersensitive sites in human 
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immunodeficiency virus (HIV) are located within these long terminal 

repeats (Verdin, 1991). 

In bacteriophages some DNA binding proteins, that interact with short 

repeats, are involved in the late stage of phage infection. In general, 

terminal repetitive sequences are a result of the DNA packaging 

process through concatemer processing. In phage P22 the terminal 

repeats are assumed to initiate homologous recombination in order 

to circularize the DNA during injection. Therefore, serving as a 

template for the next round of replication (Botstein and Matz, 1970; 

Wu et al., 2002). However, short repetitive sequences, which exist in 

the concatemer structures pre-processing, can also serve as signaling 

structures for packaging proteins (terminases) in T3 and T7, which 

facilitate condensation of DNA, prior to packaging into the capsid 

(Chung et al., 1990; Tsuchida et al., 1996; Fujisawa and Morita, 

1997). In phage P22 the pac site responsible for terminase 

recognition and binding was identified as a direct GAAG repeat (Wu 

et al., 2002).  

These packaging enzymes bind to the concatemer and generate final 

single genome molecules through nucleolytic cleavage at specific or 

unspecific sites (Catalano et al., 1995; Fujisawa and Morita, 1997). 

Subsequently they catalyze the condensation and translocation of the 

final genome into the prohead, driven by ATP hydrolysis (Becker et 

al., 1977; Shibata et al., 1987). Another example of proteins that bind 

to regions of repetitive sequences are late transcriptional regulators 

(Ltr). These modulators of gene synthesis hybridize with specific 

repeat regions, which lead to activation of late gene operon synthesis. 
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Examples of these specialized transcription factors were identified in 

a number of bacteriophages infecting Gram-positive bacteria (Quiles-

Puchalt et al., 2013). 

However, despite the variety of above-mentioned candidates for DNA 

binding, other factors seem more probable candidates for 

hybridization. Hammerl et al., (2011) reported proteins bound to the 

genomic DNA of phage CP8, that rendered classical phenol-chloroform 

based DNA-extraction inefficient. Similarly, PCR-based gap closure of 

the genome of phage IBB35 was unsuccessful due to assumed 

protein-DNA complexes within the extracted genomic DNA (Cravalho 

et al., 2011; Jäckel et al., 2015). These examples outline, that stable 

protein-DNA complex are not an uncommon phenomenon in 

Campylobacter phages. Due to in silico identification of sequences 

that match the potential recognition motifs of sigma factors, the most 

probable binding partners in repeat regions seem sigma factors. This 

is indication is further supported by the circumstance that potential 

binding sites for all identified Campylobacter sigma factors are 

organized in a dense fashion on a short sequence section, within the 

conserved core repeat unit. In addition, no genes coding for viral 

sigma factors where identified in the genomes of sequenced 

Campylobacter phages. 
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6.3.3 Role of sigma factors and the anti-sigma system 

In general, sigma factors are essential parts of the transcription 

machinery of any prokaryotic organism. Sigma factors are employed 

for the initiation of RNA synthesis through recognition of promoter 

target sequences. Following identification of a promoter, reversible 

binding to core RNA-polymerase results in increased binding 

specificity of the polymerase complex, which initiates the transcription 

of the target gene. In the model organism for genetic research of 

prokaryotes, E. coli, seven sigma factors have been identified, while 

campylobacters only carry three sigma factors (Parkhill et al., 2000; 

Gruber and Gross, 2003). As a part of their infection strategy, several 

bacteriophages have evolved factors that bind to sigma factors and 

modify their specificity in order to halt transcription of host genes 

(Hughes and Mathee, 1998). Similar factors have also been developed 

by bacteria and are involved in bacterial transcriptional regulation 

mechanisms as part of dynamic adaptation processes, responding to 

changing environmental factors (Paget, 2015). These so called anti-

sigma factors were first described in E. coli, Salmonella and 

bacteriophage T4 (Hofmann et al., 2011; Chadsey et al., 1998; Orsini 

et al., 1993). They are antagonists to sigma factors and inhibit 

transcriptional activity by binding to target sigma factors. Among the 

bacterial anti-sigma factors, SpoIIAB and RbsW in Bacillus subtilis, 

represent some of the most extensively studied examples (Duncan 

and Losick, 1993; Hughes and Mathee, 1998). SpoIIAB affects 

sporulation specific sigma factors, while RbsW is involved in stress 

response regulation. The T4 factor AsiA is a prominent example of a 
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phage-derived anti-sigma factor, which binds to σ70 resulting in arrest 

of host gene transcription and diversion of transcriptional capacity to 

viral genes (Orsini et al., 1993). These viral induced mechanisms of 

host shut down are essential regulatory processes during phage 

infection, maintaining efficient production of phage components and 

suppressing undesired wastage of host metabolic resources 

(Lavigne et al., 2013).   

With respect to results of the binding assays in this chapter, a similar 

mechanism of host takeover might have evolved in Campylobacter 

phages, in which the repetitive DNA itself acts as an anti-sigma factor. 

Binding to repetitive areas would render sigma factors unaccessable 

for the host to regulate and initiate protein synthesis. As a further 

conserved sequence unit was identified upstream of the potential 

sigma binding regions, which may serve as target for protein binding, 

a conformational change in DNA structure is a likely event preceding 

the complex formation with host sigma factors. This would represent 

an explanation for the additional bands observed in experiments with 

thermal-denaturated DNA fragments (Fig. 6.8). In addition, it was 

shown that no protein binding occurred in a non-infected sample. This 

may indicate that further phage-induced modifications might be a 

requirement for effective binding of host sigma factors. If this 

scenario does reflect the binding process during phage infection must 

be experimentally proven in follow-up studies. 

Another scenario of viral interference might involve a countermeasure 

against σ-controlled processes, which are harmful for the phage 

infection process. As reported in chapter 5 and recently published, 
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the σ54 regulated flaB gene of C. jejuni PT14 was shown to confer 

defensive properties against bacteriophage infection (Lis and 

Connerton, 2016). Regarding this information, binding to RpoN, 

during phage infection, would deplete the pool of available 

transcription factors resulting in reduced expression levels of 

potentially harmful flaB gene products. Therefore, this titration effect 

would represent an adaptation towards a flaB-based defensive 

system. In addition, several other RpoN-regulated elements would 

also suffer from unavailability of transcriptional induction.  

In escape mutants from phage infection, identical single nucleotide 

deletions in the rpoN gene were observed, which were accompanied 

by resistance to re-infection (Chapter 5). Similar observations, 

concerning deletions in rpoN were made in previous studies with 

phage CP8 (Brathwaite, 2013; Siringan, 2013). Taken into account 

that this modification was not a single event, but may be a general 

strategy in response to phage predation. One can speculate that the 

deactivation of RpoN might have the goal of altruistic sacrifice, rather 

than surrender to the invading phage and grant the opportunity to 

interfere with this valuable transcription factor. 

