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Abstract: Good Fayre or Fowl Play? The Role and Impact of Biosecurity in the 
Control of Campylobacter in Commercial Broiler Production  

Alex Royden 
 

Campylobacter is the leading cause of human bacterial gastroenteritis worldwide 
and is estimated to affect ~600,000 people per annum in the UK alone. Poultry meat products 
account for >70% of cases of campylobacteriosis and the reduction of Campylobacter 
contamination of chicken meat has become a food safety priority. Campylobacter spp. are 
ubiquitous in the poultry farm environment and therefore biosecurity interventions are the 
main stay for prevention of broiler flock colonisation. This project aimed to investigate the 
role and impact of biosecurity in the control of Campylobacter in previously unexplored and 
neglected areas of commercial broiler production.  

A qualitative study of broiler farmers’ attitudes and perceptions to biosecurity was 
used to identify incentives and barriers for maintaining biosecurity protocols. Twenty-eight 
broiler farm owners, managers and workers on 16 broiler farms were interviewed; revealing 
a high level of understanding of farm responsibility in Campylobacter reduction. Participants’ 
self-reported awareness and implementation of biosecurity has improved since the focus on 
Campylobacter control in commercial broilers has arisen. More must be done to 
communicate the evidence-base supporting biosecurity interventions and current scientific 
research on Campylobacter. Biosecurity compliance may be improved by establishing 
effective channels of communication with farmers and involving all players within the 
industry in the design of biosecurity interventions.  

Longitudinal sampling of the internal and external broiler house environment 
investigated risk factors for Campylobacter colonisation of broiler flocks; increasing mean 
flock age at slaughter, partial flock depopulation (thinning) and Campylobacter-positive 
external broiler house samples were identified as risk factors for colonisation and an 
increasing number of broiler houses and timing of sampling were protective.  

Finally, a retail survey of Campylobacter contamination of UK-produced, intensively 
reared Halal chicken meat was conducted. Previous surveys have not investigated broiler 
meat produced for different consumer demographics. The Campylobacter spp. prevalence 
was 65.4% (95% CI: 60.8-70.1%) in chicken neck skin samples and the highest level of 
contamination (>1000 cfu/g) was found in 13.8% (95% CI: 10.5-17.2%) of samples. A high 
prevalence of resistance was observed to the fluoroquinolone ciprofloxacin (42.0%; 95% CI: 
37.3-46.8%) and 38.5% of samples contained at least one multi-drug resistant Campylobacter 
isolate. This study demonstrated that Halal chicken has a higher prevalence of Campylobacter 
than non-Halal chicken (65.4% versus 54%; p<0.001). Chickens produced for the Halal market 
undergo multiple thinning events, which may increase the risk of Campylobacter 
colonisation. Large birds had a statistically significantly higher number of samples with >1000 
cfu/g (p<0.001), indicating that older birds, which may have been subjected to more 
biosecurity breaches, are more likely to be Campylobacter-positive.  
 Correct implementation of biosecurity interventions is the best defence against 
Campylobacter colonisation of broiler flocks. Industry targets to reduce Campylobacter have 
had a noticeable, positive knock-on effect on the implementation of biosecurity within the 
broiler industry. There has been little evidence of ‘fowl play’ in the implementation of 
biosecurity on broiler farms. However, there is room for improvement in the application of 
biosecurity measures in all corners of commercial broiler production. Parts of the UK broiler 
industry are lagging behind and this increased public health risk to affected consumer 
demographics, such as the Halal market, must be reduced. This will ensure a further 
reduction in the public health risk of campylobacteriosis and the continued production of 
‘good fayre’.
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Chapter 1 

General Introduction and Literature Review 

General Introduction to Campylobacter and Campylobacteriosis 

The Public Health Impact and Economic Significance of Human Campylobacteriosis 

Campylobacter is the leading cause of bacterial food-borne gastroenteritis worldwide, with 

the majority of human cases attributed to the poultry meat chain. In England and Wales in 

2016, there were 52,381 reported cases (PHE, 2018). Across the European Union (EU), 

231,650 cases were reported in 2015 (ECDC, 2018). However, these figures underestimate 

the true impact of the disease, as only one in ten cases are reported to national surveillance 

schemes (Tam et al., 2012). Campylobacteriosis is estimated to affect approximately 571,949 

people every year in the UK (Tam et al., 2012).  The majority of cases (>90%) are caused by 

C. jejuni, with C. coli accounting for a further 5-10% of cases (Gillespie et al., 2002). The 

majority of campylobacteriosis cases, in both indigenously-acquired and travel-associated 

cases occurring year-round, are attributed to raw and undercooked poultry meat and 

products (Strachan et al., 2013), accounting for approximately 30% of cases in the EU 

(BIOHAZ, 2011). However, studies performed in the United Kingdom (UK), Denmark and New 

Zealand at a national level have attributed poultry meat and products responsible for 51-76% 

of cases (Wilson et al., 2008; Mullner et al., 2009; Boysen et al., 2014). 

Aside from the high number of annual cases and the possible complications of acute 

infection, campylobacteriosis can lead to a number of chronic sequelae (described in more 

detail below). These significant public health implications are coupled to a serious socio-

economic burden, with campylobacteriosis costing the EU 0.35 million disability-adjusted 

life-years (DALYs) and €2.4 billion per annum (BIOHAZ, 2011). Tam and O’Brien (2016) 

estimated the costs of Campylobacter to patients and the UK National Health Service (NHS) 

at £50 million (95% CI: £33m–£75m) per annum. The cost of a case of Campylobacter was 

estimated at £85, which was mostly borne by patients and caregivers through lost income or 

out-of-pocket expenditure. The cost of Campylobacter-related Guillain-Barré syndrome (one 
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of the most serious complications of campylobacteriosis) hospitalisation was estimated to be 

£1.26 million (95% CI: £0.4m–£4.2m) per annum. 

The Genus Campylobacter: Characterisation and Identification 

The family Campylobacteriaceae (proposed in 1991) includes four closely related genera; 

Campylobacter, Arcobacter, Dehalospirillum and Sulfurospirillum (PHE, 2015b). There are 

currently 39 Campylobacter species and 16 sub-species in the genus Campylobacter (LPSN, 

2018). These are highly motile, small (0.2-0.9µm wide and 0.2-8.0µm long) bacteria with 

typical cell morphology of small, slim, curved or spiral, Gram-negative rods, with polar flagella 

at one or both ends of the cell (Humphrey, O'Brien and Madsen, 2007).  

Campylobacteriaceae are obligate microaerophiles (10% CO2 and 5% O2). Species pathogenic 

to humans grow at temperatures between 30-46°C and are classed as thermophilic 

Campylobacter spp. (Humphrey, O'Brien and Madsen, 2007). Microaerobic culture at 42°C 

on selective agar, such as modified charcoal cefoperazone deoxycholate agar (mCCDA), yields 

isolation of moist, grey-coloured colonies. On blood agar, colonies of Campylobacter spp. are 

translucent and moist in appearance (PHE, 2015b). Campylobacter spp. are oxidase positive 

(PHE, 2015b). 

Identification of and differentiation between Campylobacter spp. is possible via a number of 

methods. Polymerase chain reaction (PCR) primers for inter-species identification have been 

designed for a number of Campylobacter species-specific gene targets, including 16S rRNA 

(PHE, 2015b), 23S rRNA, hipO (hippuricase), glyA (serine hydroxymethyltransferase) and 

sapB2 (saponin protein domain) (Wang et al., 2002) and lpxA (lipid A) (Klena et al., 2004). 

Serological tests are useful for epidemiological investigations but are not recommended as a 

routine diagnostic method (Taylor et al., 2004). Serotyping involves grouping distinct 

variations within a species of bacteria into serovars or serotypes within serogroups. For 

example, Campylobacter spp. are serotyped by the Penner scheme, which is based on soluble 

heat-stable antigens, and the Lior scheme, which detects variation in heat-labile antigens. 

Another diagnostic test includes matrix-assisted laser desorption/ionisation time of flight 

(MALDI-TOF) mass spectrometry. 
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A variety of rapid molecular typing methods have also been developed to identify 

Campylobacter spp. The most popular of these include molecular techniques such as macro-

restriction Pulsed Field Gel Electrophoresis (PFGE), Multi-locus Sequence Typing (MLST), 

Restriction Fragment Length Polymorphism (RFLP; based on a short variable region of the 

flaA (flagellin) gene), Multiple-Locus Variable Number Tandem Repeat Analysis (MVLA), SNP 

assays and Whole Genome Sequencing (WGS) (PHE, 2015b).  

Campylobacter in Humans: Infection and Disease 

The infectious dose of Campylobacter spp. in humans is believed to be as low as 500 bacteria 

(Robinson, 1981). Campylobacter spp. colonise the intestinal mucosa of humans and food-

producing animals, including poultry (Skirrow, 1994). The bacteria invade the mucosa both 

intra- and extra-cellularly; primarily the mucus overlying the crypts and epithelial cells 

(Young, Davis and DiRita, 2007). The majority of human campylobacteriosis cases (>90%) are 

caused by C. jejuni, with C. coli accounting for a further 5-10% of cases (Gillespie et al., 2002). 

With an incubation period of 1-10 (~4) days, symptoms are often indistinguishable from 

other enteric pathogens and include enteritis and diarrhoea, which is profuse and often 

bloody. Patients may experience fever, malaise, abdominal pain and cramping, possibly 

nausea, but rarely vomiting. The illness is self-limiting and most people recover completely 

within 2-5 days, with symptoms rarely lasting more than 10 days (Humphrey, O'Brien and 

Madsen, 2007; Hansson et al., 2018). In immunocompromised patients and those with 

underlying medical conditions, such as diabetes or reduced gastric acidity due to the use of 

proton-pump inhibitors, Campylobacter spp. may cause recurrent or serious life-threatening 

infections and such patients are at high risk of developing septicaemia (Martin et al., 2003). 

Fortunately, reported mortality attributed to campylobacteriosis is low; only 60 deaths 

(0.03% of lab-confirmed cases) were reported in the European Union (EU) in 2015 (ECDC, 

2018). 

Aside from possible complications of acute infection, campylobacteriosis can lead to a 

number of chronic sequelae, including the peripheral neuropathies Guillan-Barré Syndrome, 

which causes flaccid paralysis, and Miller-Fisher Syndrome, a non-paralytic variant 

(Nachamkin, 2002). Campylobacter is the most common infectious trigger of Guillain-Barré 

Syndrome. The molecular mimicry of C. jejuni lipooligosaccharides in nervous gangliosides is 
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thought to induce cross-reactive antibodies, leading to Guillain-Barré Syndrome (Godschalk 

et al., 2004). Guillan-Barré Syndrome occurs in 1 in 1000 of C. jejuni infections, the risk 

increasing to around 1 in 200 for patients infected with C. jejuni Penner scheme (based on 

soluble heat-stable antigens) type O:19 and O:41 (Nachamkin, 2002). C. jejuni is also 

indicated in the development of post-infectious irritable bowel syndrome (IBS) (Thornley et 

al., 2001) and the inflammatory bowel diseases, Crohn’s and ulcerative colitis (Rodríguez, 

Ruigómez and Panés, 2006).  

Intracellular invasion of human intestinal epithelial cells by C. jejuni stimulates a pro-

inflammatory response with the attraction of leukocytes and the production of chemokines, 

including IL-1 b, IL-6, TNF-a, and especially IL-8, a pro-inflammatory hallmark of 

campylobacteriosis (Young, Davis and DiRita, 2007). The induction of IL-8 leads to the 

recruitment of dendritic cells, macrophages and neutrophils. This severe inflammatory 

response in the intestinal mucosa results in a severe gastroenteritis. In countries where 

exposure to Campylobacter spp. is endemic, asymptomatic infection is common in 

individuals <2 years of age. In addition, those occupationally exposed, such as veterinarians 

and slaughterhouse workers, rarely develop campylobacteriosis (Cawthraw et al., 2000). 

Exposure to C. jejuni has been demonstrated to induce serum and salivary IgG antibodies, 

which reflect apparent increased resistance to disease (Cawthraw et al., 2002). 

The Link Between Ethnicity and Campylobacter Infection 

Studies have shown that the incidence of campylobacteriosis is higher in certain ethnic 

groups (CSSSC, 2003; Manaseki, Hawker and Ali, 2004; Gillespie et al., 2008). Relationships 

have previously been noted between ethnicity and other infectious intestinal diseases 

(Wickramasinghe et al., 2012). 

The Campylobacter Sentinel Surveillance Scheme (CSSS) aimed to determine the risk of 

infection in different ethnic groups resident in England (CSSSC, 2003). Initial analyses to find 

ethnicity-specific risks for Campylobacter infection were calculated using data on 6585 

laboratory-confirmed cases from 18 health authorities in England from the first year of the 

survey (2000-2001). To identify UK-acquired cases, analyses were restricted to those cases 

which did not report foreign travel in the two weeks before illness. The analysis of this initial 
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dataset revealed that the Pakistani community was at greater risk of Campylobacter infection 

than the White community (Risk Ratio (RR): 1.71; 95% confidence interval (CI) 1.45–2.01).  

Subsequently, Gillespie et al. (2008) used data from the entirety of The CSSS (2000-2003) and 

the UK 2001 Census to compare the demographic characteristics of 15,907 cases with that 

of the population from which they arose, with the aim of identifying those demographic 

subgroups in England and Wales at greatest risk of Campylobacter infection. The incidence 

in the resident Pakistani population was higher than in the resident white population (RR: 

1.14, 95% CI 1.03–1.26, P=0.01), which in turn was higher than that of the resident Indian 

(RR: 2.74, 95% CI 2.30–3.27, P<0.001), Bangladeshi (RR: 2.58, 95 % CI 1.80–3.69, P<0.001), 

Black (RR: 2.49, 95% CI 2.07–3.01, P<0.001) and Chinese (RR: 1.85, 95% CI 1.31–2.60, P<0.01) 

communities. The authors also found that the incidence in Pakistani children aged 0–4 years 

was higher than in any of the other age/gender groups in the studied ethnic groups but could 

not identify a reason for this difference.  

Manaseki, Hawker and Ali (2004) analysed ethnic differences in notification rates of 

campylobacteriosis by age in Birmingham, UK, an English city with an ethnically diverse 

population. The authors calculated a Campylobacter infection rate of 0.93/1000 population 

per annum for Asians and 0.90/1000 for non-Asians and showed that notification rates in 

young Asian children are more than twice those in non-Asians and a much higher proportion 

of cases in south Asians occur in infants.  

Demographic features affecting the incidence of Campylobacter infection at population level 

include age, gender, season and the level of urbanization (Skirrow, 1987). In addition, cultural 

differences, including diet and behaviour, might influence the risk of Campylobacter infection 

(CSSSC, 2003). People belonging to certain ethnic groups are more likely to travel to countries 

with a higher prevalence of Campylobacter infection and use different food providers, food 

preparation or food hygiene practices (Manaseki, Hawker and Ali, 2004). Differences in 

reported cases may also be due to differences in health-seeking behaviours between 

different communities (Manaseki, Hawker and Ali, 2004). The differences in risk between 

different ethnic groups has important implications for the development of effective disease 

control strategies and the design of epidemiological studies (CSSSC, 2003). 
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Campylobacter in Chickens 

The Lag Phase 

Typically, commercial indoor poultry flocks remain free of Campylobacter for the first two to 

three weeks of life. This period following chick placement before Campylobacter colonisation 

is detectable is known as the ‘lag-phase’. Once Campylobacter enters a poultry house, the 

whole flock will become rapidly colonised and test positive within one to two weeks 

(Cawthraw and Newell, 2010).  

The lag-phase has been partly attributed to protective maternally-derived antibodies that 

are present in newly-hatched chicks and are obtained from Campylobacter-infected broiler 

breeder parent flocks (Cawthraw and Newell, 2010). Most, if not all, commercial breeder 

flocks are colonised with Campylobacter (Cawthraw and Newell, 2010). Three-week-old birds 

have been shown to be more susceptible to colonisation with C. jejuni than one to two-week-

old birds (Cawthraw and Newell, 2010). This increasing susceptibility paralleled the loss of 

maternally-derived, circulating, anti-Campylobacter, immunoglobulin Y antibodies, as 

detected by enzyme-linked immunosorbent assay. However, Shanker, Lee and Sorrell (1990), 

Ringoir, Szylo and Korolik (2007) and Cawthraw and Newell (2010) also demonstrated that 

newly-hatched chicks were as susceptible to Campylobacter colonisation as three-week-old 

birds and an increase in resistance was detected from 1 to 3 days of age. The reasons for this 

initial susceptibility to challenge are unknown. However, Cawthraw and Newell suggested 

that this may explain the occasional early flock colonisation, especially when environmental 

exposure to Campylobacter is high. In addition, Cawthraw and Newell demonstrated that 

chicks from uncolonised hens, which had no or only low levels of Campylobacter-specific 

maternal antibodies, were equally susceptible to challenge throughout their first 3 weeks of 

life. Other host factors such as changes in gut-flora composition during development, could 

also play a part in this resistance to early colonisation (Van and Biesterveld, 2000). Post-eight 

weeks of age, colonisation (number of birds and number of organisms per bird) may reduce 

due to acquired immunity and self-limitation of infection due to circulating and mucosal 

antibody response (Achen, Morishita and Ley, 1998; Newell and Fearnley, 2003). 

The lag-phase is often indicative of the rearing stage at which infection has occurred and may 

help to reveal deficiencies in biosecurity, leading to improvements in present practices 

(Cawthraw and Newell, 2010; Allen et al., 2011). This delay in the onset of colonisation 
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represents a window of opportunity to apply interventions against colonisation. With 

conventional broiler flocks, it has been shown that the length of the lag phase can be usefully 

extended by improving flock biosecurity (Gibbens et al., 2001). Moreover, understanding the 

mechanisms underlying the lag phase may contribute to the development of targeted 

prevention and control strategies on farm (Conlan et al., 2007; Cawthraw and Newell, 2010; 

Allen et al., 2011). 

Pathogen or Commensal? 

Campylobacter has long been considered a commensal organism of commercial broiler 

chickens (‘broilers’), causing an asymptomatic, non-pathogenic persistent colonisation of the 

gut. Traditionally, there is no apparent pathology or effect on growth associated with 

Campylobacter colonisation in commercial flocks. However, recent research has shown that 

Campylobacter can cause disease in broilers, negatively impacting upon their health and 

welfare. Moreover, the fact that Campylobacter can migrate extra-intestinally (e.g. to the 

spleen and liver) may suggest that it doesn’t have a purely commensal relationship with the 

host (Humphrey et al., 2015).  

Hock burn and pododermatitis are forms of contact dermatitis in broiler chickens caused by 

contact with high levels of ammonia from faeces. These conditions may cause thickening 

(keratitis), discolouration and lesions on the foot pad and lower leg of broiler chickens and 

have a serious, negative impact on bird welfare. Hock burn and pododermatitis can be 

indicative of poor gut health, as diarrhoea causes wet faeces and results in poor-quality litter 

with a high ammonia content, thereby increasing the likelihood of these conditions. Colles et 

al. (2008) found an association between hock burn and Campylobacter infection in free-

range broilers in the UK and have recently gone on to demonstrate that flocks infected with 

Campylobacter move around the broiler shed less than uninfected flocks (Colles et al., 2016), 

indicating a decreased state in their health and welfare. Humphrey et al. (2014) 

experimentally infected four different broiler chicken breeds with C. jejuni strain M1. The 

study demonstrated that broilers experimentally infected with C. jejuni strain M1 had 

significantly higher levels of hock marks and pododermatitis than uninfected controls did. 

The effects of infection were especially marked in one of the breeds, the fast-growing A1 

breed. Boyd et al. (2005) also demonstrated that resistance to Campylobacter is significantly 

influenced by chicken host lineage; Line 61 was shown to be relatively resistant to infection 
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whilst Line N was relatively susceptible. Resistance to infection was shown to be controlled 

by a single autosomal dominant locus. Humphrey et al. (2014) also suggested that genetic 

selection for improved productivity and carcass conformity in modern broiler breeds, has had 

a detrimental impact on T lymphocyte function, leading to a loss of immune regulation in the 

gut. Subsequently, C. jejuni infection results in poorly controlled inflammation, leading to 

intestinal mucosal damage and diarrhoea. This ultimately results in wet litter in the broiler 

house environment, which increases the risk of hock burn and pododermatitis in broiler 

chickens. 

Awad et al. (2015), demonstrated that experimental C. jejuni infection of broilers affects the 

structure and barrier function of the chicken intestinal epithelium. Infection alters the 

absorptive surface area of the intestinal epithelium, resulting in negative consequences for 

production efficiency and a decrease in growth performance in birds that otherwise 

appeared healthy. 

Moreover, the immune response of chickens to Campylobacter spp. has been thought to be 

tolerogenic and result in persistent caecal colonisation (Hermans et al., 2012). However, it 

has been shown that C. jejuni is recognized by Toll-like receptor 4 (TLR4) and TLR21, the latter 

being the functional homologue of mammalian TLR9. This leads to initiation of innate 

immune responses in the gut, which cause an influx of inflammatory cells, including 

heterophils, the avian equivalent of the neutrophil (Smith et al., 2008). In addition, 

Campylobacter can stimulate inflammatory responses from avian cells. Proinflammatory 

cytokines (IL-1 β and IL-6) and chemokines (K60 and IL-8) are expressed in response to 

Campylobacter infection in avian primary chick kidney cells and the avian macrophage cell 

line HD11 (Smith et al., 2005). This indicates that Campylobacter can stimulate the avian host 

in a proinflammatory manner. However, the induction of IL-8 suggests that there should be 

an attraction of peripheral blood mononuclear cells (Barker et al., 1993). Yet, there is no in 

vivo data to indicate any leukocyte migration in response to Campylobacter colonisation in 

chickens. 

Antimicrobial Resistance in Campylobacter spp. 

The global challenge of antimicrobial resistance (AMR) presents a growing threat to both 

human and veterinary public health. The increasing prevalence of AMR is already clinically 
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apparent, with rising numbers of treatment failures and infections increasingly non-

responsive to first-line antibiotic treatments (Livermore, 2009; Marshall and Levy, 2011; 

WHO, 2014). A failure to address the problem of antibiotic resistance is projected to cause a 

3.1% decrease in global GDP (Taylor et al., 2014) and an estimated 10 million deaths every 

year globally by 2050 (PHE, 2015a). The cost to the US healthcare system alone has been 

estimated at US$21-34 billion per annum and has been projected to cause a 1.6% decrease 

in US GDP (WHO, 2014) and a cost of £66 trillion in lost productivity to the global economy 

(PHE, 2015a). 

In humans, Campylobacter usually causes a self-limiting gastrointestinal disease which 

resolves without treatment in three to five days (Bolinger and Kathariou, 2017). High-risk 

patients or severe or prolonged cases may require antimicrobial treatment. Human 

campylobacteriosis is usually treated with antimicrobials from the macrolide and 

fluoroquinolone classes (Ruiz, 2007). However, the fluoroquinolone ciprofloxacin can no 

longer be considered a susceptible choice due to increasing resistance (Cody et al., 2010) and 

the macrolides, erythromycin and azithromycin, are the drugs of choice (Bolinger and 

Kathariou, 2017). 

There are a number of antimicrobial resistance mechanisms in Campylobacter spp. For 

example, resistance to the macrolides and fluoroquinolones is due to point mutations, such 

as gyrA gene mutations and mutations in 23S rRNA. Concerningly, single point mutations in 

the gyrA gene have been shown to confer a fitness advantage to C. jejuni during colonisation 

of chickens (Luo et al., 2005). In addition, the CmeABC multidrug efflux transporter of C. jejuni 

decreases susceptibility to b-lactams, fluoroquinolones, macrolides, chloramphenicol and 

tetracycline (Lilian and Piddock, 2002). Tetracycline resistance has been shown to be 

conferred to C. jejuni by ribosomal protection proteins (Connell et al., 2003) and b-lactamase-

mediated b-lactam resistance through carriage of the blaOXA-61 or CjBla2 genes (Griggs et al., 

2009). 

C. coli is frequently demonstrated to be more resistant to antimicrobials that C. jejuni, 

however, the reasons for this are not well understood. This may related to intrinsic factors; 

for example, differences in micro-membrane structures and fitness costs conferred by 

carriage of resistance genes in the two species (Bolinger and Kathariou, 2017; Food Standards 

Agency, 2016). Whilst C. coli is generally more resistant that C. jejuni, it is not intrinsically 
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resistant to macrolides and whilst the prevalence of macrolide resistance in C. jejuni remains 

low, macrolide resistance in C. coli can be common (Wimalarathna et al., 2013). Substitutions 

in the 23S rRNA gene, specifically A2075G, and less frequently A2074C/G, remain the most 

common mechanism for high-level resistance to macrolides (Lin et al., 2007; Luangtongkum 

et al., 2009; Bolinger and Kathariou, 2017). In C. jejuni, resistance mediated by such 

substitutions is accompanied by a reduced ability to colonise chickens and other fitness costs, 

potentially contributing to the low incidence of macrolide resistance. However, similar 

fitness impacts have not been noted in C. coli (Bolinger and Kathariou, 2017). Interestingly, a 

novel mechanism of macrolide resistance was first reported in 2014 for a C. coli isolate from 

China, mediated by erm(B) harboured on multidrug resistance genomic islands. If erm(B)-

mediated macrolide resistance does not confer fitness costs to C. jejuni, as other resistance 

mechanisms have been shown to, the range of this gene may expand in C. jejuni, threatening 

to further compromise treatment effectiveness for severe campylobacteriosis cases 

(Bolinger and Kathariou, 2017) 

From 1989 to 2009, there was an increase in the percentage of Campylobacter isolates from 

human cases in England and Wales that were resistant to ampicillin, ciprofloxacin, nalidixic 

acid, tetracycline and erythromycin (Nichols et al., 2012). Cody et al. (2010) also noted an 

increase of over 30% in ciprofloxacin-resistant human Campylobacter isolates from 1995 

(7%) (Bowler et al., 1996) to 2008 (37.5%). 

This trend for increasing resistance, particularly to the fluoroquinolones, in human C. jejuni 

isolates, has in part been associated with foreign travel. Nichols et al. (2012) found that the 

percentage of strains that were resistant to ciprofloxacin was higher in people who had 

recently travelled abroad, compared with those who had not. However, Cody et al. (2010) 

reported that foreign travel only accounted for 20.8% of ciprofloxacin-resistant 

Campylobacter isolates in 2009, a decrease from 51.6% in 1995. It has been suggested that 

an increased level of fluoroquinolone-resistant bacteria may relate to increased prescriptions 

of fluoroquinolones, possibly exacerbated by a fitness advantage of resistant strains 

(Redgrave et al., 2014). Mutations in gyrA in C. jejuni, which is associated with changes in 

DNA supercoiling, have been reported to have a positive influence on fitness, with mutant 

fluoroquinolone-resistant strains outcompeting wild-type strains in drug-free competitive 

index experiments (Han et al., 2012). 
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Usage of quinolones in the poultry industry has been linked to an increase in resistance in 

human isolates since the licensing of these drugs for poultry (Bowler et al., 1996). The use of 

antimicrobials in poultry flocks is associated with risk of resistant Campylobacter spp. in the 

farm environment (Taylor et al., 2016). Humphrey et al. (2005) demonstrated that following 

treatment of commercial broiler flocks with a fluoroquinolone (difloxacin or enrofloxacin), 

the proportion of ciprofloxacin-resistant Campylobacter spp. increased. During treatment, 

almost 100% of the Campylobacter spp. isolated were resistant and post-treatment a high 

proportion of resistant strains persisted for up to 4 weeks. Furthermore, a Scottish study 

comparing C. jejuni and C. coli from human infection (n=199) and retail chicken meat (n=105) 

in 2006 found similar resistance profiles in chicken and human isolates and similar 

prevalences of ciprofloxacin resistance in human (14%) and chicken isolates (12%) (Gormley 

et al., 2010). 

Overview of the UK Poultry Industry 

The Broiler Chicken Flock Cycle 

Over 90% are of UK broilers are reared intensively indoors in ‘sheds’ or ‘houses’, containing 

approximately 30,000-50,000 birds. Broiler chicks are transported from hatcheries on the day 

of hatch to broiler farms and placed into broiler houses, known as ‘chick placement’ or 

‘tipping’. Broilers are reared in an approximately 36-42 day flock cycle, determined by the 

company processing the meat at slaughter. 