Here it is proposed that the repetitive units may serve as scavenging 

structures for host sigma factors to either deactivate and redirect host 

transcription or counteract against anti-phage defenses. Considering 

that different phages show variations in numbers of repeat units 

(Chapter 4), this would allow for quantitative flexibility in sigma 

factor binding. This flexibility could be the basis of an adaptive process 

that depends on the numbers of available sigma factors in the host 
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during infection, in order to effectively close down host transcription 

and increase propagation. For future experimental proof, binding 

reactions with purified sigma factors may be a suitable approach to 

verify these findings and elucidate the validity of the titration 

hypothesis.
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CHAPTER 7 

RNA transcriptional profile of wild type and a flaB 

mutant of C. jejuni PT14 in response to 

bacteriophage infection by CP_F1 

 

7.1 Introduction 

As obligate parasites, bacteriophages rely on their infected hosts for 

the synthesis of genetic material and structural proteins. During the 

phage infection process, viral DNA is introduced into the host cytosol 

and plays a profound role in manipulation and redirection of host 

transcriptional capacities. This acquisition process of the 

transcriptional machinery is accompanied by distinct changes in 

expressional patterns of host genes. A number of studies have 

analyzed the changes in bacterial gene expression triggered by phage 

infection. In a recent study, extensive alterations in RNA profiles 

during phage infection of PAK_P3 in Pseudomonas aeruginosa was 

observed by application of metabolomics and RNA-sequencing 

(Chevallereau et al., 2016). It was found that pyrimidine metabolism 

was stimulated as one of several metabolic deviations for efficient 

production of viral components. Another study reported increases in 

the transcription of genes involved in host metabolic processes that 

are essential for energy preservation and synthesis of 

macromolecules (Ravantti et al., 2008). In contrast to studies that 

analyzed the acute phase of bacteriophage infection, analysis of the 
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transcriptional profile of the Campylobacter carrier state revealed 

host adaptation towards phage association, with several stress 

response genes down-regulated (Brathwaite et al., 2015). In other 

studies differential RNA-seq approaches were employed for the 

general determination of the C. jejuni transcriptome, identification of 

transcriptional start sites and a novel CRISPR-system or to analyze 

differential expression in chicken colonization (Dugar et al., 2013; 

Taveirne et al., 2013). In all examples, RNA sequencing proved a 

valuable tool for the exploration of general transcriptional features 

and for the analysis of transcriptional modulations associated with 

presence of bacteriophages, in either lytic infection or transient 

association.  

In chapter 5 profound changes in a number of parameters of phage 

infection were identified and characterized that resulted from the 

disruption of the minor flagellin gene (flaB). Transcriptomic studies in 

this chapter, based on cDNA sequencing (RNA-seq), have been 

employed to give an insight into the potential effects of the 

transcriptional expression of genes during acute bacteriophage 

infection. Further it was examined whether the absence of the flaB 

transcription product may have an interfering effect on other 

transcripts during bacteriophage infection. Therefore, C. jejuni PT14 

wild type and flaB mutant cultures were growth at 42°C under 

microaerobic conditions into exponential growth phase and infected 

with bacteriophage CP_F1 to analyze phage-induced changes in 

transcriptional profiles. 
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7.2 Results 

7.2.1 In vitro growth of PT14 cultures for RNA 

extraction 

In chapter 5 changes in a number of parameters in connection with 

bacteriophage infection indicated that a flaB deficient mutant strain 

of PT14 experienced increased susceptibility towards infection of 

bacteriophage CP_F1 relative to the wild type. In order to gain 

insights into any potential effects of flaB gene absence on the 

expressional network of the whole cell during bacteriophage infection 

total RNA content was extracted and the synthesized cDNA 

sequenced. The analysis of expressional differences in response to 

bacteriophage infection by phage CP_F1 in the PT14 wild type and the 

flaB mutant strain was performed during acute bacteriophage 

infection. Cultures were grown following parameters previously 

established (Brathwaite, 2014). Briefly, three independent cultures of 

uninfected controls and CP_F1 infected cells were grown in 150 ml of 

nutrient broth No. 2 under microaerobic conditions and all were 

harvested at the same specific time point (Fig. 7.1). Analysis of 

bacteriophage growth parameters revealed the latent period of 

bacteriophage CP_F1 (Chapter 5). This data was employed to select 

a suitable time point for RNA extraction in which the cultures exhibited 

acute bacteriophage infection prior to host lysis (50 min post phage 

addition). Previous studies revealed that most striking changes in host 

transcriptional responses to bacteriophage infection occurred in the 

later stage of bacteriophage infection (Poranen et al., 2006; Ravantti 

et al., 2008; Ainsworth et al., 2013).  
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7.2.2 RNA extraction and sample processing 

Total RNA was isolated from uninfected and CP_F1 infected cells 

employing the Trizol Max Bacterial Isolation kit (Invitrogen) according 

to section 2.9 and was purified using an RNeasy Mini kit (Qiagen). 

Quantity determination was performed with a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies). Control of the integrity 

of the extracted RNA material prior to cDNA library preparation was 

monitored using a Bioanalyzer to reveal RNA integrity numbers (RIN) 

of 10. Depletion of ribosomal RNA from the total RNA was applied by 

using the Ribo-Zero rRNA removal kit for Gram-negative bacteria 

(Epicentre Biotechnologies) (Section 2.9.1). Subsequently, 2 μg of 

the rRNA depleted RNA was used to generate cDNA libraries 

employing the ScriptSeq mRNA-Seq library preparation kit (Epicentre 

Biotechnologies). The individual libraries were indexed, pooled and 

sequenced with an Illumina HiSeq 2000 sequencing system. In order 

to remove the adapter indices and filter the raw reads CLC Genomics 

Workbench version 8.0 software was used (Section 2.9.3). The 

filtered reads were mapped against the C. jejuni PT14 reference 

genome, accession no. CP003871 (Brathwaite et al., 2013). 
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Figure 7.1: Growth profile of C. jejuni PT14 wild type and flaB mutant 

cultures that where harvested for RNA extraction. Phage CP_F1 was 

added to the phage infection cultures two hours after start of cultures 

(indicated by the arrow). Cells were harvested 50 min (*) after phage 

addition, as the eclipse phase of CP_F1 infection was determined to lie in this 

timeframe during phage growth parameter experiments (Section 5.2.4). 
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Verification of acute phage infection was performed by PCR using 

synthesized cDNA (Section 2.9.4). For this purpose, specific primers 

targeting the gene for the major capsid protein (mcp) of 

bacteriophage CP_F1 (homolog of gp23 from phage NCTC 12673; 

Kropinski et al., 2011) were employed (Fig. 7.2), as transcripts of 

the major capsid protein have been characterized as most abundant 

in other CP8unalike phage infection processes (Brathwaite, 2014). 

 

 

Figure 7.2:  PCR based verification of acute CP_F1 infection of C. 

jejuni wild type (A) and flaB mutant (B) cultures. Specific primers 

hybridizing in the open reading frame coding for the major capsid protein 

were employed on synthesized cDNA from extracted total RNA of infected 

cultures (I1-3) or uninfected controls (C1-3). Specific amplicons were only 

generated in reactions containing samples extracted from phage-infected 

cultures. (Ma: 100 bp DNA ladder, Promega).  
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7.2.3 Transcriptional changes of host genes during 

CP_F1 infection 

The response in gene expression towards CP_F1 infection in the wild 

type comprised of 37 genes, which exhibited statistically significant 

differential expression (≥1.5-fold, Padj<0.05). In contrast, only three 

genes showed a significant expression difference in response to CP_F1 

infection in the flaB mutant cultures. Relative to the total host genetic 

makeup this represents 2.3% and 0.2%. These data indicate that the 

wild type experiences a more extensive transcriptional 

reprogramming than the mutant cultures in response to 

bacteriophage infection. In comparison to previous transcript studies, 

CP_F1 had distinctly less impact on the PT14 wild type host gene 

expression than comparable CP8unalike phages CP30A (6.2%) and 

CPX (28.7%) (Brathwaite, 2014). Genes that showed differential 

expression are listed in Table 7.1 to 7.3, where they are sorted 

according to functional classes (Parkhill et al., 2000; Gundogdu et al., 

2007). 

 

7.2.3.1 Transcriptional changes in the wild type 

In the wild type cultures of PT14, in total 36 genes were significantly 

up- and one gene down-regulated. The greatest fold change was 

observed in genes coding for a transposase (A911_03645 (cj0752), 

put. pseudogene, 4.2-fold), a hypothetical protein (A911_02060, 4.0-

fold) and a periplasmic protein (A911_02065 (cj0424), 3.8-fold).  The 

only gene found to experience down-regulation upon CP_F1 infection 

encodes a subunit of a putative allophanate hydrolase (A911_07425 
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(cj1546)). Among the remaining genes, which were differentially 

expressed, are seven gene loci of which products are involved in 

transport and transfer of iron, ammonium and methionine 

(Table 7.1). In addition, seven genes were observed coding for 

hypothetical proteins and three genes, which can be classified into 

the functional group of cell envelope related genes (periplasmic 

proteins) (A911_02065 (cj0424), A911_02070 (cj0425) A911_03555 

(cj0728)). Further genes that showed relatively higher transcription 

in the infected cultures were six belonging to the functional category 

of central intermediary metabolism, with four comprising the leuABCD 

gene operon (A911_08270 (leuD), A911_08275 (leuC), A911_08280 

(leuB), A911_08285 (leuA)). Likewise, six genes involved in energy 

metabolism were found to experience an increase in expression in 

CP_F1 infected cultures (Table 7.1). Finally, six genes involved in 

stress adaptation responses and DNA repair systems were found to 

exhibit increased expression, among which were members of the 

hrcA-grpE-dnaK chaperon operon (A911_03670 (grpE), A911_03675 

(dnaK)) and co-chaperones clpB and groES (A911_02485 (clpB), 

A911_05920 (groES)).  

 

7.2.3.2 Transcriptional changes in the flaB mutant strain 

Of the three genes exhibiting differential expression in the PT14 flaB 

mutant upon CP_F1 infection, with relevant (≥1.5-fold) and 

statistically significant (Padj<0.05) impact, two genes were up-

regulated and one gene down-regulated (Table 7.2). Genes that 

showed differential expression were coding for transporter proteins. 



Chapter 7 
 

225 
 

While a symporter for sodium uptake (A911_00120 (Cj0025c)) was 

up-regulated 1.5-fold, a transporter of the TonB energy transduction 

system, involved in iron uptake, (A911_07845 (exbD2)) was down-

regulated 1.5-fold. Further, a nearly 2.5-fold increase in expression 

of a hemoglobin protease associated with pathogenicity (A911_01060 

(Cj0223)) was found in the flaB mutant during infect but showed no 

regulation in the infected wild type (7.2.3.3). 

 

7.2.3.3 Differential expressional pattern between wild type and 

flaB mutant  

A differential comparison between regulated genes in the wild type 

and the flaB mutant indicated eight genes that experienced 

transcriptional divergence between the strains. Within this pool of 

genes, the most striking difference was found in a gene coding for the 

pathogenicity-like protein Cj0223 (A911_01060). In a previous study, 

this gene was identified as coding for a serine protease precursor 

(eatA) and was further classified as a potential pseudogene. This gene 

was further found to be 1.8-fold up-regulated in response to CP30A 

infection (Brathwaite, 2014). The further genes experiencing lower 

expression rates in the flaB mutant than in the wild type fall into the 

functional groups of general energy metabolism (sugar transferases 

A911_08310 (metA) and A911_02135 (sdhB)), a periplasmic protein 

operon (A911_02065 (cj0424) A911_02070 (cj0425)) and an 

accessory colonization factor (A911_03770 (acfC)). 
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Table 7.1: Differential expression of genes in PT14 wild type upon CP_F1 infection. 

     
Gene designation Product fold change padj

a 

  
 

 

cell envelope  
 

 

A911_02065 (cj0424) putative acidic periplasmic protein 3.8 2.23E-10 

A911_02070 (cj0425) periplasmic protein 3.3 7.51E-11 

A911_03555 (cj0728) periplasmic protein 1.8 1.95E-04 

  
 

 

Central intermediary metabolism  
 

 

A911_08270 (leuD) 3-isopropylmalate dehydratase small subunit 1.7 4.63E-06 

A911_08275 (leuC) isopropylmalate isomerase large subunit 2.3 3.74E-04 

A911_08280 (leuB) 3-isopropylmalate dehydrogenase 2.4 1.61E-06 

A911_08285 (leuA) 2-isopropylmalate synthase 2.2 8.35E-04 

A911_08310 (metA) homoserine O-succinyltransferase 1.7 1.98E-04 

A911_08315 O-acetylhomoserine sulfhydrylase / O-succinylhomoserine sulfhydrylase 1.8 0.00E+00 

    

Chaperones, chaperonins, heat shock  
 

 

A911_02485 (clpB) ATP-dependent Clp protease ATP-binding subunit 1.9 5.52E-14 

A911_03670 (grpE) heat shock protein GrpE 1.8 3.57E-03 

A911_03675 (dnaK) Molecular chaperone Dnak 1.8 2.28E-05 

A911_05815 (Cj1199) 2OG-Fe(II) oxygenase 2.5 6.15E-08 

A911_05920 (groES) co-chaperonin GroES 1.6 2.38E-06 

A911_06915 putative nucleotidyltransferase (DNA-repair) 1.7 5.05E-05 
 

Padj: corrected p-value representing a false discovery rate of <5% 
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Table 7.1 (continued) 

    

Gene designation Product fold change padj
a 

    

Conserved hypothetical proteins  
 

 

A911_00970 hypothetical protein 2.2 2.72E-08 

A911_02060 hypothetical protein 4.0 5.09E-06 

A911_02625 hypothetical protein 1.6 2.70E-05 

A911_04770 hypothetical protein 1.6 2.32E-02 

A911_06030 hypothetical protein 1.5 3.40E-04 

A911_06914 hypothetical protein 1.7 9.59E-04 

A911_07830 hypothetical protein 2.2 3.12E-02 

    

Energy metabolism  
 

 

A911_00855 (Cj0182) TonB-dependent colicin lipoprotein, putative 1.9 1.34E-02 

A911_03410 glutamine synthetase 3.3 1.87E-03 

A911_03560 type I phosphodiesterase/nucleotide pyrophosphatase 1.7 3.66E-05 

A911_05825 Methionine synthase II 2.6 1.55E-08 

A911_05830 (metF) 5,10-methylenetetrahydrofolate reductase 2.1 0.00E+00 

A911_07425 (cj1546) putative Allophanate hydrolase subunit 1 -1.6 1.11E-20 

    

IS elements  
 

 

A911_03645 (cj0752) ISCco1, transposase orfB 4.2 1.85E-06 
 

Padj: corrected p-value representing a false discovery rate of <5% 
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Table 7.1 (continued) 

 

Gene designation Product fold change padj
a 

    

Purines, pyrimidines, nucleosides and nucleotides  
 

A911_06916 HAD superfamily hydrolase 1.6 1.79E-03 

A911_00700 sugar transferase 2.1 2.13E-04 

  
 

 

Transport/binding proteins  
 

 

A911_03550 ABC-type Fe3+ transport system 2.8 1.35E-02 

A911_02450 (cj0501) ammonium transporter, put. Pseudogene 1.5 0.00E+00 

A911_03730 D-methionine transport system substrate-binding protein 1.5 5.15E-05 

A911_03735 D-methionine transport system substrate-binding protein 1.7 1.09E-02 

A911_03740 D-methionine transport system substrate-binding protein 1.6 5.52E-14 

A911_05820 (cj1200) putative NLPA family lipoprotein (methionine transport) 3.1 3.21E-10 

A911_07780 (chuC) putative hemin uptake system ATP-binding 1.9 1.45E-02 

 

 

Padj: corrected p-value representing a false discovery rate of <5% 
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Table 7.2: Differential gene expression in the flaB mutant strain upon infection with CP_F1. 