During intensive broiler chicken production, a process called ‘partial flock depopulation’ or 

‘thinning’ takes place. Thinning allows farms to maximise productivity whilst ensuring that 

the birds are kept at the correct stocking density, i.e. ensuring that each chicken has the 

correct amount of space available to meet necessary welfare requirements. In the UK, broiler 

chickens can be kept at a stocking density of 33kg/m2. This can be increased up to 39kg/m2 

if extra requirements are followed (Defra, 2017b). At the beginning of the flock cycle, sheds 

are stocked with extra birds, some of which are then removed during thinning, to ensure the 

correct stocking density and to make space for the remaining chickens to grow before the 

flock undergoes final depopulation (‘clearing’) and goes for slaughter and final processing. 

On the majority of farms producing chickens for large integrators and the non-Halal market, 
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flocks are thinned once and under rare circumstances twice. However, flocks produced for 

smaller integrators and the Halal market may be thinned multiple times and commonly at 

least twice. These broilers are slaughtered in small- to medium-sized abattoirs, which are 

unable to process a whole flock of birds at once. Thus, to optimise slaughter operations, 

multiple thinning events are necessary to gradually depopulate the flock (Allen et al., 2008; 

BIOHAZ, 2011). Multiple thinning events also supply consumer demand for different sized 

birds with the Halal meat market (EBLEX, 2010). 

Poultry catchers (‘catchers’) are employed to collect (‘catch’) chickens from farms during 

partial and complete flock depopulation events (‘thinning’ and ‘clearing’). Catchers are either 

contracted by farms and poultry companies or employed by an integrated poultry company. 

They may be trained under the Poultry Passport Scheme, which is a Red Tractor requirement 

for farms under this assurance scheme (British Poultry Training, 2018). Catchers work in 

groups of 4-6, catching 5000-6000 birds per hour during 15 hour days of very physical work 

in tough conditions (Gittins and Canning, 2006; Millman et al., 2017). In 2006, there were an 

estimated 300-400 catchers in the UK broiler sector (Gittins and Canning, 2006). Many 

studies have demonstrated that thinning is a risk factor for a broiler flock to become 

colonised with Campylobacter (Hald, Wedderkopp and Madsen, 2000; Adkin et al., 2006; 

Hansson et al., 2010; BIOHAZ, 2011). Thus, thinning and catching is an area of the industry 

that has come under increasing scrutiny. Biosecurity breaches occur as catchers and 

equipment repeatedly enter and exit broiler houses to catch birds. Birds are loaded into 

crates or modules, which are then transported by fork lift trucks to articulated lorries for 

transport to the slaughterhouse. These biosecurity breaches pose an opportunity for 

pathogens to enter the slaughterhouse on fomites, such as footwear, equipment and 

vehicles. Welfare at thinning is also of major concern within the industry. Before flock 

depopulation events, feed is often withdrawn from the flock to reduce defecation during 

transportation, reduce faecal shedding during defeathering and facilitate evisceration in the 

slaughterhouse (BIOHAZ, 2011). Council Directive 2007/43/EC (2007) limits feed withdrawal 

to a maximum of 12 hours before the expected slaughter time. However, feed withdrawal, 

and other thinning-associated factors, such as social disruption and traumatic injuries from 

catching, are a major source of stress for the broilers (Humphrey, 2006). These stressors not 

only affect performance but also predispose birds to colonisation by organisms, such as 

Campylobacter (Holt, 2003; Robins and Phillips, 2011; Colles et al., 2016). 
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In August 2018, there were 83 registered poultry slaughterhouses in the UK (FSA, 2018a). On 

arrival at a slaughterhouse, broiler chickens are unloaded, shackled, slaughtered, bled by 

neck-cutting, scalded, plucked (manually or feathers are mechanically removed by rotating 

rubber fingers leaving the skin intact), eviscerated (mechanically or manually), washed and 

chilled. If stunned before slaughter, gas stunning takes place prior to shackling, whereas 

electrical bath stunning takes place after shackling. The slaughterhouse production line can 

process up to 12,000 broiler carcasses per hour (BIOHAZ, 2011). Following chilling, broiler 

carcasses are marketed as whole birds, portions or further processed products. Depending 

on the size of the processing plant, deboning, cutting, portioning and packaging may take 

place on automated cutting and processing machinery or manually. Meat is then transported 

for retail sale, either through the wholesale trade, in independent butchers’ shops, or in 

supermarkets. 

The Structure and Value of the UK Poultry Industry 

In the UK there are two main food production systems within the poultry industry: poultry 

meat (carcasses and products) and eggs (table eggs for consumption and egg products for 

further processing) (BIOHAZ, 2011; Crane and Organ, 2018). There are various poultry species 

in industrial meat and egg production, by far the largest of which is chickens (Gallus gallus 

domesticus). Broiler chickens are chickens produced solely for their meat. However, whilst 

laying hens produce table eggs, at the end of their laying cycle (approximately 72 weeks) they 

may be slaughtered for human consumption as ‘boiling fowl’ or ‘spent hens’. 

The English poultry flock was numbered at just under 135 million birds in 2017; of which 

approximately 67% were broiler chickens, 25% laying hens and breeding fowl, 3% other 

poultry, 3% turkey and 2% geese and ducks (Defra, 2017a; Crane and Organ, 2018). In 2016, 

approximately 974 million broilers were slaughtered in the UK (DEFRA, 2018) and the value 

of UK poultry meat production reached £2.25 billion (Crane and Organ, 2018). This is a 

growing industry, with over one billion broilers slaughtered in the UK in 2017 (DEFRA, 2018). 
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The UK poultry industry is highly integrated, with the top four integrator companies, who 

supply the major supermarket retailers, accounting for over 80% of total UK production1 

(Linden, 2015; Davies and Wasley, 2017). These integrator companies will be supplied by 

company-owned and independent-contracted farms, who produce broilers solely for that 

integrator company. The remaining 20% of production is supplied by smaller integrators and 

independent companies, whose main markets include the wholesale trade, Asia and the Halal 

sector (Linden, 2015). The UK Halal market will be described in more detail below.  

The UK Halal Broiler Chicken Market 

In the 2011 census for England and Wales, 4.8% of the population identified as Muslim (2.7 

million people), an increase from 3% in 2001 (ONS, 2012). By 2030, the UK Muslim population 

is expected to rise to >5.5 million people or 8.2% of the total population (Pew Research 

Centre, 2011). For comparison, in the same census, >263,000 people (0.5% of the population) 

identified themselves as Jewish in the voluntary question on religion (ONS, 2012), an increase 

from <260,000 people in 2001 (Rocker, 2012). 

Within the UK, the Halal food market is growing exponentially. The EU DIALREL project in 

2010, which encouraged dialogue on religious slaughter, observed that the kosher marker 

was relatively stable compared to the rapidly growing Halal market (Puig de la Bellacasa and 

Lever, 2009). This reflects a growing Muslim population, changes in consumer tastes and 

increased meat consumption. Most of the UK’s Muslim population are Halal consumers; 90% 

of Muslims indicate that they consume Halal meat with more than 8 out of 10 stating that 

they consume meat regularly (EBLEX, 2010; Downing, 2015). According to the Halal Food 

Authority, Halal meat supply has gone from an 11% share of meat sales in 2001 to 25% in 

2008 (Puig de la Bellacasa and Lever, 2009). It has been reported that the World Halal Forum 

estimates that sales of Halal food in the UK totals £2.6 billion (AHDB Beef and Lamb, 2015), 

                                                             

1 Since the publication of the articles supplying these data (Linden, 2015; Davies and Wasley, 2017), 

two of the UK’s largest poultry integrators, Faccenda and Cargill, merged to form avara foods in 

December 2017 (Black, 2018). 
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whilst Thomson Reuters values the UK Halal food market at $5 billion (Department of Halal 

Certification, 2017) and the UK Halal meat market has been valued at £1-2 billion (Puig de la 

Bellacasa and Lever, 2009). Accurate recent figures for the number of poultry produced that 

conform to Halal specifications are not readily available. However, the FSA 2013 Animal 

Welfare Survey of Slaughterhouses, which took place during one week in September, 

reported that 17,067,641 poultry were slaughtered at 66 establishments, of which 3,667,593 

(21%) were slaughtered by a Halal method at 27 establishments (FSA, 2015c). 

Religious Slaughter 

What is Religious Slaughter? 

Religious or ritual slaughter is the slaughter of an animal for meat for consumption by people 

of a particular religion, performed by someone of that particular faith who holds an 

appropriate licence. Generally, religious slaughter refers to the slaughter of animals for the 

Jewish and Muslim communities. Schedule 3 of The Welfare of Animals at the Time of Killing 

(WATOK) (England) Regulations (2015) define “killing in accordance with religious rites”: 

“killing in accordance with religious rites” means killing without the infliction of unnecessary 

suffering- 

(i) by the Jewish method (Shechita) for the food of Jews by a Jew who is licensed by 

the Rabbinical Commission and holds a certificate for that purpose, or 

(ii) by the Muslim method (Halal) for the food of Muslims by a Muslim who holds a 

certificate for that purpose. 

The Jewish and Islamic faiths emphasise the humane treatment of animals and the great 

responsibility that taking the life of an animal carries (Lerner and Rabello, 2006; Nakyinsige 

et al., 2013). Arguably, the practice of Jewish (Shechita) and Muslim (Halal) religious 

slaughter can be described as some of the earliest historical examples of public health and 

animal welfare legislation and guidance.  

Sheep, goats and bovine species killed in accordance with religious rites must have both 

carotid arteries and jugular veins severed by rapid, uninterrupted movements of a hand-held 

knife. Birds (defined as turkeys, domestic fowl, guinea-fowl, duck, goose and quail) must have 
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both carotid arteries severed. Both faiths have always prescribed a one-cut method of 

slaughter, intended to ensure the animal's rapid death, as outlined in The WATOK 

Regulations (2015). For animal slaughter to be lawful under Jewish law and Shari’ah (Islamic) 

law, certain faith-specific conditions must be met before an animal is cut and bled. The faith-

specific conditions for Shechita, the Jewish method of slaughter, and Halal, the Islamic 

method of slaughter, are outlined below. 

Shechita 

Shechita is the Jewish method of slaughtering animals of kosher species to produce kosher 

meat for human consumption, which must be performed by a licensed shochet or ritual 

slaughterer. Kosher (also kashrut, kashrus or kashruth) signifies food that meets with Jewish 

dietary law. The shochetim are trained over a number of years in animal anatomy, pathology 

and welfare and are licensed annually by the Rabbinical Commission for the Licensing of 

Shochetim and must also be licensed by the Local Authority where they practice (Shechita 

UK, 2009; Downing, 2015).  

Shechita slaughter is outlined in Jewish Law (Halachah) in the texts of the Talmud (Oral Law 

of Judaism) Tractate Chullin Mishneh Torah of Maimonides, the Shulchan Oruch: Yoreh Deah 

(Codes of Jewish Law) by Rabbi Joseph Karo, and Midrash (Shechita UK, 2009). Shechita 

prohibits pain to be caused to animals during slaughter and requires that animals are healthy 

and without injury at the time of slaughter. An animal that is not slaughtered in accordance 

with the laws of Shechita is a neveila, whilst animals that have a physical condition, disease 

or defect that will cause its death is a treifa. It is forbidden to eat both neveila and treifa 

animals (Shechita UK, 2009). Therefore, all methods of stunning before slaughter are 

considered to injure the animals and renders the meat unconditionally forbidden as food to 

Jews (Shechita UK, 2009).  

Halal 

Halal literally means ‘permissible’ in Arabic. For meat to be Halal, the animal it comes from 

has to be slaughtered in a ritual way known as zibah, dhabihah or zabihah (HFA, 2018; HMC, 

2018).  
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According to Islamic (Shari’ah) Law, unless Halal animals are slaughtered ritually, their meat 

does not become Halal for Muslims. A number of verses in the Qur’an, the religious scripture 

of Islam, specifies what is Halal. In Al-Ma’idah:3, zabihah is summarized as requiring animals 

to be alive and healthy at the time of slaughter and the jugular vein, carotid artery and 

windpipe have to be severed by a sharp knife in a single swipe, to incur as little pain as 

possible (HFA, 2018). The slaughter man, who is ideally a Muslim at the age of discretion, will 

recite tasmiya or shahada; invoking the name of Allah upon the animal and fulfilling the 

requirement of dedication (HFA, 2018; HMC, 2018). Additionally, the blood must be drained 

from the carcass (Al-An’am:145) and as far as possible the slaughterer and the animal should 

face the Qibla or Mecca. Certain animal species and conditions will render meat Haram, 

which means ‘impermissible’, ‘unlawful’ or ‘forbidden’ (HFA, 2018; HMC, 2018). For example, 

pork is Haram and Halal slaughtering must not be done in or near where pigs are slaughtered. 

It is also forbidden to eat carrion or an animal that has suffered a violent or traumatic death 

(HMC, 2018). 

Interpretation of Halal and Haram 

Whilst the Jewish law prohibits all methods of stunning before slaughter, some Islamic 

authorities do permit reversible methods of stunning, based on their interpretations of the 

religious requirements (Velarde et al., 2014; Fuseini et al., 2017). There is no single 

authoritative body within Islam that can definitively rule on what is Halal and Haram and 

there is no universally agreed and accepted standard for meat to be Halal (EBLEX, 2010; 

Fuseini et al., 2017). Thus, the interpretation of the Shari’ah law by Islamic scholars regarding 

the acceptability of slaughter practices for Halal production differs (Fuseini et al., 2017). 

Additionally, differences in beliefs and variations in slaughter practice vary within and 

between different ethnic groups. In 2010, EBLEX conducted extensive research into the 

specialist supply chain structures and consumer purchase and consumption profiles in the 

English Halal Meat Market (EBLEX, 2010). This research found that the strongest views 

against stunning were held by butchers of South Asian ethnicity; Kurdish and Turkish 

butchers were less engaged with the issue. However, participants of Bangladeshi and Turkish 

origin insisted that the animal must be conscious at the time of slaughter and as a result 

these groups were generally opposed to stunning (EBLEX, 2010). Ethnic groups may have 

developed different understanding of the mandatory aspects of Halal, having been taught 
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different rules by their elders or religious leaders (EBLEX, 2010). Furthermore, Fuseini et al. 