    

Gene designation Product fold change padj
a 

 
Pathogenicity 

   

A911_01060 (Cj0223) Pathogenicity-like protein, put. pseudogene 2.5 1.69E-02 
    

Transport/binding proteins   

A911_07845 (exbD2) biopolymer transport exbD protein -1.5 1.81E-02 

A911_00120 (Cj0025c) sodium/dicarboxylate symporter; K06956 uncharacterized protein  1.5 0.00E+00 

 

Padj: corrected p-value representing a false discovery rate of <5% 
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Table 7.3: Difference in expression of genes in CP_F1 infected cultures of the flaB mutant strain and wild type of PT14. Displayed are the 

n-fold changes of transcripts in flaB mutant strain relative to infected wild type. 

    

Gene designation Product fold change padj
a 

 
Cell envelope    
A911_02065 (cj0424) putative acidic periplasmic protein -2.2 4.13E-02 

A911_02070 (cj0425) periplasmic protein -2.0 5.63E-02 

  
 

 

Energy metabolism  
 

 
A911_06970 COG1104 Cysteine sulfinate desulfinase/cysteine, desulfurase and related enzymes -1.5 1.22E-03 

A911_08310 (metA) COG1897 Homoserine trans-succinylase -1.5 6.38E-09 

A911_02135 (sdhB) succinate dehydrogenase, iron-sulfur protein -2.1 1.49E-03 

    

Pathogenicity  
 

 

A911_01060 (Cj0223) Pathogenicity-like protein, put. pseudogene  2.5 1.69E-02 

A911_03770 (AcfC) COG4588 Accessory colonization factor -1.5 3.34E-02 

  
 

 

Conserved hypothetical proteins  
 

A911_06720 hypothetical protein -1.9 1.25E-03 

    
 

Padj: corrected p-value representing a false discovery rate of <5% 
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7.3 Discussion 

7.3.1 Phage CP_F1 induced transcriptional responses 

In general, the bacteriophage infection process of host cells induces 

an extensive redirection of bacterial gene expression that manifests 

in complex patterns of increased and decreased abundance of specific 

transcripts of several host genes. Unnecessary metabolic processes 

are effectivity shut down and cessation of bacterial DNA replication 

initiated (Kashlev et al., 1993; Nechaev & Severinov, 1999; Liu et al., 

2004). In addition, with the introduction of several viral encoded 

transcripts the transcriptional machinery is effectively hijacked and 

harnessed to produce viral components. 

In this chapter, the general response of host gene expression towards 

infection of CP8unalike phage CP_F1 was analyzed. Further, it was 

investigated to what extent the effects of a mutation in the flaB gene 

could affect the differential gene expression patterns in the mutant 

strain upon phage infection, as compared to the wild type strain. 

Comparative analysis of differential gene expression revealed that the 

overall differences in gene expression were moderate in the wild type 

compared to those previously observed for the CP8unalike phages 

CPX and CP30A (Brathwaite, 2014). However, even fewer 

transcriptional responses were found in the mutant strain, with only 

three significant changes in differential expression observed. 

Regarding the marginal alterations of transcripts in the mutant strain, 

it can be assumed that the individual biological replicates react 

differently on the phage infection process resulting in greater 

variation between individual replicates. This will result in adjusted 
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probability values that fall below the statistical threshold. Another 

factor, which might have a profound effect on the data, will be the 

total proportion of phage-infected cells. Due to the rather low MOI of 

one it can not be excluded that a substantial proportion of host cells 

was not under phage infection prior to RNA extraction. This 

circumstance will have an impact on the expression profile of 

individual open reading frames and will reduce the statistical certainty 

of the acquired expression data. 

In addition, analysis of differential expression of host genes was 

performed at only one time point during the late phase of 

bacteriophage infection due to limited financial resources, and may 

not reflect changes in host gene expression that might have occurred 

in the earlier phases of infection. The selected time point was chosen 

based on previous transcriptional analyses with other CP8unalike 

phages (Brathwaite, 2014) to achieve comparability of results. Due 

to this strategy, a complete description of the transcriptional response 

throughout the whole phage infection process was not achieved. 

Changes in the expression responses of the host are likely a phage 

dependent trait, and represent the response to a specific phage with 

a corresponding time course for viral early, middle and late gene 

expression during the infection cycle. Transcriptional studies during 

infection of T-even bacteriophages, for example, showed an extensive 

shutdown of host transcription in the early phase of phage infection, 

while a study of ᶲ29 infection of B. subtilis indicated continuous 

expression of host genes until the lytic phase of infection (Koerner & 

Snustad, 1979; Schachtele et al., 1972). Hence, for future analyses 

the acquisition of expressional data for multiple time points during the 
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infection process of CP_F1 might help to deliver a more significant 

insight into the influence of phage infection onto the host 

transcriptional machinery.   

 

7.3.1.1 Transcriptional response of the PT14 wild type towards 

CP_F1 infection 

Previous analyses of transcriptional responses towards infection of 

campylobacter-specific bacteriophages revealed a number of phage-

induced changes in host gene expression (Brathwaite, 2014). 

Comparative evaluation of the effects induced by two CP8unalike 

phages showed that CPX infection of PT14, yielded 20-times more 

genes to be up-regulated compared to CP30A infection. Likewise, five-

times more genes experienced down-regulation. These observations 

indicate that CPX initiates a more extensive affect on the host 

transcription apparatus. In both phages, CP30A and CPX, a 

substantial number of genes that were found in higher abundance in 

infected cultures encoding products involved in the acquisition and 

transport of exogenous iron (Brathwaite, 2014). Iron sufficiency is an 

essential factor for efficient colonization and virulence of 

campylobacters. Components involved in iron acquisition were 

assumed to represent a central requirement for the efficient supply 

with co-factors for iron-dependent metabolic process during phage 

replication (Hermans et al., 2012; Brathwaite, 2014). In this study, 

CP_F1 infection of strain PT14 also led to differential expression of 

genes involved in iron acquisition, although to a lesser extent. 

However, in contrast to previous studies, the main group of affected 
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genes were found to be involved in methionine transport, rather than 

iron import. In addition, genes were found to be differentially 

expressed that predominantly fall into the groups representing 

chaperones and stress regulators, energy metabolism and transport 

systems. Nonetheless, two genes involved in iron uptake were found 

up-regulated during acute phage infection, indicating that the 

availability of intracellular iron also plays a significant role in CP_F1 

infection. Considering the observed modulations of host gene 

expression, infection of CP_F1 represents no exception to that of 

previous analyses of phage induced transcriptional responses. For 

example, phage PRR1 infection of P. aeruginosa also induced 

differential expression of genes involved in transport, energy 

generation and synthesis of proteins (Ravantti et al., 2008). 

Regarding the extensive up-regulation of genes connected to 

methionine metabolism one can only speculate about the beneficial 

effect during phage infection. Methionine plays an essential role for 

protein synthesis and as part of the co-factor of S-andenosyl 

methionine (SAM) (Ferla & Patrick, 2014). Timms et al. (2010) 

discovered in the genome of CP220 many putative genes associated 

with the formation of radical SAM enzymes. The concerted action of 

these gene products was assumed to boost the host metabolism 

during phage infection. Similar genes were identified in the genomes 

of other CP220like phages (Hammerl et al., 2012; Carvalho et al., 

2012). A drastic increase in phage derived radical SAM enzymes 

during phage infection may represent a plausible cause for an 

increased demand in methionine. However, in the genome of phage 
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CP_F1, as well as in all sequenced CP8unalike phages, no genes 

coding for radical SAM-proteins were identified. Hence, the cause for 

increased methionine synthesis during CP_F1 infection requires 

further investigation. Analysis of PT14 gene expression during 

infection of CP220 or related phages has not been performed to date, 

but may pose an interesting approach to elucidate if modulations in 

the expression of methionine synthesis associated genes occur during 

infection of CP220like phages. 

In addition to methionine transport genes, up-regulation of all 

components of the leuABCD operon that are involved in leucine 

synthesis were observed during CP_F1 infection. Gene products of 

this operon are involved in the formation of leucine from 2-

isopropylmalate, which is derived from the pyruvate metabolism 

(Vartak et al., 1991). With that regard, leucine synthesis may be 

stimulated during phage infection as prerequisite for the synthesis of 

phage proteins. In previous gene expression studies, the leuD gene 

was observed 3.8-fold up-regulated in CSLC cultures of C. jejuni 

HPC5, while leuA, leuB and leuC were down-regulated in CPX infection 

of PT14 (Siringan, 2013; Brathwaite, 2014). Hence, no clear tie 

between increased leucine synthesis and Campylobacter phage 

infection can be generally attributed. 

Besides the differential expression of synthesis associated genes, 

heat shock proteins dnaK and groES together with clpB and grpE 

showed increased levels of expression. These genes are associated 

with bacterial stress and increased expression of associated genes 

represents a plausible response to bacteriophage infection. In 



Chapter 7 
 

236 
 

previous studies, it was shown that inactivation of the transcriptional 

regulator hspR was accompanied by increased expression of these 

stress-related genes (Andersen et al., 2005; Holmes et al., 2010). 

Further, in the CSLC cultures of PT14 associated with CP30A down-

regulation of hspR was observed and was further linked to adaptation 

towards transient phage infection (Brathwaite et al., 2015). In the 

current study, no significant changes in hspR expression during acute 

CP_F1 infection were observed, indicating a more complex path of 

regulation. This assumption is further supported by previous 

observations that showed that inactivation of an alternative heat 

shock regulator (hrcA) also resulted in differential expression of groES 

and groEL (Holmes et al., 2010). Activation of stress associated gene 

products during phage infection is not a surprising observation, as 

several phage infection studies have reported similar results. During 

infection of P. aeruginosa by podovirus LUZ19 the increase in stress 

related proteins was reported (Lavigne et al., 2013). In addition, 13 

operons exhibited reduced expression levels, which was assumed to 

be the result of a coordinated host shutdown event. In another study, 

infection of E. coli through bacteriophage PRD1 predominately 

resulted in up-regulation of genes involved in heat shock-related 

stress response regulons, as well as chaperonins and proteases 

(Poranen et al., 2006). Further, several genes involved in the 

synthesis of exopolysaccharides experienced higher expression. 

Another example of phage-induced modulation of protein expression 

was found in c2 infection of Lactococcus lactis subspecies lactis 

IL1403. However, in this example the gene targets that showed 

differential expression were mostly associated with cell envelope 
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processes, regulatory functions and carbohydrate metabolism. More 

specifically, genes coding for energy conversation, membrane stress 

and the maintenance of the proton motive force were found to be up-

regulated (Fallico et al., 2011). In CP_F1 infection, also a number of 

periplasmic proteins and a sugar transferase were differentially 

expressed in addition to above mentioned genes. Especially genes 

A911_02065 and 02070, which code for putative periplasmic proteins 

are noteworthy, as both experienced a more then 3-fold increase in 

the wild type but not in the flaB mutant. Further, no increase in the 

abundance of these transcripts has been observed in the 

transcriptional analyses of other CP8unalike phages. C. jejuni PT14 is 

highly susceptible to phages CPX and CP30A. In chapter 5, it is 

documented that a flaB-deficient mutant strain exhibited increased 

susceptibility to CP_F1 infection, while wild type cultures are capable 

of escaping phage infection to a greater degree. The gene products 

of A911_02065 and 02070 may represent further factors in 

connection to phage resilience and could be targets for further 

research.  

Finally, no significant changes in flaB expression were found during 

CP_F1 infection. In contrast to this observation, during acute CPX 

infection a 2-fold down-regulation was found in strain PT14 

(Brathwaite, 2014). Likewise, transient bacteriophage association 

induced differential expression of flaB in strain PT14 (Brathwaite et 

al., 2015). In carrier state cultures associated with phage CP30A a 

4.6-fold increase in flaB transcription was observed as a response to 

phage carriage (Siringan, 2013; Brathwaite et al., 2015). However, 



Chapter 7 
 

238 
 

phage CP_F1 showed a profoundly different lytic spectrum to that of 

comparable CP8unalike phages and produced opaque lysis reactions 

on PT14 bacterial lawns (Chapter 3), although it is genetically 

classified as a CP8unalike phage. Hence, data from lytic spectra and 

transcriptional analyses indicate that CP_F1 appears to interact 

differently with its bacterial hosts than comparable CP8unalike 

phages. 

 

7.3.1.2 Transcriptional response of the flaB mutant of PT14 

towards CP_F1 infection 

CP_F1 infection of the flaB-deficient strain resulted in a lower number 

of deferentially expressed genes. In total only transcripts of a 

pathogenicity-associated gene and two genes coding for transporters 

experienced alteration in relation to the uninfected control. Among 

the transport associated genes, a gene coding for a sodium 

transporter which experienced up-regulation in a similar range during 

CPX infection (2-fold increase) was found in higher abundance during 

phage infection. It was further observed that a biopolymer transporter 

(exbD2), that is a part of one of the three putative TonB energy 

transduction systems, experienced down-regulation in CP_F1 infected 

cultures. In a previous study, the gene coding for ExbD2 was found 

up-regulated under iron limited conditions and in response to phage 

infection of CPX and CP30A (Brathwaite, 2014). TonB energy 

transduction systems play an essential role in iron acquisition through 

iron-siderophore complex transport (Moeck & Coulton, 1998). As 

phage infection of CP8unalike phages was accompanied by an 
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increase in iron up-take, it appears surprising why CP_F1 infection 

induces down-regulation of an iron transport associated gene, but 

displays once again the unique characteristics associated with CP_F1 

infection. 

In conclusion, this study has provided insights into the influence of 

host gene expression as response to CP_F1 infection. In comparison 

to other CP8unlike phages, CP_F1 induced less profound changes in 

host gene expression during the phage infection process. In addition 

to the results obtained from lytic spectra and the analysis of potential 

phage infection receptors in chapter 3, here the expression data 

adds to the evidence that CP_F1 may represent a novel CP8unalike 

phage type with unique properties. In the current study, no phage 

specific gene expression was mapped during the analyses, therefore 

no data about the abundance of CP_F1 gene products in the wild type 

and the mutant strain were generated. This might be an interesting 

approach for future analyses to investigate if the disruption of flaB 

causes any changes in the expression of phage associated genes. 

Nevertheless, data collected in this study, together with previous 

analyses, showed that even among genetically similar bacteriophages 

different expressional responses in the same host can be observed.
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CHAPTER 8 

8.1 GENERAL DISCUSSION AND CONCLUSION 

As a major zoonotic pathogen C. jejuni is the dominant cause of 

foodborne gastroenteritis throughout the world. Contaminated 

poultry meat has been recognized as the primary vector for the 

transmission of pathogenic C. jejuni cells onto the human consumer, 

although pork has also been associated with Campylobacter 

infections. The surface and texture of raw meat is a complex matrix 

that represents a challenge for effective reduction of microbial 

contaminants with conventional agents. Further, the application of 

physical or chemical treatments may affect the quality of the meat 

product. Hence, several approaches, including antibiotic treatment, 

focused on the reduction of Campylobacter numbers during primary 

production to minimize the bacterial loads, which could potentially 

contaminate the carcass during the slaughter process (Wagenaar et 

al., 2006; Connerton et al., 2008; Lin, 2009). However, due to the 

excessive application of antibiotics as preventive measures and 

growth promoters, antimicrobial resistance in several bacterial genera 

have emerged throughout the poultry production chain (Gyles, 2008). 