(2016) suggested that differences in scholarly opinion may sometimes be the result of 

differences between the two main Islamic sects, Sunni and Shia, and then the subdivision of 

the Sunni sect into four different schools of law; the Maliki, Hanbali, Shafii and Hanafi law 

schools. Furthermore, the two main accreditation bodies for Halal in the UK, the Halal Food 

Authority and the Halal Monitoring Committee differ on their position on stunning; the Halal 

Food Authority permits stunning, whilst the Halal Monitoring Committee does not (EBLEX, 

2010). 

The Debate Surrounding Religious Slaughter 

Aside from the debate within the Muslim community regarding whether or not meat is Halal 

if stunned before slaughter, there is a long-standing politically- and religiously-charged 

debate regarding religious slaughter.  

In 2008, an estimated 75% of cattle, 93% of sheep and 100% of poultry slaughtered for the 

Halal market in the UK were stunned (Anil, von Holleben and Velarde, 2009; Needham, 2012). 

In 2017, the Food Standards Agency (FSA) published data that included new statistics on the 

number of animals in England and Wales that were slaughtered for religious purposes 

(Shechita and Halal) without being stunned from April to June 2017. It revealed that the 

percentage of livestock being slaughtered without stunning had increased to 24% of sheep 

and goats and 18.5% of poultry. However, only 1% of cattle were slaughtered without 

stunning. Therefore, in total, 81.5% of livestock were stunned prior to slaughter (Dann, 2017; 

RSPCA, 2018). 

The Jewish and Islamic communities argue that when carried out properly, Shechita and Halal 

slaughter methods are more humane that non-religious slaughter methods, which has been 

supported by peer-reviewed publications (Shechita UK, 2009). However, a number of 

organisations, including the British Veterinary Association (BVA) and the Royal Society for the 

Protection of Animals (RSPCA), have run long-running campaigns against slaughter without 

stunning, arguing that the scientific evidence shows that non-stun slaughter allows animals 

to perceive pain and compromises their welfare. These organisations have called for meat 

produced from animals not stunned before slaughter to be clearly labelled to allow consumer 

choice (BVA, HSA and RSPCA, 2018). There is no EU legal requirement for meat from un-
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stunned animals to be labelled as such. EC proposals for such labelling have always been 

strongly resisted; one reason given is practical difficulties in identifying the method of 

slaughter used at the point of labelling (Needham, 2012). A private member’s bill to 

introduce a requirement for meat from animals slaughtered without stunning to be labelled 

as such failed to gain support in the House of Commons in April 2012 (Hansard, 2012) and an 

amendment to the Consumer Rights Bill, requiring all products containing Halal and Kosher 

meat to be labelled as such at the point of sale by retail and food outlets, was also defeated 

in 2014 (Downing, 2014). 

Risk Factors for Campylobacter Colonisation of Commercial Broiler Flocks  

Several studies have identified multiple sources of the Campylobacter spp. that colonise 

broiler chicken flocks (Newell and Fearnley, 2003; Bull et al., 2006). The ubiquitous presence 

of Campylobacter spp. in the poultry farm environment has highlighted biosecurity practices 

as the main area for intervention to prevent the ingress of Campylobacter into broiler houses 

and the subsequent colonisation of the flock (Newell and Fearnley, 2003; Humphrey, O'Brien 

and Madsen, 2007; Rushton et al., 2009; Newell et al., 2011). As the pathogen is extensively 

distributed throughout the environment and is carried by other organisms, disentangling 

causal relationships that link processes to infection for one host species is particularly difficult 

(Rushton et al., 2009). A number of studies have collected data regarding flock husbandry 

and management and the infection status of flocks at the end of the production period. 

Investigating associations between risk factors and flock-infection status has allowed a 

number of intervention strategies to be developed and has aided prediction of when flocks 

are at risk of Campylobacter colonisation.  

Some risk factors for Campylobacter colonisation of broiler chickens are frequently 

implicated regardless of the country investigated or the robustness of the study design, 

whilst other risk factors are more intermittently implicated. The most commonly identified 

risk factors include season, poor biosecurity, increasing bird age, the presence of flocks of 

various ages on the farm, the farming of multiple species, thinning (partial depopulation) and 

extensive farming practices (BIOHAZ, 2011). Ultimately, risk factors vary based upon 

individual farm characteristics and practices and geographical location. Table 1 details risk 

factors identified for Campylobacter colonisation of broiler flocks and their study references. 

A systematic review by Adkin et al. (2006) of the major contributing factors and sources of 
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Campylobacter colonisation of UK broilers determined the main risk factors to be thinning 

and multiple houses on farm, whilst the use of a hygiene barrier, parent company and certain 

seasons of rearing were protective factors. The major sources of Campylobacter were 

concluded to be thinning, another house on-farm, on-farm staff, and other animals on farm. 

A recent analysis of farm specific risk factors for Campylobacter colonisation in six European 

countries identified the following major risk factors: old broiler houses (>15 years), absence 

of anterooms and barriers, shared tools between houses, long downtime between flocks and 

drinkers with bells or cups (Sommer et al., 2016). 

Campylobacter colonisation of broiler flocks is difficult to prevent even if good biosecurity is 

maintained, particularly during the summer months. Poultry consumption is the main cause 

of human campylobacteriosis throughout the year, in both UK-acquired and travel-

associated cases (Strachan et al., 2013). Interestingly, campylobacteriosis in temperate 

regions, such as the UK, has distinct seasonality. The peak incidence of human cases occurs 

in summer months (Nylen et al., 2002). For example, in the EU, the peak of cases in 2014 

occurred in July (ECDC, 2017). This correlates with the peak in broiler Campylobacter 

colonisation, which occurs in late spring and summer (Humphrey, O'Brien and Madsen, 

2007). Demonstrating synchronicity of poultry and human infections is not straightforward. 

Whilst the peaks in human campylobacteriosis and flock colonisation often coincide, some 

data suggest that the broiler peak occurs before the peak in humans or vice versa (Strachan 

et al., 2013). This indicates a seasonality in common environmental sources. At present, this 

distinct seasonality remains unexplained and hypotheses include seasonal changes in 

climatic factors, which concurrently result in peak fly (Diptera) populations during summer 

months (Humphrey, O'Brien and Madsen, 2007; Hald et al., 2008; Jonsson et al., 2012; 

Royden et al., 2016). Other possible causes for this seasonality include increased ventilation 

during periods of increased external temperature, migratory wild birds and human behaviour 

change (such as increased outdoors activities, including outdoor eating at picnics and 

barbeques, where food hygiene may not be optimal) (Humphrey, O'Brien and Madsen, 

2007). 

These studies, which investigate associations between risk factors and flock-infection, 

support hypotheses that the colonisation of broiler flocks with Campylobacter spp. is 

multifactorial; the bacterium is extensively distributed throughout the environment, 
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originates from multiple sources and is introduced to the flock in multiple ways. As can be 

seen in Table 1, many factors have been identified as contributors to the risk of infection. 

These factors are associated with processes that operate over several scales and many 

interact. Thus, disentangling causal relationships that link transmission processes to broiler 

chicken colonisation is particularly difficult (Rushton et al., 2009).  
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Table 1: Statistically significant risk factors for Campylobacter colonisation of broiler flocks 
identified by published studies conducting risk factor analyses. () and (¯) indicates direction 
of effect;  = as variable increases, risk of Campylobacter increases; ̄  = as variable decreases, 
risk of Campylobacter increases. 

Risk Factor Reference 
Year Jonsson et al., 2012 
Season (summer)/temperature () 
 
 
 
 

Month of slaughter 
Mean temperature in month of 
slaughter () 
>6°C 0-10 days prior to slaughter () 
>6°C 11-40 days prior to slaughter () 

McDowell et al., 2008; Rushton et al., 2009; 
BIOHAZ, 2011; Chowdhury et al., 2012; 
Sandberg et al., 2015; Sommer et al., 2016; 
Georgiev, Beauvais and Guitian, 2017 
 
Rushton et al., 2009 
 
Rushton et al., 2009 
Jonsson et al., 2012 
Jonsson et al., 2012 

Weather 
Mean/total rainfall in month of 
slaughter () 
Extreme rain 11-30 days prior to 
slaughter () 

 
 
Rushton et al., 2009 
 
Jonsson et al., 2012 

Region 
Country 

 
Jonsson et al., 2012 

Bird age at slaughter () Arsenault et al., 2007; McDowell et al., 2008; 
Ansari-Lari et al., 2011; BIOHAZ, 2011; 
Chowdhury et al., 2012 

Presence of flocks of various ages on farm () BIOHAZ, 2011 
Farm size 

No. of broiler houses on farm () 
 
 
 
No. of birds on farm () 

 
Adkin et al., 2006; McDowell et al., 2008; 
Lyngstad et al., 2008; BIOHAZ, 2011; Guerin et 
al., 2016 
 
Arsenault et al., 2007; Guerin et al., 2016 

Presence of Campylobacter-positive flocks 
Previous flock in house Campylobacter-
positive () 
Campylobacter-positive infection 
status of farm for previous flock () 

 
 
Sandberg et al., 2015 
 
Chowdhury et al., 2012 

Neighbouring livestock 
Farming of multiple species () 
Presence of livestock farms <1km () 
Presence of livestock farms <2km () 
Presence of swine <2km () 
Other farm animals on site () 
 
 
Presence of animals in vicinity of 
broiler house on farms without 
hygiene barrier () 
Livestock other than chickens on farms 
with a missing hygiene barrier () 

 
Adkin et al., 2006; BIOHAZ, 2011 
Hansson et al., 2010 
Jonsson et al., 2012 
Lyngstad et al., 2008 
van de Giessen et al., 1996; Gregory et al., 
1997; Cardinale et al., 2004; Adkin et al., 2006; 
Hansson et al., 2010 
 
 
Hald, Wedderkopp and Madsen, 2000 
 
Hald, Wedderkopp and Madsen, 2000 
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Chick placement crews () Lyngstad et al., 2008 
Thinning (partial depopulation) () Hald, Wedderkopp and Madsen, 2000; Adkin 

et al., 2006; Hansson et al., 2010; BIOHAZ, 
2011; Georgiev, Beauvais and Guitian, 2017; 
Higham et al., 2018 

Financial incentive if flocks tested negative for 
Campylobacter (¯) 

 
Higham et al., 2018 

Catching crews 
Clean clothes and boots (¯) 

 
Allen et al., 2008 

Extent of hock burn and/or pododermatitis () Bull et al., 2008; Rushton et al., 2009 
Extensive farming practices () BIOHAZ, 2011 
Water-related risk factors 

Contaminated ground water () 
Unchlorinated water () 
Private water source () 
Daily sanitization of water supply (¯) 

 
Donaldson et al., 1993 
Arsenault et al., 2007 
Lyngstad et al., 2008; Jonsson et al., 2012 
Gibbens et al., 2001 

Drinking system 
Nipples with drinking cups or bells () 

 
Rushton et al., 2009; Borck Høg et al., 2016 

Feedstuffs 
Purchased wheat rather than home-
grown wheat ()   

 
 
Hald, Wedderkopp and Madsen, 2000 

Lack of farmer awareness regarding 
importance of biosecurity 

Presence of farm workers () 
 
Decreased frequency of changing 
footbath disinfectant () 
 
Poor/average general tidiness () 
Poor standard of cleanliness of ante-
room () 
Level of owner’s education (low level = 
) 

 
 
Berndtson, Danielsson-Tham and Engvall, 
1996; Adkin et al., 2006; Lyngstad et al., 2008 
 
McDowell et al., 2008 
 
Hansson et al., 2010 
 
McDowell et al., 2008 
 
Ansari-Lari et al., 2011 

Establishment year of the house  
>5 years () 
>20 years () 

 
Borck Høg et al., 2016 
Chowdhury et al., 2012 

Specific biosecurity measures 
Poor biosecurity () 
Enhanced biosecurity (¯) 
No. of people entering broiler house 
() 
Absence of anteroom () 
Lack of a hygiene barrier () 

 
Washing Hands before tending flocks 
(¯) 
Separate boots for each house (¯) 
Changing footwear 2-3x when entering 
broiler house (¯) 
Not specific clothes for farm workers 
() 

 
BIOHAZ, 2011 
Georgiev, Beauvais and Guitian, 2017 
 
Chowdhury et al., 2012 
Sommer et al., 2016; Borck Høg et al., 2016 
Hald, Wedderkopp and Madsen, 2000; Borck 
Høg et al., 2016; Sommer et al., 2016; 
 
van de Giessen et al., 1996 
van de Giessen et al., 1996 
 
Hansson et al., 2010 
 
 
Cardinale et al., 2004 
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Use of footbath when entering house 
(¯) 
Twice weekly changing of disinfectant 
in footbaths (¯) 
Poultry house without cement floor () 
Lack of cleaning/disinfection of house 
surroundings () 
<9d between depopulation and 
restocking () 
Down period <14d () 
Down period >10d () 
Longer downtime between flocks () 
Delivery of litter into house vs. storing 
litter on farm () 
Manure management practices: 

Location of manure heap off 
site () 
Manure disposal outside farm 
(¯) 

 
van de Giessen et al., 1996; Guerin et al., 2016 
 
Gibbens et al., 2001 
Cardinale et al., 2004 
 
Cardinale et al., 2004 
 
Lyngstad et al., 2008 
Hald, Wedderkopp and Madsen, 2000 
Sommer et al., 2016 
Borck Høg et al., 2016 
 
Sandberg et al., 2015 
 
 
 
Arsenault et al., 2007 
 
Cardinale et al., 2004 

Presence of insects or vermin () 
Wild birds 
Flies 
Rodents/rodent droppings 
Professional rodent control (¯) 

 
Craven et al., 2000 
Ekdahl, Normann and Andersson, 2005 
McDowell et al., 2008 
Arsenault et al., 2007 

Use of antibiotics at early stage of production 
(¯) 

 
Ansari-Lari et al., 2011 

Ventilation 
Vertically-based ventilation system () 
Vertical and horizontal-based 
ventilation system () 
Natural ventilation () 
Location of ventilation fans (Side fans - 
¯) 

 
Sandberg et al., 2015; Guerin et al., 2016 
 
Guerin et al., 2016 
Rushton et al., 2009 
 
Gibbens et al., 2001 
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The Transmission of Campylobacter in Commercial Broiler Flocks 

Thus, biosecurity-focused intervention strategies have historically been based on 

associations between risk factors and the presence or absence of Campylobacter in the flock 

as identified in cross-sectional field surveys. Using binomial data regarding infection status 

of flocks at the end of the production period does not take into account the dynamic aspects 

of Campylobacter infection on individual farms or within flocks (Van Gerwe et al., 2005; 

Rushton et al., 2009). Therefore, a small number of published studies have attempted to 

quantify the risk of and/or model transmission occurring in either experimental or 

commercial broiler flocks. Modelling the transmission of Campylobacter in broiler chickens 

at the primary production level is a complex process and can be divided into two stages: 

inter- (between) and intra- (within) flock transmission. Inter-flock transmission focuses on 

the ingress of Campylobacter into the broiler house and the subsequent initial infection of 

(a) bird(s) in the flock, whilst intra-flock transmission describes the spread of the bacterium 

throughout the flock.  

Rushton et al. (2009) conducted a three-year longitudinal study of 289 commercial broiler 

flocks on 30 farms from one integrated poultry company, sampling 30 broilers at slaughter 

to investigate putative risk factors associated with incidence and prevalence of flock 

colonisation with Campylobacter. Rushton et al. extended the study beyond associations 

between risk factors and the outcome of flock Campylobacter-colonisation. The authors used 

Generalised Linear Mixed Effect Models (GLMM) to investigate putative risk factors 

associated with incidence and prevalence of flock infection and survival analysis to 

investigate time-to-infection and associated risk factors. Results of the GLMM analysing the 

incidence of Campylobacter at farm level suggested that incidence of infection declined with 

time and that weather conditions during the month of slaughter were important predictors 

of infection. Survival analysis showed the probability of there not being an infection event on 

a farm declined exponentially with time and that weather conditions during the month of 

slaughter were major features determining flock Campylobacter status. 

Rushton et al. concluded that predicting when flocks are at risk of infection, using 

meteorological data, may be possible. Possible intervention through manipulation of 

ventilation would then be possible. Prediction followed by intervention is the first step in 

managing disease and reducing the risk to the human food chain. However, the authors 
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determined that predicting Campylobacter prevalence within flocks is difficult and more 

research is required on the pattern of spread within broiler flocks, as within-flock spread is 

highly variable and not easy to predict. Due to the dynamics of disease spread, the use of 

simple linear models to relate flock prevalence to putative risk factors is difficult. Processes 

which encapsulate disease dynamics and allow for variation through time and across farms 

are needed to investigate the disease at the appropriate scale.  

The conclusions of Rushton et al. highlight the importance of understanding the pattern of 

within or intra-flock spread. As previously stated, biosecurity-focused intervention strategies 

have historically been based on associations between risk factors and the presence or 

absence of Campylobacter in the flock. Rushton et al. developed this approach by using 

longitudinal data to perform linear and mixed-effect models in combination with survival 

analysis to investigate prevalence patterns on farms over time. However, the approach of 

Rushton et al. continues to use binomial data regarding infection status of flocks at the end 

of the production period and still does not take into account the dynamic aspects of 

Campylobacter infection within a flock (Van Gerwe, et al., 2005; Rushton et al., 2009).  

Quantification of the dynamics of the C. jejuni colonisation process at the chicken level is vital 

to understand transmission within populations and formulate new control strategies (Conlan 

et al., 2007). Despite the breadth of published work on Campylobacter, there is a paucity of 

data regarding the dynamics of intra-flock Campylobacter transmission and very few studies 

have attempted to model this biological process (Hartnett et al., 2001).  

Hartnett et al. (2002) developed a quantitative risk assessment model for Campylobacter in 

broiler chicken meat, considering all stages in the farm-to-fork poultry supply chain and 

estimated that the probability of a broiler chicken from the GB flock being Campylobacter-

positive at slaughter (Ppb) is 0.53. 

The authors modelled inter- and intra-flock transmission separately using equation (1):  

!"# = 	!&" 	×	!(&"											(1) 

Sample data obtained from four sources were used to estimate the flock prevalence (Pfp), i.e. 

the proportion of the national flock that is positive, for each individual source using beta 

distributions (Pfp = Beta(r + 1, s – r + 1)). The beta distribution was used to characterise the 
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uncertainty in the sample data and assumes a random sample and that the sample size is 

smaller than the total population. It also assumes that each positive flock is equally likely to 

be detected (Hartnett et al., 2001). The within-flock prevalence of a positive flock at the time 

of slaughter (Pwfp), i.e. the number of birds expected to be colonised with Campylobacter 

within a positive flock, was modelled as a two-stage transmission process, where initial 

transmission through the first social cluster is described using a modified chain-binomial 

model of epidemic spread and transmission through the rest of the flock follows a simple 

epidemic (susceptible-infectious (SI)) curve. 

Following exposure to Campylobacter, flock colonisation is an all-or-nothing event and 

transmission within the flock is rapid. Therefore, Hartnett et al. argued that once the flock 

has been exposed it is likely to have a within-flock prevalence of 100% at slaughter. As the 

age at first successful exposure (tex) increases, the probability that a bird is Campylobacter-

positive can be reduced. The authors explain that as the time until first successful exposure 

increases, the number of days until depopulation decreases, thus reducing the chance of 

flock colonisation and resulting in a decreased within-flock prevalence (Pwfp). Therefore, by 

delaying the time until first successful exposure, the probability of a random bird being 

Campylobacter-positive is reduced. For example, an increase in tex from 30 to 40 days results 

in a decreased probability that a bird is Campylobacter-positive from 0.57 to 0.26. The 

authors advocate taking measures to delay time until first successful exposure but recognise 

that this is a difficult factor to control. 

Goddard et al. (2014) applied a Bayesian model framework incorporating within-flock 

transmission dynamics to multiple longitudinal datasets on Campylobacter infection in UK 

broiler flocks to estimate the time at which each flock was first infected with Campylobacter. 

The authors demonstrated how knowledge of the time of infection can be correlated to 

known events to identify potential risk factors for infection. Longitudinal data on 

Campylobacter infection in broiler flocks were collated from previously published studies 

(Allen et al., 2008; Allen et al., 2011; Ridley et al., 2011a; Ridley et al., 2011b). The final 

dataset consisted of 108 flocks, 94 of which were thinned. A Bayesian model was fitted to 

the longitudinal dataset to estimate the time at which a broiler flock becomes infected with 

Campylobacter; the model used estimates of the within-flock prevalence of Campylobacter 

and the sensitivity of each sampling technique to provide an estimate of the true prevalence 



Chapter 1 

 

 

37 

at each sampling point and the estimated time of infection (t0). The model assumed that the 

intra-flock transmission of Campylobacter could be described by a simple epidemic (SI) 

model. The model results suggest that the time of infection ranges from 10 to 45 days, with 

the time of initial infection for the majority of flocks estimated between 30 and 35 days. 

Forty-eight percent of flocks where infection was not detected prior to thinning had a median 

estimated day of infection within two days of thinning. The authors concluded that this 

provided further evidence of an association between thinning and the introduction of 

Campylobacter and demonstrated how knowledge of the time of infection can be correlated 

to known events to identify potential risk factors for infection.  

As part of a risk assessment on prevalence of Campylobacter throughout the entire Dutch 

chicken production chain, Katsma et al. (2007) developed a quantitative model on the 

transmission dynamics of Campylobacter on broiler farms in the Netherlands, designed to 

quantify the risk of Campylobacter prevalence in broilers at the time of final depopulation. 

These authors also divided Campylobacter prevalence into two parameters: the inter- and 

intra-flock transmission. Inter-flock transmission was modelled by fitting experimental data 

to a GLM with a logit link function assuming a normal distribution, whilst intra-flock 

transmission was modelled using a simple logistic growth model. The model was used to 

calculate the expected prevalence of colonised flocks at slaughter and the prevalence of 

colonised broilers in positive flocks and validated to available data. Results demonstrated 

that there is a 38% probability that a random flock in the Netherlands is infected with 

Campylobacter. This probability increases to 44% when recent and therefore 

microbiologically undetectable infections are considered. The model was then applied to 

assess the efficacy of three control scenarios: (i) a ban on other livestock on broiler farms; (ii) 

a ban on thinning; and (iii) a reduction of the between-flock (inter-flock) transmission. The 

third intervention was found to be the most effective, indicating that improved biosecurity 

would be the most successful means of reducing Campylobacter transmission on broiler 

farms.  

Van Gerwe et al. (2005) determined the transmission rate parameter by modelling 

experimental broiler flocks through quantitative analysis and modelling of previously 

unpublished data. The transmission rate was determined to be 1.04 cases per colonised chick 

per day, with a standard error of 0.06, meaning that after introduction of Campylobacter into 
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a flock, each broiler will infect on average 1.04 new broilers per day. Additionally, in a flock 

of 20,000 broilers, the prevalence of Campylobacter would increase from 5% to 95% in 6 

days. This estimated transmission rate was then used to develop a suitable sampling scheme 

to determine transmission in commercial broiler flocks (van Gerwe et al., 2009). 

Subsequently, Van Gerwe et al. (2009) used sampling data for 42 C. jejuni colonised flocks 

investigated in three longitudinal studies of Australian broiler flocks over 5 years (1999-

2004). The authors determined the rate of transmission (β) of Campylobacter with a simple 

epidemic (SI) model and logistic regression. The estimate was 2.37 ± 0.295 infections per 

infectious bird per day, meaning that in colonised flocks of 20,000 broilers, the within-flock 

prevalence would increase to 95% within 4.4 to 7.2 days (<1 week) after infection of the first 

broiler. The authors were then able to estimate the moment that the first bird in a flock was 

colonised with Campylobacter (t0) by using the estimated β. A Markov Chain Monte Carlo 

integration was used to obtain Bayesian posterior distributions of β. The estimate of t0 

ranged from 21 to 35 days, which corroborates with the ‘lag-phase’ or lack of Campylobacter 

transmission in the first three weeks, which has been described previously (Jacobs-Reitsma 

et al., 1995). On average, t0 was 4.8 days (range, 2.2-9.3 days) earlier than the first detection 

of Campylobacter-positive samples. 

Introduction to Biosecurity for the Control of Campylobacter 

Legislation Controlling Campylobacter in Commercial Broiler Production 

There is no specific legislation applying to Campylobacter infection of public health 

significance in animals. However, EU and UK domestic legislation seeks to protect human 

health by ensuring the hygienic production of meat and dairy products.  

There are a number of EU directives and regulations which include Campylobacter. Under 

Directive 2003/99/EC on the monitoring of zoonoses and zoonotic agents (2003), member 

states have to monitor Campylobacter in primary production and/or at other stages of the 

food chain. Regulation (EC) No 2160/2003 on the control of Salmonella and other specified 

food-borne zoonotic agents (2003), targets for the reduction of the prevalence of 

Campylobacter can be adopted at the level of primary production and where appropriate at 

other stages of the food chain. In accordance with Regulation (EC) No 852/2004 on the 
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hygiene of foodstuffs (2004), microbiological criteria can be adopted for broiler meat. Similar 

to the provisions in Regulation (EC) No 2073/2005 on microbiological criteria for food stuffs 

(2005), both food safety and process hygiene criteria may be considered. In 2017, a process 

hygiene criterion for Campylobacter in broiler carcasses was introduced in Regulation (EU) 

2017/1495 (2017) through an amendment to Regulation (EC) No 2073/2005 (2005). The 

process hygiene criterion results in more control options and strict enforcement of these 

along the poultry meat production chain to reduce the highest levels of contamination 

(>1000 cfu/g) on broiler carcasses. 

The Food Hygiene (England) Regulations (2006) provide the framework for the EU legislation 

to be enforced in England. Hazard Analysis and Critical Control Point (HACCP) systems are 

the most effective mechanism for minimising microbiological safety risks in food production. 

HACCP aims to prevent contamination by identifying and controlling food safety hazards at 

every stage in a process. Slaughterhouses have had to implement HACCP since 2002 and is 

enforceable under the Poultry Meat (Hygiene) Regulations (1976). There are similar 

regulations in Wales, Scotland and Northern Ireland. 

Potential Options for the Control of Campylobacter 

Tackling Campylobacter at Farm-Level 

Raw chicken meat can have very high (>107 cells per carcass) contamination levels (Jørgensen 

et al., 2002) and the prevention of broiler flock colonisation has become a European food 

safety priority (EFSA, 2010). Since Campylobacter multiplies during infection of live broiler 

chickens and the majority (~100%) of the flock is positive with one week of initial exposure, 

controlling the bacterium at the farm-level may be much more effective than at later stages 

of production (Katsma et al., 2007). Whilst Campylobacter-negative broilers can become 

cross-contaminated during processing in the slaughterhouse, the levels of contamination on 

these carcasses are lower than those of broilers originating from Campylobacter-positive 

flocks (Allen et al., 2007). In addition, Campylobacter spp. are ubiquitous within the farm 

environment. Therefore, the greatest public health gains are likely to be achieved through 

reduction and control of Campylobacter infection at farm level (Rushton et al., 2009). 
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At farm-level, a number of interventions have been trialled to reduce the levels of 

Campylobacter colonisation of broiler chickens at final depopulation.  

Low-cost control options that are not labour intensive are desired by the poultry industry 

and regulatory bodies. A number of interventions in the broiler chicken feed and water have 

been proposed to control Campylobacter. Dietary management (e.g. fermented and acidified 

feeds), additives to feed and water (e.g. organic acids, antibiotics and chlorination of drinking 

water (Stern et al., 2002)) and competitive exclusion products (e.g. probiotics, prebiotics or 

synbiotics) (Schneitz and Hakkinen, 2016) have all been suggested as suitable control 

methods with mixed results (Hansson et al., 2018).  

The use of bacteriophages and bacteriocins have been suggested to reduce colonisation. 

Phage therapy has been shown to significantly decrease Campylobacter colonisation 

(reduction of up to 2-3 log10 cfu/g in the caecal contents) when used as a therapeutic 

treatment prior to slaughter (Wagenaar et al., 2005). However, widespread use may lead to 

an increase in phage-resistant strains.  

Other interventions to control Campylobacter in the broiler house environment have also 

been proposed. For example, treatment of poultry litter with aluminium sulphate or sodium 

bisulphate have been shown to delay the onset of Campylobacter colonisation (Line and 

Bailey, 2006). By controlling ammonia volatilization by converting ammonium in the litter to 

ammonium sulphate, the litter pH is decreased, creating a less favourable environment for 

bacteria such as Campylobacter.  