With the increasing abundance of antibiotic-resistant Campylobacter 

isolates (Luangtongkum et al., 2009) alternative strategies have 

gained attention to reduce Campylobacter numbers in productive 

animals in order to minimize the numbers of pathogenic contaminants 

in the human food chain. For both areas of application, in pre- and 

post-harvest the use of bacteriophage cocktails has been suggested 
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as a potential biocontrol strategy against campylobacters (Connerton 

et al., 2011). As bacteria live in close proximity to their 

bacteriophages, theoretical models have been established that 

describe the development of an equilibrium following predator-prey 

interactions in nature (Campbell, 1961; Levin et al., 1977). Due to a 

constant process of co-evolution, bacteria can develop resistance 

towards bacteriophage infection through a number of mechanisms 

(Labrie et al., 2010). In order to avoid loss of effectivity of a 

bacteriophage preparation due to development of resistance in the 

target bacterium, a phage cocktail containing diverse single phages is 

desirable. The main objective of this study was therefore to isolate 

and characterize novel bacteriophages from an, up to now, 

predominantly unstudied ecological niche. Environmental samples 

from pig farms and an abattoir were processed to increase the 

diversity of characterized Campylobacter-specific bacteriophages and 

find suitable candidates for a highly efficient bacteriophage cocktail. 

However, with regard to lytic spectra no bacteriophages were isolated 

from pig samples that would exhibit broader host ranges than 

previously characterized bacteriophages CP8, CP30A or phages from 

the NCTC typing collection. These findings indicate that 

bacteriophages present in the intestinal tract of pigs may exhibit a 

better adaption towards C. coli strains (which are the predominate 

colonizers of pigs (Fosse et al., 2009; Horrocks et al., 2009)), as the 

ability to lyse C. jejuni strains was limited. However, on the genetic 

level, all isolated bacteriophages either showed CP220like or 

CP8unalike genome organization. Another aspect of this thesis was 

the first extensive comparative analysis of a larger number of 
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bacteriophage genomes. This analysis revealed that bacteriophages 

lacked diversity with regard of the organization of functional open 

reading frames. A similar limitation of genetic diversity was found in 

phage isolates infecting the Gram-positive, skin commensal 

bacterium Propionibacterium acnes (Marinelli et al., 2012). The 

majority of bacteriophage populations infecting well-studied 

microorganisms showed higher degrees of diversity on the genetic 

level (Casjens, 2008). These observations raise questions concerning 

the factors that limit bacteriophage diversity in these two examples. 

As with P. acnes, campylobacters also prosper in a specialized 

ecological niche. Campylobacter colonization of animal or human 

hosts occurs in the highly viscous intestinal mucosa (Janssen et al., 

2008). E. coli, in contrast, are highly versatile and can colonize 

multiple niches within the human body, resulting in a number of intra- 

and extraintestinal diseases (Kaper et al., 2004). Hence, their 

bacteriophages must remain stable and infective in a number of 

hostile environments. Therefore, E. coli represents a bacterium for 

which a vast number of bacteriophages have been isolated and 

characterized (Grose & Casjens, 2014). Among these characterized 

isolates exists a high degree of general diversity, which led to the 

classification into 16 different Caudovirales phage genera (ICTV, 

2016). Taking this into account, the specialization onto one specific 

habitat and the accompanied limitations of the Campylobacter hosts 

may be the prime factors for the limited diversity of their 

bacteriophages. 
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Within CP220like phages however, certain genetic differences were 

found. Non-coding, repetitive areas were observed, that differ in 

frequency and total length between individual phages. The presence 

of regions containing stretches of repetitive sequences in the 

genomes of CP220like bacteriophages was reported numerous times 

(Timms et al., 2010; Carvalho et al., 2011; Jäckel et al., 2015). The 

functions of these non-coding areas have not been elucidated, but it 

has been speculated that they might serve as targets for 

recombination events during diversification processes (Jäckel et al., 

2015). In this study, potential binding targets for host sigma factors 

were identified. Further, binding of total proteins extracted from 

phage-infected C. jejuni cultures was demonstrated by electro 

mobility shift analyses. A novel role in host shut down may be 

attributed to this phenomenon in form of a scavenging process in 

which host sigma factors are bound during infection. This could 

represent a novel sort of host manipulation. In phage infection 

processes of E. coli comparable mechanisms have been reported. The 

Alc protein produced by phage T4 was shown to induce a shutdown 

of host transcription through cessation of transcript elongation after 

binding to specific sequences within the E. coli genome (Kashlev et 

al., 1993). In phage T7 infection, a different strategy of transcription 

termination was reported in which direct inactivation of host RNA 

polymerase activity induced by gp2 occurred (Nechaev & Severinov, 

1999). Considering that all three sigma factors of C. jejuni may serve 

as potential binding targets within numerous repetitive regions 

present within the genome of CP220like phages, this strategy may 
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hold high potential for the modulation or termination of host gene 

expression. 

In addition to observations regarding phage diversity and genomic 

setup, it was demonstrated that CP8unalike phage CP_F1 exhibited 

differences to other characterized phages from this genus. CP_F1 

infection was affected by the presence of an intact flaB gene, coding 

for the minor flagellin, and exhibited dependence on motility and 

capsular polysaccharides for efficient infection of its host. CP8 and 

CP30A on the other hand showed no noticeable decrease in infection 

efficiency of non-motile strains. Together with the data from 

transcriptional analysis it can be hypothesized that CP_F1 may 

represent a specialist, which should be considered in future analyses 

of phage-host interactions. Regarding the effects of the flaB gene, it 

was shown that absence of an intact version of this gene yielded the 

mutant strain more susceptible towards bacteriophage infection and 

affected bacteriophage adsorption. A deeper follow-up investigation 

of the effects associated with flaB-absence on the infection process of 

further phages will help to elucidate if the properties of an intact flaB 

gene are part of a general phage defense system or just affect a 

certain set of phages. 

C. jejuni PT14 is described as a strain that is highly susceptible to 

bacteriophage infection. In a previous study, only 15% of 60 virulent 

bacteriophages were unable to induce lysis of strain PT14 

(Brathwaite, 2014). Therefore, it was chosen as the basis for the 

generation of single gene knock out mutant strains. Previous studies 

analyzed surface associated factors concerning their connection to 
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bacteriophage infection (Coward et al., 2006; Sørensen et al., 2011; 

Baldvinsson et al., 2014). In this study, further factors were included 

to elucidate their effect on bacteriophage infection and evaluate if 

these factors might contribute to the development of bacteriophage 

resistance.  However, for the majority of employed knock out strains 

no apparent effect on the bacteriophage infection process was 

observed with respect to the tested set of bacteriophages.  

In conclusion, the findings in this thesis provide valuable information 

regarding the genetic types of bacteriophages that can be obtained 

from porcine samples. Further, it was shown, that the majority of 

bacteriophage isolates obtained from these sources showed limited 

potential for use in bacteriophage cocktails targeting C. jejuni strains 

colonizing poultry and causing the majority of recorded infections. In 

addition, a novel function connected to defense against infection by 

virulent bacteriophages has been associated with the minor flagellin 

gene (flaB). A deeper characterization of the effects and the 

regulation of flaB-associated processes might prove valuable with 

respect to the exploration of novel types of bacteriophage defenses. 

Besides scientific value, a more detailed analysis of flaB might also 

prove useful from an application-centered viewpoint. Phage 

propagation experiments in this project demonstrated that flaB will 

influence biotechnological propagation of certain bacteriophages on 

larger scales and properties associated with flaB could affect the 

application of bacteriophage cocktails in the field. Finally, 

bioinformatic and experimental analyses gave insight into the 

genomic organization of a range of CP8unalike and CP220like 
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bacteriophages and demonstrated that repetitive regions within the 

genome of CP220like phages bind to proteins that are present within 

a protein extract of phage-infected C. jejuni cultures.  

 

8.2 OUTLOOK 

Due to time constraints, it was not possible to elucidate some of the 

remaining aspects of the project that arose from the results of several 

experimental approaches. One example of further experimental 

analysis in future projects may include the characterization of 

bacteriophage isolates that elicited no lytic reactions on strain 

C. jejuni PT14. In chapter 3, not all bacteriophages could be 

characterized with the generated mutant strains, as they lacked the 

ability to lyse PT14. The generation of similar mutants based on 

strains C. coli NCTC 12666 or 12667 might represent one approach 

to characterize these phages. However, the mutant strain library that 

was established in this project proved a valuable tool for analysis of 

factors associated with bacteriophage infection and might be 

employed in further analyses of novel bacteriophages. 

Further, the results from lytic reactions of phage CP_F1 on semi-solid 

media and in liquid cultures during infection of the LOS-deficient 

mutant strain (waaF) indicated increased susceptibility relative to the 

wild type. These results may be the foundation for further 

investigations to determine the basis for these alterations in phage 

infection. The analytical approaches might include methods that were 

employed during the characterization of the effects associated with 
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flaB-disruption on CP_F1 infection in chapter 5. In addition, the 

trans-complementation of the mutant strain might be a necessary 

step to verify the results obtained, as the transformation was not 

completed during the project period. In addition, the analysis of 

glycan distribution within the flagellar filament of the flaB mutant 

strain in relation to the wild type might complement the data acquired 

in chapter 5 and give additional insight on possible surface 

modifications caused by flaB disruption. With respect to the titration 

hypothesis established in chapter 6, additional experimental proof 

should include binding reactions with purified sigma factors. These 

could be yielded through heterologous expression in E. coli and 

purified with general protein purification methods. Follow-up binding 

experiments could therefore verify if sigma factors represent the 

binding partners of repeat regions in CP220like phages. 
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Appendix 1: Screening of bacteriophage-mediated lysis of motility 

related mutant strains of PT14 (see Chapter 3 for key descriptions). 
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A7.66 0 0 0 0 0 0 0 0 0

A8.66 0 0 0 0 0 0 0 0 0
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Appendix 1 (continued) 
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Appendix 2: Lytic reactions of bacteriophages on surface saccharide 

related mutants of PT14.  
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A1.61 0 0 0 0 0 0 0 0

A2.66 0 0 0 0 0 0 0 0

A3.66 0 0 0 0 0 0 0 0

A4.67 0 0 0 0 0 0 0 0

A5.67 0 0 0 0 0 0 0 0

A6.67 0 0 0 0 0 0 0 0

A7.66 0 0 0 0 0 0 0 0

A8.66 0 0 0 0 0 0 0 0

A9.66 0 0 0 0 0 0 0 0

A10.67 0 0 0 0 0 0 0 0

A11.67 0 0 0 0 0 0 0 0

A12.66 0 0 0 0 0 0 0 0

B1.67 0 0 0 0 0 0 0 0

B2.66 0 0 0 0 0 0 0 0

B3.66 0 0 0 0 0 0 0 0

B4.66 0 0 0 0 0 0 0 0

B5.66 0 0 0 0 0 1 0 0

B6.66 0 0 0 0 0 0 0 0

B7.66 0 0 0 0 0 0 0 0

B8.66 0 0 0 0 0 0 0 0

B9.66 0 0 0 0 0 1 0 0

B10.66 0 0 0 0 0 1 0 0

B11.66 0 0 0 0 0 0 0 0

B12.66 0 0 0 0 0 0 0 0

B13.66 0 0 0 0 0 0 0 0

B14.67 0 0 0 0 0 0 0 0

B15.67 0 0 0 0 0 0 0 0

B16.67 0 0 0 0 0 0 0 0

B17.67 0 0 0 0 0 0 0 0

B20.67 0 0 0 0 0 0 0 0

B22.67 0 0 0 0 0 0 0 0

B23.67 0 0 0 0 0 0 0 0

B25.67 0 0 0 0 0 0 0 0

B26.67 0 0 0 0 0 0 0 0

B27.67 0 0 0 0 0 0 0 0

B28.67 0 0 0 0 0 0 0 0

C1.67 0 0 0 0 0.5 0 0 0

C2.67 0 0 0 0 0 0 0 0.5

C3.67 0 0.5 0 0 0.5 0 0 0.5

C4.67 0 0 0 0 0.5 0 0 0

C5.66 0 0 0 0 0 1 0 0

C6.66 0 0 0 0 0 1 0 0

C7.66 0 0 0 0 0 1 0 0

C8.66 0 0 0 0 0 1 0 0

C9.66 0 0 0 0 0 1 0 0

C10.66 0 0 0 0 0 1 0 0

C11.60 1 1 0 0 1 0 SP 1

C12.60 1 1 0 0 1 0 SP 1

C13.60 1 1 0 0 0 1 1 1

D1.60 0 0 0 0 0 0 0 0

D2.60 0 SP 0 0 0 0 0 0

D3.60 0 0 0 0 0 0 0 0

D4.PT14 1 1 0 0 0 1 1 1

D5.PT14 1 1 0 0 0 1 1 1
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Appendix 2 (continued) 
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E1.61 0 0 0 0 0 0 0 SP

E2.61 0 0 0 0 0 0 0 0

E3.61 0 0 0 0 0 0 0 0

E4.61 0 SP 0 0 0 0 0 0

E5.61 0 0 0 0 0 0 0 0.5

E6.61 0 0 SP SP 0 0 0 1

E7.61 0 0 0 0 SP 0.5 0 0

E8.61 0 SP 0 0 0 0 SP SP

E9.61 0 0 0 0 0 0 0 0

E10.61 0 0 0 0 0 0 0 0.5

E11.61 0 0 0 0 1 1 0 0

E12.61 0 0 0 0 0 0 0 0

E13.61 0 0 0 0 0.5 0.5 0 0

E14.66 0 0 0 0 0 0 0 0

E16.66 0 0 0 0 0 0 0 0

E17.66 0 0 0 0 0 0 0 0

E18.66 0 0 0 0 0 0 0 SP

E19.66 0 0 0 0 0 0 0 0

F1.PT14 0.5 0.5 0 0 1 1 0 1

F2.PT14 0 0.5 0 0 1 1 0 1

F3.PT14 1 0.5 1 1 1 1 1 1

F4.PT14 1 0.5 1 1 1 1 1 1

B3.PT14 1 1 SP SP 1 1 1 1

B14.PT14 1 1 SP SP 1 1 1 1

D1.PT14 1 1 0 0 1 1 1 1

D2.PT14 1 1 0 0 1 1 1 1

D3.PT14 1 1 0 0 1 1 1 1

ɸ1 1 1 0 0 1 1 1 1

ɸ2 1 1 0 0 1 1 1 1

ɸ3 1 1 1 1 1 1 1 1

ɸ4 1 1 1 1 1 1 1 1

ɸ5 1 1 1 1 1 1 1 1

ɸ6 1 1 0 0 1 1 1 1

ɸ9 1 1 1 1 1 1 1 1

ɸ12 1 1 1 1 1 1 1 1

ɸ13 1 1 1 1 1 1 1 1

ɸ16 1 1 0 0 1 1 1 1

CP8 1 1 0 0 1 1 1 1

CP9 1 1 0 0 1 1 1 1

CP20 1 1 0 0 1 1 1 1

CP28 1 1 0 0 1 1 1 1

CP30 1 1 SP SP 1 1 1 1

CP32 1 1 SP SP 1 1 1 1

CP34 1 1 0 0 1 1 1 1

CP220 0.5 SP 0.5 1 1 1 1 1
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Appendix 3: Bacteriophage screening on PT14 mutant strains related 

to glycosylation or oxidative stress regulation (bacterial lawn grown 

on NZCYM (NZ) or Mueller Hinton (MH) media).  
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A3.66 0 0 0 0 0 0 0 0 0 0 0 0