There are currently no vaccines available for the prophylactic control of enteric 

Campylobacter colonisation for any species. Currently, not enough is known about the 

pathogenesis of the bacterium, for example mechanisms of intestinal persistence and the 

involved bacterial factors, or host immunity. There are a number of issues regarding 

Campylobacter vaccine development in broilers, including the cost of development and the 

cost-effectiveness of vaccinating a short-lived animal, the route of administration and 

vaccination of an immunologically immature animal with maternally-derived antibodies 

(Lacharme-Lora et al., 2017; Hansson et al., 2018). Additionally, C. jejuni has multiple 

genotypes and the type that causes initial colonisation can be superseded and replaced by 
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other types, highlighting the difficulties faced in developing a broad-range vaccine effective 

against all genotypes (Bull et al., 2006). 

A number of studies have demonstrated that adequate control of Campylobacter at the farm 

level of production may require a multifaceted approach including biosecurity, pest 

management, and other factors such as probiotic treatments or vaccines (Dale et al., 2015). 

Research into farm-level interventions other than biosecurity could play an important role in 

the reduction of Campylobacter colonisation of flocks in future. However, improved 

management and biosecurity of broiler flocks plays a vital role in effectively preventing 

horizontal transmission of Campylobacter at the farm-level and will be discussed in more 

detail below. 

Tackling Campylobacter at Slaughterhouse-Level  

During slaughter and processing, there is a high risk of carcass contamination from contact 

with intestinal contents and/or contaminated machinery and equipment following 

evisceration. 

A number of slaughterhouse interventions have been shown to reduce the levels of 

Campylobacter contamination on broiler chicken carcasses. HACCP can be employed in 

poultry slaughterhouses to reduce carcass contamination. Critical control points in a poultry 

slaughterhouse that can be managed to control Campylobacter include the temperature of 

the water in the scalding tank and the temperature of the carcasses, counter-flow technology 

in the scalding tank and chiller, the scalding method, variations in washing the carcass after 

the bird is eviscerated and the chilling method. 

Chemical carcass decontamination is not permitted in the EU (BIOHAZ, 2011). It involves 

treating chicken carcasses with acidified sodium chlorite, chlorine, lactic acid or electrolysed 

water sprays. Other slaughterhouse interventions include slaughter Campylobacter-positive 

flocks at the end of the day, modified steam treatment, irradiation, freezing, air drying, crust 

freezing, hot washing/heat treating and skin removal (BIOHAZ, 2011; Hansson et al., 2018). 
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The Role of Biosecurity in the Control of Campylobacter 

As described in the section above (‘Risk Factors for Campylobacter Colonisation of 

Commercial Broiler Flocks’), there is a breadth of research investigating risk factors for 

Campylobacter colonisation of broilers. Furthermore, a few studies have used mathematical 

modelling approaches to predict Campylobacter transmission and colonisation with a view 

to preventing these processes. Through this research and due to the ubiquitous presence of 

Campylobacter spp. in the poultry farm environment, biosecurity practices have been 

highlighted as the main area for intervention to prevent the ingress of Campylobacter into 

broiler houses and the subsequent colonisation of the flock (Newell and Fearnley, 2003; 

Humphrey, O'Brien and Madsen, 2007; Rushton et al., 2009; Newell et al., 2011). 

Biosecurity measures are designed to prevent the introduction and spread of disease-causing 

organisms into a flock or herd (Nespeca, Vaillancourt and Morgan Morrow, 1997; Dorea et 

al., 2010). The Department for Environment, Food and Rural Affairs (Defra) defines 

biosecurity as ‘taking steps to ensure good hygiene practices are in place so that the risk of a 

disease occurring or spreading is minimised’ (Defra, 2005). Biosecurity measures include any 

intervention that prevents the ingress of a pathogen and its horizontal transmission between 

livestock. For the prevention of Campylobacter colonisation, measures include, but are not 

limited to, restricted and monitored access, an anteroom at the entrance to the broiler house 

containing a physical barrier delineating a biosecure area, farm- and broiler house-specific 

clothing, footwear and equipment, widespread use of disinfectant footbaths, vehicle 

disinfection, pest-control and appropriate cleaning and disinfection and turnaround 

protocols between flocks. 

Research has shown that improved farm biosecurity reduces the prevalence of 

Campylobacter in commercial broiler flocks (Newell and Fearnley, 2003; Humphrey, O'Brien 

and Madsen, 2007; Rushton et al., 2009; Newell et al., 2011). In addition, research has 

repeatedly demonstrated that compliance with biosecurity protocols is poor, despite serious 

and potentially economically-devastating consequences (Dorea et al., 2010). Consistent 

application of biosecurity measures is essential for the success of all types of animal 

production, including for the significant reduction of transmission of infection and the 

associated magnitude of any related economic impact (Nespeca, Vaillancourt and Morgan 

Morrow, 1997; Dorea et al., 2010). 



Chapter 1 

 

 

43 

Biosecurity Compliance on Commercial Broiler Farms 

General Compliance with Biosecurity Measures on Broiler Farms 

Racicot et al. (2011) hypothesised that specific compliance errors are much more prevalent 

than others at entry and exit of broiler houses. They aimed to record and describe the 

application of biosecurity measures at entrance and exit of broiler houses to determine the 

nature and the frequency of biosecurity errors in the short- (first two weeks) and medium-

term (after 6 months). Hidden cameras were placed on eight Canadian poultry farms in one 

broiler house to evaluate compliance of existing biosecurity measures. A laminated poster 

with the grower’s list of required entry and exit biosecurity measures was installed at the 

entrance of the selected barn. At the same time, a hidden camera was installed at the 

entrance of the selected barn.  

The objectives were to evaluate and describe the application of biosecurity measures when 

entering and exiting broiler houses. For the eight participating farms, there were two to 

seven biosecurity measures to apply per visit. A total of 44 different mistakes were observed 

from 883 visits done by 102 different individuals. On average, four errors were recorded per 

visit. People observed over several visits made on average six different errors. The maximum 

number of errors made by one individual during one visit was 14. Only 26 visits (N=883; 2.9%) 

were performed without error by 11 different people. The five most frequent errors were: 

ignoring the hygiene barrier between the contaminated and the clean areas, not wearing or 

changing boots when entering a house, not washing hands during entrance, not wearing 

coveralls, and not signing the logbook. Racicot et al. concluded that the nature and frequency 

of errors suggested a lack of understanding of biosecurity principles.  

This study (Racicot et al., 2011) was part of a larger study (Racicot et al., 2012) of biosecurity 

compliance on 24 poultry farms in Quebec, Canada. Racicot et al. (2012) concluded that 

reasons for lack of compliance could not be boiled down to a lack of information or 

communication with personnel on biosecurity. Whilst lack of knowledge and comprehension 

is an aspect of the problem, it has been shown that nature of the visit, personal 

characteristics, and farm attributes are determinants of compliance. Racicot et al. (2011; 

2012) noted that some individuals seemed to willingly disregard the rules. This indicates that 

psychological characteristics may also be part of the problem and the authors advocated 

future investigation of personality traits, attitudes and motivations (Racicot et al., 2012). 
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From the two studies by Racicot et al., the authors concluded that there is a need to improve 

understanding of biosecurity measures by demonstrating why and how to apply them. 

Training should be continuous and be revisited several times throughout the year. The 

authors advocated identifying highly compliant employees and using them to train other 

employees. 

In addition, farm design has been shown to play a role in compliance with biosecurity 

measures. Commercial poultry houses frequently separate the flock from the outside world 

with an ‘anteroom’, a room within the house that must be entered by staff and visitors before 

entering the main area housing the flock. Anterooms, also known as ‘control rooms’, are 

frequently split into two areas by a ‘hygiene barrier’; a defined demarcation zone to change 

boots, with the area closest to the door giving access to the birds being considered ‘clean’. 

The types of separation between the contaminated and the clean areas include painted lines, 

a low wall, benches, doors and footbaths (Racicot et al., 2011; 2012). To maintain the 

integrity of the two areas, it is expected that personal shoes and clothing are not in contact 

with the clean area; similarly, broiler house specific clothing must not be in contact with the 

contaminated area. Contact between clothing intended for inside and outside the broiler 

house must be avoided. The lack of a hygiene barrier was identified as a significant risk factor 

for Campylobacter contamination on Danish broiler farms and described by Hald, 

Wedderkopp and Madsen (2000) as “the single most important biosecurity measure for 

production of Campylobacter-free flocks”. Racicot et al. (2012) classified poultry barns 

depending on the ease of application of requested biosecurity measures, such as changing 

clothes and footwear and disinfection protocols, as ‘easy’, ‘intermediate’ or ‘difficult’. The 

study found that someone was five to nine times more likely to respect areas at the entrance 

or exit when there was a physical barrier compared to a line. This echoed results of the 

authors’ earlier study (Racicot et al., 2011), which found that the frequency of error seemed 

to depend on the type of hygiene barrier, the duration of the visit and the presence of an 

observer. Ignoring biosecurity measures was more frequent when the barrier was a red line 

or footbath compared to a physical barrier, such as a bench or door (Racicot et al., 2011). 

Also, odds of complying with one additional biosecurity measure were 1.5x higher when 

there was a physical barrier compared to a line. Moreover, the ease of application of 

biosecurity was strongly associated with area compliance; people were 12-23 times more 

likely to respect ‘clean’ and ‘unclean’ areas when biosecurity measures were performed in 
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an environment facilitating their application. For example, having a physical barrier and 

sufficient space in control rooms were positively associated with barrier compliance. The 

authors concluded that anteroom design should permit a logical and practical application of 

biosecurity measures on a daily basis and that farm infrastructure should facilitate or even 

encourage people to comply. 

It has been hypothesised that poultry integrator companies set biosecurity standards for 

their farms but enforce these more rigorously on company-owned than independent-

contracted farms. Thus, Dorea et al. (2010) hypothesised that although poultry companies 

set similar standards for biosecurity for all of their growers, the level of implementation on 

individual farms, particularly contracted farms, may vary significantly, altering the disease 

transmission risk on different farms. The study found that variability in biosecurity 

implementation associated with farm size or the number of farms owned by a grower was 

low. 

However, Dorea et al. (2010) found that companies in Georgia were not providing 

standardized, comprehensive biosecurity guidance to contract growers. This resulted in 

those with poor biosecurity not being aware of their non-compliance, which creates 

opportunity for disease transmission. Similarly, East et al. (2008) surveyed 1058 poultry farms 

in Australia and their level of adoption of a range of biosecurity procedures. A lower rate of 

adoption was observed on independently-owned farms and concluded that this may reflect 

the absence of guidelines imposed by a head office.  

Dorea et al. (2010) also found that a disease threat contributed more to grower biosecurity 

practices than individual company policies. Compliance by individual growers will likely 

depend on the level of awareness and emphasis on the role of biosecurity in disease control, 

including regular audits. 

Economic Incentives to Biosecurity Compliance 

In 2012, Siekkinen et al. (2012) estimated the average cost of biosecurity for Finnish broiler 

producers to be 3.55 eurocent per bird (0.10 eurocent per bird per rearing day), which 

included all biosecurity overheads, including time, labour and equipment. For a batch of 

75,000 broilers, the total cost was estimated to be approximately €2,700. Fraser et al. (2010) 

focused on establishing the importance of profit considerations in determining farmers’ 
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overall attitudes to the adoption of improved biosecurity. There was a clear inverse 

relationship between the willingness of farmers to adopt a biosecurity measure and its 

estimated cost. These concerns are applicable to all broiler farms, but particularly 

independently-owned farms, where the farmer is frequently responsible for farm finances in 

addition to implementation of biosecurity protocols. This has implications for the success of 

biosecurity measures that are voluntarily adopted by farmers. Furthermore, if a disease has 

a negative risk associated with profitability, this provides more of an incentive to farmers to 

prevent its introduction and/or control it. In contrast, Campylobacter is generally believed to 

have little or no impact on broiler health or production, thus farmers are less incentivized to 

control it, despite the threat of this and other food-borne zoonoses to public health. Fraser 

et al. (2010) concluded that ultimately, financial inducements or penalties may be necessary 

to facilitate adoption of biosecurity measures. Higham et al. (2018) investigated the effect of 

financial incentives on reducing Campylobacter prevalence on UK broiler farms. The study 

found that a house whose farm received an incentive had a 54% reduction in the odds of 

being highly contaminated with Campylobacter compared with those for which an incentive 

was not awarded (p<0.001). Alternatively, a policy decision with legal ramifications could be 

enforced to ensure compliance. 

Effect of Knowledge on Biosecurity Compliance 

Several studies have highlighted the knowledge, particularly knowledge deficits (Elbers et al., 

2004; Mossialos and Rudisill, 2008), of farmers with regards to disease risk, transmission and 

effectiveness of biosecurity as major factors in compliance with biosecurity measures (Casal 

et al., 2007; Brennan and Christley, 2013; Garforth, Bailey and Tranter, 2013). Biosecurity 

compliance is a dynamic and evolving process influenced by the characteristics of the farm, 

the measures already implemented on it and on neighbouring farms, the advice of 

veterinarians and available scientific and technical information (Casal et al., 2007; Brennan 

and Christley, 2013). 

Young et al. (2010) aimed to assess good production practices by a questionnaire conducted 

with broiler chicken producers in Canada, which were part of the Safe, Safer, Safest on-farm 

food safety programme. The Safe, Safer, Safest programme is an assurance scheme, which 

outlines mandatory and highly recommended interventions or “good production practices” 

that producers must follow to ensure the production of safe chicken meat and to be certified 
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by the scheme. Only 21% of poultry producers were aware that Campylobacter can be 

transmitted through contaminated chicken meat to humans, whilst 82.4% knew that 

Salmonella can be transmitted via this route and 70% indicated that E. coli can be transmitted 

to humans via contaminated chicken meat, despite less scientific evidence that chickens are 

a source of pathogenic E. coli strains. Young et al. concluded that targeted knowledge 

translation efforts were needed to improve producer awareness of zoonotic pathogens in 

poultry, particularly Campylobacter. Moreover, over 20% of respondents reported that they 

do not clean and disinfect the broiler houses after each flock cycle, with the most frequently 

reported reason for not implementing this practice was that it is not necessary. However, 

research has repeatedly demonstrated that cleaning and disinfection of houses is important 

for reducing Campylobacter colonisation in broiler chicken flocks (van de Giessen et al., 1996; 

Gibbens et al., 2001). At the time of the study’s publication, it was mandatory for producers 

to clean their barns at least partially (i.e., remove manure and organic material) after each 

flock cycle, while a complete washing and disinfection of barns was required once per year. 

This demonstrates that producers need to be educated about the importance of specific 

important biosecurity practices. 

Knowledge gained through previous experience of a disease in an outbreak situation has 

been found to influence biosecurity compliance. Dorea et al. (2010) surveyed poultry 

growers in two areas of the state of Georgia (USA) facing different levels of known disease 

risk, to assess the level of implementation of recommended biosecurity measures associated 

with routine human activities on the poultry farm. The study suggests that knowledge of 

disease threats improves on-farm biosecurity, as growers in North Georgia facing an 

outbreak of Infectious Laryngotracheitis reported a higher frequency of adoption of 

biosecurity measures. This reflected increased enforcement by the integrator company and 

increased awareness by poultry growers. Garforth Bailey and Tranter (2013) also found that 

previous experience of a disease influenced implementation of specific disease risk 

measures. 

Attitudes and Perceptions of Biosecurity on Commercial Broiler Farms 

Several infectious diseases can have a highly detrimental impact on the commercial poultry 

industry, resulting in significant financial losses (Dorea et al., 2010). A number of published 
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studies, some of which are described above, have investigated the implementation and 

efficacy of biosecurity measures on poultry (East et al., 2008; Dorea et al., 2010; Racicot et 

al., 2011; Racicot et al., 2012;) and pig (Casal et al., 2007) farms. However, there has been 

little research regarding farmer perceptions of the biosecurity measures implemented to 

control these pathogens. These diseases are proven to affect the performance, health, 

welfare and ultimately, the profitability, of the birds produced. Thus, the attitudes of farmers 

to control a disease, which does not affect performance or profit but threatens public health, 

are under-researched (Fraser et al., 2010). Campylobacter has long been considered a 

commensal organism of broiler chickens.  

Studies have investigated farmer perceptions of the importance of different biosecurity 

measures, including on pig (Casal et al., 2007; Garforth, Bailey and Tranter, 2013), sheep 

(Garforth, Bailey and Tranter, 2013) and cattle farms (Brennan and Christley, 2013) in 

England. Casal et al. (2007) surveyed 172 Spanish pig farmers in order to ascertain the 

biosecurity measures applied and the importance that farmers attributed to each measure. 

The perception of a given biosecurity measure was strongly influenced by the measures 

actually applied on the farm. The authors concluded that farmer education must be directed 

at explaining disease introduction and the significance of each biosecurity measure in terms 

of risk reduction, emphasising measures that are not applied despite their importance and 

effectiveness. 

However, little research into farmer perceptions has taken place within the UK poultry 

industry. Millman et al. (2017) aimed to investigate poultry catchers’ understanding and 

experience of key biosecurity threats posed by poor conduct during thinning and whether 

there were any differences in awareness of observable characteristics of catchers. Millman 

et al. (2017) tested the ability of catchers and catching team managers to identify biosecurity 

hazards using a Watch-&-Click Hazard Awareness survey. This consisted of a film of thinning 

on a broiler farm with seven deliberate mistakes, hazards or lapses in biosecurity. The 

respondent was asked to click or tap on the screen when a hazard was seen. All participants 

identified at least one hazard and 40% detected all hazards. Trained participants performed 

better than untrained participants; 48% of trained participants identified all hazards 

compared to 9% of untrained participants (p=0.03).  
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Poultry catchers, catching crew team leaders and farm managers were also interviewed 

individually and in focus groups. The authors found that catchers found themselves in a 

“Catch-22” where the time pressures of the job prevented them from complying with 

biosecurity protocols. What outsiders may perceive to be the result of ignorance was actually 

seen by the catchers to be a necessary and conscious decision to adjust biosecurity protocols 

in order to complete the catching task at hand. The authors concluded that emphasising the 

importance of training was unlikely to result in gold standard biosecurity practice and 

reduction or removal of the barriers to actually implementing the required measure, such as 

provision of extra time or equipment, may be a better aid to success. 

Nerlich, Brown and Crawford (2009) conducted 14 semi-structured interviews with chicken 

farmers and members of affiliated fields and discovered a sharp, tribalised divide between 

extensive (free range and organic) poultry farmers and intensive poultry farmers. Whilst 

intensive farmers blamed extensive farmers for increasing the risk of Avian Influenza, as 

extensively-reared birds are exposed to wild birds and therefore to more pathogens, such as 

Avian Influenza and related threats, such as Campylobacter. Conversely, extensive farmers 

blamed intensive farmers for increasing the risk of Avian Influenza by not exposing birds to 

natural pathogens and by also exposing them to more stress, thereby depleting their immune 

system and making them more susceptible to disease. Nerlich et al. concluded that to be 

most effective, campaigns by policy makers to increase awareness about ‘biosecurity’ have 

to be formulated with an awareness of these divisions within the industry (Nerlich, Brown 

and Crawford, 2009). The authors noted that means of communication must address the 

intended recipient appropriately for maximum effect and to be taken seriously. 

Ultimately, the success of new control initiatives will depend on compliance by farmers. 

Understanding what motivates and demotivates farmers is therefore fundamental in order 

for poultry-producers and policy-makers to develop feasible and acceptable reduction 

strategies applicable to the UK poultry industry (Fraser et al., 2010). 
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Microbiological Surveys of Campylobacter Contamination of Chicken Meat at Retail 

Recent Surveys (2013-2018) of Campylobacter Contamination of Chicken Meat at Retail 

Outside the UK 

The literature was searched for retail surveys investigating the Campylobacter prevalence of 

chicken meat that have been published within the last 5 years, since 2013. A recent meta-

analysis by Gonçalves-Tenório et al. (2018) systematically reviewed 78 studies conducted in 

21 European countries to summarize the incidence of pathogens in poultry meat; 50 of these 

studies included Campylobacter. The overall prevalence of Campylobacter spp. in all poultry 

meat was estimated to be 33.3% (95% CI: 22.3–46.4%) and 71.9% (95% CI: 43.2-89.6%) in 

whole chicken carcasses. However, there was a high level of heterogeneity amongst the 

observations (Chicken: I2 = 0.419, Other Poultry: I2 = 0.211).  A number of recent European 

retail surveys have been conducted and found Campylobacter prevalence rates ranging from 

76% in France (Guyard-Nicodeme et al., 2015), 6.8-66.7% in Italy (Nobile et al., 2013; Mezher 

et al., 2016; Stella et al., 2017; Menchetti et al., 2018), 39.4% in Spain (García-Sánchez et al., 

2018), 29.4% in Greece (Economou et al., 2015), 73.86% in Croatia (Mikulic et al., 2016), 87% 

in Germany (Luber and Bartelt, 2007), 59.5% in Finland (Kittl et al., 2016), 41.6-54.4% in 

Poland (Andrzejewska et al., 2015; Korsak, et al., 2015; Wieczorek and Osek, 2015), 60.8% in 

Latvia (Kovalenko et al., 2013), 20.8% in Estonia (Mäesaar et al., 2014) and 46.8% in Lithuania 

(Kudirkiene et al., 2013). It should be noted that these studies varied in the portion of meat 

tested (for example, chicken breast, chicken legs/thighs/wings and/or chicken mince) and in 

their methodology. Therefore, comparisons to each other should be made with care. 

Worldwide, a number of recent studies have been conducted, which also vary in the portion 

of meat tested and in their methodology. In Asia, studies have found prevalences of 47.5% 

in The Philippines (Sison et al., 2014), 58.8% in South Korea (Wei et al., 2016), 17.2-51.3% in 

China (Bai et al., 2014; Ma et al., 2014; Huang et al., 2016; Ma et al., 2017; Zhu et al., 2017) 

and 13.3-52% in Japan (Hara-Kudo et al., 2013; Hidano et al., 2014; Kojima, Kishimoto and 

Ezaki, 2015; Zhang et al., 2016; Sato et al., 2018). Additionally, prevalences of 10-38.6% in 

India (Pallavi and Kumar, 2014; Tayde and Brahmbhatt, 2014; Khan et al., 2018) and 29% in 

Pakistan (Nisar et al., 2017). 
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Recent studies from the Middle East have found prevalences of 41.7-63.1% in Iran 

(Hosseinzadeh et al., 2015; Zendehbad, Khayatzadeh and Alipour, 2015; Raeisi et al., 2017), 

8.3-45.9% in Qatar (Mohammed et al., 2015; Abu-Madi et al., 2016) and 53% in Saudi Arabia 

(Abu-Madi et al., 2016).  

Elsewhere, prevalences of 14.2-19.6% in Brazil (Hungaro et al., 2017; Ristori et al., 2017; 

Lopes, Landgraf and Destro, 2018), 83% in Argentina (Signorini et al., 2014) and 39.9% in 

Egypt (Awadallah et al., 2014). Finally, studies have shown prevalences of 10.8-39% in the 

USA (Mollenkopf et al., 2014; Noormohamed and Fakhr, 2014; Berrang, Oakley and 

Meinersmann, 2016; Whitehouse et al., 2018) and 23.5-42% in Canada (Agunos et al., 2013; 

Sproston, Carrillo and Boulter-Bitzer, 2014; Narvaez-Bravo et al., 2017). 

A Brief History of Monitoring Campylobacter Contamination of UK Chicken Meat at Retail 

Until the early 2000s, a few studies in the UK found varying prevalences of Campylobacter in 

chicken meat at retail (Table 2). However, these studies varied in the geographical sampling 

area, the chicken portion sampled and the source of chicken. Not all studies reveal the 

chicken’s country of origin or identified the Campylobacter species. These discrepancies 

make it difficult to compare prevalences and to estimate the prevalence of Campylobacter in 

UK-produced chicken at this time. 

Since the formation of the Food Standards Agency in 2000 to protect public health through 

food safety (Food Standards Act 1999), there has been significant monitoring of 

Campylobacter in UK retail chicken meat. In 2001, the FSA set itself a target to reduce the 

incidence of UK foodborne disease by 20% by the end of 2005 and established the Foodborne 

Disease Strategy (FDS) to achieve this target (FSA, 2011). The FSA chose to focus on the five 

major micro-organisms that cause food poisoning: Salmonella, Campylobacter and 

Clostridium perfringens (the pathogens responsible for the greatest number of cases of 

foodborne disease) and E. coli O157 and Listeria (the pathogens causing the most severe 

disease but in smaller numbers). Campylobacter was the greatest challenge in achieving this 

target. From April to June 2001 the FSA undertook a UK-wide survey of Salmonella and 

Campylobacter contamination of fresh and frozen chicken on retail sale. The survey sampled 

fresh and frozen, whole and portioned raw chicken on retail sale, according to market share 

(N=4881). Campylobacter contamination was found to be between 42-76% (FSA, 2005; 
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2014b). There was a significant difference in the contamination rate between England and 

Wales when compared to Scotland and Northern Ireland. The latter two countries had a 

much higher frequency of contamination (76% average compared with a 44% average for 

England and Wales). This was recognised when the preliminary results were announced in 

August 2001. Further work failed to identify a definitive explanation for these differences, 

although variation in laboratory performance and methodology was likely to be a factor (FSA, 

2005).  

Following this, in 2003, the FSA aimed to decrease rates of foodborne disease by 20% by April 

2006. Subsequently, a consultation was launched into the FSA’s ‘Strategy for the Control of 

Campylobacter in Chickens’ (FSA, 2005). By this time, the FSA had developed, and was 

beginning to implement, a strategy to control Campylobacter in UK-produced broiler 

chickens. The consultation aimed to distribute the strategy widely to all stakeholders in the 

poultry production chain and seek views to assist in its implementation and further 

development. Consequently, in the Agency’s 2005-2010 Strategic Plan a further target was 

set to achieve a 50% reduction in the incidence of UK-produced chickens which test positive 

for Campylobacter by 2010, from a baseline of 70% (FSA, 2005; 2009). There was a focus on 

action on farms, including biosecurity measures and seeking to establish effective ways of 

communicating with poultry farmers (FSA, 2003; 2005). 

A number of retail surveys of Campylobacter contamination of chicken meat were conducted 

from 2001-2005, many of which were done in partnership between Local Authorities (Local 

Authorities Coordinators of Regulatory Services), the Health Protection Agency (HPA) and the 

FSA (FSA, 2005) (Table 2). Meldrum, Smith and Wilson (2006) conducted a three-year 

surveillance program of fresh and frozen chicken at retail in Wales from 2001 to 2004, finding 

a persistent Campylobacter prevalence of ~70% (2001-02: 70.8%; 2003: 73.1%; 2004: 68.6%). 

None of the rates significantly altered over the course of the study, except for frozen 

samples, where there was a significant decline in rate between 2003 and 2004 (72.6% to 

58.4%). This was part of the LACORS/HPA/FSA Local Authority Sentinel Surveillance of 

Pathogens Survey, which was extended into England, Scotland and Northern Ireland in 2004, 

finding a Campylobacter prevalence of 72% in retail chicken in Northern Ireland in 2004 (FSA, 

2005). Additionally, from 2003-2005, Little et al. (2008) collected 2104 fresh raw poultry 

meat samples collected at retail, finding a Campylobacter prevalence of 60.9% in raw 
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chicken. Following this work, the FSA commissioned Meldrum and Wilson (2007) to conduct 

a survey of Salmonella and Campylobacter in raw, whole chickens at retail in Wales and 

Northern Ireland from March-December 2005, which reported the prevalence of 

Campylobacter contamination in fresh chicken at 72.4%.  

Although by 2005 there had been a considerable reduction of 19.2% in the level of foodborne 

disease since 2000, the cost and burden remained unacceptably high (FSA, 2011). A renewed 

Foodborne Disease Strategy for 2005-2010 was developed with the aim of reducing 

foodborne disease further, but there was little significant change in the level of UK foodborne 

disease in this period (FSA, 2011). A UK-wide survey was undertaken by the FSA between 

May 2007 and September 2008 to determine the Campylobacter and Salmonella prevalence 

on fresh chicken at retail (FSA, 2009). The prevalence of Campylobacter in chicken at retail in 

the UK was 65.2% (N=927). For chickens of UK-origin, the Campylobacter prevalence was 

76.1% (N=416). Furthermore, an EU-wide survey in 2008, investigating Campylobacter in 

broiler chickens at slaughter, found 75.3% of UK broiler batches colonised with 

Campylobacter (EFSA, 2010). In this survey a total of 10,132 broiler batches were sampled 

from 561 slaughterhouses. The European Community level prevalence was 71% and varied 

between 2-100% for all member states. 