A4.67 0 0 0 0 0 0 0 0 0 0 0 0

A5.67 0 0 0 0 0 0 0 0 0 0 0 0.5

A6.67 0 0 0 0 0 0 0 0 0 0 0 0

A7.66 0 0 0 0 0 0 0 0 0 0 0 0

A8.66 0 0 0 0 0 0 0 0 0 0 0 0

A9.66 0 0 0 0 0 0 0 0 0 0 0 0

A10.67 0 0 0 0 0 0 0 0 0 0 0 0.5

A11.67 0 0 0 0 0 0 0 0 0 0 0 0

A12.66 0 0 0 0 0 0 0 0 0 0 0 0

B1.67 0 0 0 0 0 0 0 0 0 0 0 0

B2.66 0 0 0 0 0 0 0 0 0 0 0 0

B3.66 0 0 0 0 0 0 0 0 0 0 0 0

B4.66 0 0 0 0 0 0 0 0 0 0 0 0

B5.66 0 0 0 0 0 0 0 0 0 0 0 0.5

B6.66 0 0 0 0 0 0 0 0 0 0 0 0

B7.66 0 0 0 0 0 0 0 0 0 0 0 0

B8.66 0 0 0 0 0 0 0 0 0 0 0 0

B9.66 0 0 0 0 0 0 0 0 0 0 0 0

B10.66 0 0 0 0 0 0 0 0 0 0 0 0

B11.66 0 0 0 0 0 0 0 0 0 0 0 0

B12.66 0 0 0 0 0 0 0 0 0 0 0 0

B13.66 0 0 0 0 0 0 0 0 0 0 0 0

B14.67 0 0 0 0 0 0 0 0 0 0 0 0

B15.67 0 0 0 0 0 0 0 0 0.5 0 0 0.5

B16.67 0 0 0 0 0 0 0 0 0 0 0 0.5

B17.67 0 0 0 0 0 0 0 0 0 0 0 0.5

B20.67 0 0 0 0 0 0 0 0 0 0 0 0

B22.67 0 0 0 0 0 0 0 0 0 0 0 0

B23.67 0 0 0 0 0 0 0 0 0 0 0 0

B25.67 0 0 0 0 0 0 0 0 0 0 0 0

B26.67 0 0 0 0 0 0 0 0 0 0 0 0

B27.67 0 0 0 0 0 0 0 0 0 0 0 0.5

B28.67 0 0 0 0 0 0 0 0 0 0 0 0

C1.67 0 0 0 0 0 0 0 0 0 0 0 0

C2.67 0 0 0 0 0 0 0 0 0 0 0 0.5

C3.67 0 0.5 0 0.5 0 0.5 0 0 0.5 1 0 0.5

C4.67 0 0 0 0 0.5 0 0 0 0 0 0 0.5

C5.66 0 0 0 0 0 0 0 0 0 0 0 0

C6.66 0 0 0 0 0 0 0 0 0 0 0 0

C7.66 0 0 0 0 0 0 0 0 0 0 0 0

C8.66 0 0 0 0 0 0 0 0 0 0 0 0

C9.66 0 0 0 0 0 0 0 0 0 0 0 0

C10.66 0 0 0 0 0 0 0 0 0 0 0 0

C11.60 1 1 SP 1 0 1 0 1 SP 1 1 1

C12.60 1 1 SP 1 0 1 0 1 SP 1 1 SP

C13.60 1 1 SP 1 SP 1 1 1 1 1 1 1

D1.60 0 0 0 0 0 0 SP 0 0 0 0 0

D2.60 0 SP 0 0 0 0 0 0 0 0 0 0

D3.60 0 0 0 0 0 0 0 0 0.5 0.5 0.5 0.5

D4.PT14 1 1 1 1 1 1 1 1 1 1 1 1

D5.PT14 1 1 1 1 1 1 1 1 1 1 1 1
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Appendix 3 (continued)  
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E1.61 0 0 0 0 0 0 0 0 0 0 0 0

E2.61 0 0 0 0 0 0 0 0 0.5 0 0.5 0

E3.61 0 0 0 0 0 0 0 0 0 0 0 0

E4.61 0 SP 0 SP 0 SP SP SP 0 0 0 0

E5.61 0 0 0 0 0 0 0 0 0.5 0.5 0.5 0.5

E6.61 0 0 0 0 0 0 0 0 0.5 0.5 0.5 0.5

E7.61 0 0 0 0 0 0 0 0 0.5 0 0 0

E8.61 0 SP 0 SP SP SP SP SP 0 0 0 0

E9.61 0 0 0 0 0 0 0 0 0 0 0 0

E10.61 0 0 0 0 0 0 0 0 0.5 0 0 0

E11.61 0 0 0 0 0 0 0 0 0 0 0 0

E12.61 0 0 0 0 0 0 0 0 0 0 0 0

E13.61 0 0 0 0 0 0 0 0 0 0 0 0

E14.66 0 0 0 0 0 SP SP SP 0 0 0 0

E16.66 0 0 0 0 0 0 0 0 0 0 0 0

E17.66 0 0 0 0 0 0 0 0 0 0.5 0 0

E18.66 0 0 0 0 0 0 0 0 0.5 0.5 0 0.5

E19.66 0 0 0 0 0 0 0 0 0 0 0 0

F1.PT14 0.5 0.5 0 0.5 0 1 1 1 1 1 1 0

F2.PT14 0 0.5 0 0.5 0 1 1 1 1 1 1 1

F3.PT14 1 0.5 0 1 0 1 1 1 1 1 1 1

F4.PT14 1 0.5 0 1 0 1 1 1 1 1 1 1

B3.PT14 1 1 1 1 0 1 1 1 1 1 1 1

B14.PT14 1 1 1 1 1 1 1 1 1 1 1 1

D1.PT14 1 1 1 1 1 1 1 1 1 1 1 1

D2.PT14 1 1 1 1 1 1 1 1 1 1 1 1

D3.PT14 1 1 1 1 1 1 1 1 1 1 1 1

ɸ1 1 1 1 1 1 1 1 1 1 1 1 1

ɸ2 1 1 1 1 1 1 1 1 1 1 1 1

ɸ3 1 1 1 1 1 1 1 1 1 1 1 1

ɸ4 1 1 1 1 1 1 1 1 1 1 1 1

ɸ5 1 1 1 1 1 1 1 1 1 1 1 1

ɸ6 1 1 1 1 1 1 1 1 1 1 1 1

ɸ9 1 1 1 1 1 1 1 1 1 1 1 1

ɸ12 1 1 1 1 1 1 1 1 1 1 1 1

ɸ13 1 1 1 1 1 1 1 1 1 1 1 1

ɸ16 1 1 1 1 1 1 1 1 1 1 1 1

Cp8 1 1 1 1 1 1 1 1 1 1 1 1

Cp9 1 1 1 1 1 1 1 1 1 1 1 1

Cp20 1 1 1 1 1 1 1 1 1 1 1 1

Cp28 1 1 1 1 1 1 1 1 1 1 1 1

Cp30 1 1 1 1 1 1 1 1 1 1 1 1

Cp32 1 1 1 1 1 1 1 1 1 1 1 1

Cp34 1 1 1 1 1 1 1 1 1 1 1 1

Cp220 0.5 SP SP 1 SP 1 1 1 1 1 1 1
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Appendix 4: PCR based discrimination of isolated bacteriophages. CP220 was used as positive control, CP30A as neg. control.
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Appendix 4 (continued) 
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Appendix 4 (continued) 
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Appendix 5: PCR based discrimination of isolated bacteriophages. CP30A was used as positive control, CP220 as neg. control. 
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Appendix 5 (continued) 
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Appendix 5 (continued) 
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Appendix 5 (continued) 
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Appendix 5 (continued) 
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Appendix 5 (continued) 

 

 

 

 