In 2010, the Food Standards Agency (FSA) and the UK poultry industry set a joint target to 

reduce Campylobacter in chicken meat at retail; aiming to reduce the prevalence of the most 

contaminated chickens (>1000 cfu/g) to below 10% at the end of the slaughter process by 

the end of 2015 (FSA, 2010). Since 2014, the FSA have conducted four UK-wide surveys of 

Campylobacter contamination on fresh chickens at retail, with year 1 running from February 

2014 to February 2015, year 2 from July 2015 to March 2016, year 3 from August 2016 to 

July 2017 (FSA 2015b; 2017b; 2017c) and year 4 from July 2017 to June 2018 (FSA 2018b; 

2018c). Sampling for these surveys was stratified with retail outlets sampled based on market 

share data and spread across the entirety of the UK to reflect population sizes. The results of 

the first survey in 2015 revealed that the joint FSA-industry target had not been met, as the 

prevalence of Campylobacter was 73.3% with 19.4% of the chickens found to be 

contaminated with >1000 cfu/g (N=4011) (FSA, 2015b). Subsequently, it is worth noting that 

the second year of the FSA’s retail surveys (July 2015 to March 2016) was ceased prematurely 

at the end of quarter 3 as processing plants began cutting the neck skins off of the chicken 
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carcasses, which was the part of the carcass being tested for Campylobacter in the FSA retail 

survey (FSA, 2017c). This was hailed as a welcome development by the FSA as the neck skin 

is the most heavily Campylobacter-contaminated part of the carcass. However, the reduction 

in levels of Campylobacter in subsequent surveys may be artificially exaggerated due to the 

widespread continued removal of neck skins during processing. Nevertheless, by the end of 

the third year of the retail surveys 2017 prevalence had reduced to 54.0% and the percentage 

of chickens containing >1000 cfu/g to 6.5% (N=1437) (FSA, 2017b). Ongoing surveillance by 

the FSA in 2017-18 has revealed a further reduction in prevalence to 43.5%, with 3.9% of 

chickens contaminated with the highest levels of Campylobacter (FSA, 2018c). 
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Table 2: Table of UK retail surveys of Campylobacter in chicken meat in order of publication year. 

Author 
(Year of Publication) 

Sampling 
Period Chicken Product 

Type of 
Processing  
(e.g. Fresh, 

Frozen, Cooked) 

Retailer Country of 
Origin 

Prevalence 
(% (N)) Species 

Simmons and Gibbs 
(1979) 

Unknown Whole Fresh 
Direct from one 
Processing Plant 

UK 

48% (N=50) C. jejuni 

80% (N=35) C. jejuni 

Hood Pearson and 
Shahamat (1988)  

March-April 
1986 

Whole 

Fresh 

11 retailers 

South of 
England (12 
wholesalers 
from chicken 
farms in 12 
counties) 

48% (N=46) C. jejuni 
Uneviscerated 
(New York 
dressed) 

100% (N=12) C. jejuni 

Frozen 4.2% (N=24) C. jejuni 

Flynn, McDowell and 
Blair (1994) 

10-week 
sampling 
period 

Chicken wings Fresh 
Retail Outlets in 
Northern Ireland 

Unknown 64.7% (N=153) 
C. jejuni and C. 
coli 

Madden, Moran and 
Scates (1998) 

One-year 
period. Year 
Unknown. 

Chicken pieces Fresh 
Several Local 
Supermarkets in 
Northern Ireland. 

Northern 
Ireland 
(Single local 
producer) 

38% (N=120) 
C. jejuni and C. 
coli 

Little et al. (1999) 
April-May 
1998 

Various chicken 
products 

Fresh 
105 Halal Butchers’ 
Premises 

Unknown 50% (N=42) 
C. jejuni and C. 
coli 

Kramer et al. (2000) 
Feb-March 
1998 

Thigh/Breast Fresh 

Retail Outlets in GP 
Catchment area of 
Preston Public Health 
Laboratory 

Unknown 83.3% (N=198) 
C. jejuni and C. 
coli 
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Harrison et al. (2001) 

Monthly from 
November to 
June. Year 
Unknown. 

Whole 

Fresh 

Three supermarket 
chains (70% market 
share) and three local 
butchers’ shops 

Unknown 

77% (N=95) 

Campylobacter 
spp. 

Chicken breast with 
skin 

72% (N=95) 

Chicken pieces 64% (N=110) 

Jørgensen et al. 
(2002) 

November 
1998-January 
1999 and 
November 
1999-February 
2000  

Whole raw 
chickens 

Fresh and 
Frozen 

Variety of retail 
outlets located 
around Exeter and 
Preston. The retail 
outlets included 15 
national super- 
markets and 3 local 
butchers.  

Unknown 56% (N=141) 
Campylobacter 
spp. 

Moore et al. (2002) 
Five-month 
period. Period 
Unknown. 

Poultry-related 
cooked products 

Cooked 
Manufacturing, retail 
and catering 
establishments from 
the 26 local district 
council authorities in 
Northern Ireland. 

Unknown 

0% (N=1061) N/A 

Whole Fresh 94% (N=63) 
C. jejuni, C. coli 
and C. lari Whole Frozen 77% (N=44) 

Wilson et al. (2002) 1995-2000 Whole (neck skin) Frozen 

Sampling was 
intended to reflect 
market share as seen 
by the shopper. 
Supermarkets/grocer
s contributed 678 
samples, 235 came 
from butchers, and 
the rest from a 
variety of small 
outlets. 

Unknown 57% (N=1127) 
C. jejuni and C. 
coli 
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Meldrum, Tucker and 
Edwards (2004) 

November 
2001-
December 
2002 

Whole raw 
chickens  

Fresh 
Butchers and 
retailers in Wales 

Unknown 

75% (N=553) 
Campylobacter 
spp. Frozen 25% (N=186) 

Whyte et al. (2004) 
March 2001-
October 2002 

Chicken products Unknown 

Large retail outlets 
and smaller units 
including, dedicated 
butcher shops.  

Unknown 49.9% (N=444) 
C. jejuni and C. 
coli 

Meldrum et al. 
(2005) 

March-
December 
2003 

Whole raw 
chickens  

Fresh Wales: 70% from 
retailers and 30% 
from local butchers.  

Unknown 
73.5% (N=544) Campylobacter 

spp. Frozen 71.9% (N=192) 

Meldrum, Smith and 
Wilson (2006) 

January-
December 
2004 

Whole raw 
chickens  

Fresh Wales: 70% from 
retailers and 30% 
from local butchers.  

Unknown 
71.8% (N=578) Campylobacter 

spp. Frozen 58.4% (N=173) 

Soonthornchaikul et 
al. (2006) 

Unknown 
Whole raw 
chickens  

Fresh 

Five separate major 
supermarket chains 
and 10 butcher’s 
shops in North-East 
London  

Unknown 

Supermarket Organic = 
80% (N=30); Supermarket 
Intensively-reared = 83% 

(N=30); and Butchers’ 
Shops Intensively-Reared = 

100% (N=30). 

Campylobacter 
spp. 

Meldrum and Wilson 
(2007) 

March-
December 
2005 

Whole raw 
chickens  

Fresh 
Wales and Northern 
Ireland: 70% from 
retailers and 30% 
from local butchers.  

Unknown 

72.4% (N=727) 
 Campylobacter 

spp. 
Frozen 60% (N=150) 

Little et al. (2008) 

1 April 2003 - 
31 March 
2005  
 

Whole raw 
chickens 

Fresh 

1795 food (retail, 
food service) 
premises in the UK 
(England, Wales, 
Scotland, Northern 
Ireland)  

Unknown 

62.1% (N=301) 

C. jejuni and C. 
coli 

Raw portions 60.9% (N=1477) 
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FSA (2015a; 2015b) 
February 2014 
– March 2015 
(Year 1) 

Whole raw 
chickens 

Fresh UK retail outlets UK 73.3% (N=4011) 
Campylobacter 
spp. 

FSA (2017c) 
July 2015 – 
March 2016 
(Year2) 

Whole raw 
chickens 

Fresh UK retail outlets UK 61.3% (N=2998) 
Campylobacter 
spp. 

FSA (2017b) 
August 2016 – 
July 2017 
(Year 3) 

Whole raw 
chickens 

Fresh UK retail outlets UK 54.0% (N=3980) 
Campylobacter 
spp. 

FSA (2018c) 
July 2017 – 
June 2018 
(Year 4) 

Whole raw 
chickens 

Fresh UK retail outlets UK 43.5% (N=Unknown) 
Campylobacter 
spp. 
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Aims and Objectives 

The literature review conducted within this chapter revealed several knowledge gaps that 

need to be addressed to obtain a better understanding of how to control Campylobacter in 

commercial broiler production. For example, particular gaps were noted in the lack of 

investigations of the attitudes and perceptions of farmers to biosecurity and the prevalence 

of Campylobacter in chickens produced for particular consumer demographics, such as the 

UK Halal market. There is also still room for improvement in our understanding of 

Campylobacter transmission within and between broiler flocks and it is yet to be determined 

how best to test and monitor the Campylobacter status of flocks prior to slaughter.  It was 

decided that all investigations in this project would focus on intensively-reared and not free-

range or organic production. This is because over 90% of chicken produced for meat in the 

UK is intensively-reared and it has been previously identified that controlling biosecurity and 

Campylobacter-prevalence in chickens produced in indoor systems is more achievable than 

in those produced in free-range and organic production systems (Newell & Fearnley, 2003). 

Thus, this project aimed to investigate the role of biosecurity in the control of Campylobacter 

in previously unexplored areas of commercial broiler production. Further identification of 

improvements to reduce Campylobacter colonisation of broiler flocks could improve animal 

welfare and public health, benefitting the broiler industry and consumers.  

Chapter 2 describes a qualitative interview study of broiler farmers’ attitudes and 

perceptions to biosecurity, which was used to identify barriers for maintaining biosecurity 

protocols, and to investigate risky behaviours associated with biosecurity breaches and the 

ingress of Campylobacter into poultry houses.  

Chapter 3 longitudinally followed intensively-reared broiler flocks on multiple broiler farms 

for an entire crop cycle to further understanding of risk factors for flock colonisation. 

Generalised Estimating Equations (GEEs) and Generalised Linear Mixed-Effect Models 

(GLMMs) were used to investigate potential risk factors for Campylobacter colonisation to 

highlight key areas important in transmission pathways. These data provide valuable insights 

into potential areas for intervention within the broiler house environment and high-risk 

periods to focus control measures, which may facilitate strategic planning of on-farm 

biosecurity. 
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Chapter 4 also utilises longitudinal sampling of broiler flocks to investigate the use of 

quantitative real-time PCR (qPCR) with and without propidium monoazide (PMA) treatment 

as methods for rapid-detection and quantification of viable, viable but non-culturable (VBNC) 

and non-viable Campylobacter on broiler farms.  

Finally, Chapters 5 and 6 aim to determine the prevalence and levels of Campylobacter 

contamination of chicken meat produced for the Halal market in the UK. Chicken neck skin 

was sampled from fresh, whole, UK-produced, chilled chicken, which were marketed as Halal 

and sold at UK retail outlets. Additionally, the outer packaging was tested for Campylobacter 

contamination. The prevalence and levels of Campylobacter contamination were compared 

with published estimates for all UK-produced chicken and risk factors for Campylobacter 

contamination identified. To study the diversity of isolates from Halal chicken retail meat, 

the antimicrobial susceptibility of 1031 Campylobacter isolates collected at retail from 405 

chicken neck skin samples and 164 packaging swabs of UK-produced Halal chicken meat was 

investigated. A selection of 50 AMR variants was also investigated by whole genome 

sequencing. This allowed investigation of the diversity of isolates based on AMR phenotype 

and genotype and comparisons of the prevalence of resistance to clinically-relevant 

antimicrobials between the Halal and non-Halal chicken markets.
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Chapter 2 

The Role of Biosecurity in the Control of Campylobacter: 
A Qualitative Study of the Attitudes and Perceptions of 
UK Broiler Farmers 

Introduction 

Biosecurity measures are designed to prevent the introduction and spread of disease-causing 

organisms into a flock or herd (Nespeca, Vaillancourt and Morgan Morrow, 1997; Dorea et 

al., 2010) and have been shown to be key in the prevention of disease in poultry units (Jones 

et al., 2013; Martelli, Birch and Davies, 2016). The UK Department for the Environment, Food 

and Rural Affairs (Defra) defines ‘biosecurity’ as ‘taking steps to ensure good hygiene 

practices are in place so that the risk of a disease occurring or spreading is minimised’ (Defra, 

2005). Due to the ubiquitous presence of Campylobacter spp. in the poultry farm 

environment, research has highlighted biosecurity practices as the main area for intervention 

to prevent the ingress of Campylobacter into and between broiler houses and the 

subsequent colonisation of commercial broiler flocks (Newell and Fearnley, 2003; Humphrey, 

O'Brien and Madsen, 2007; Rushton et al., 2009; Newell et al., 2011). Controlling 

Campylobacter at the farm-level is predicted to be more effective and result in the greatest 

public health gains than post-harvest interventions (Katsma et al., 2007; Rushton et al., 

2009).  

In 2010, the Food Standards Agency (FSA) and the UK poultry industry set a joint target to 

reduce Campylobacter in chicken meat at retail; aiming to reduce the prevalence of the most 

contaminated chickens (>1000 cfu/g) to below 10% at the end of the slaughter process by 

the end of 2015 (FSA, 2010). Since 2014, the FSA has conducted four UK-wide surveys of 

Campylobacter contamination on fresh chicken meat at retail, in which they identified the 

levels of Campylobacter in chicken meat sold by major UK supermarkets (FSA, 2015b; 2017b; 

2017c; 2018b). This focus on the reduction of Campylobacter followed the introduction of 

the UK National Control Programme (NCP) for Salmonella in meat chickens. This resulted in 

the tightening of biosecurity measures on broiler farms to ensure that the percentage of 

meat chicken flocks remaining positive for Salmonella enterica serotype Enteritidis and S. ser. 
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Typhimurium was <1% by the end of 2011, as set out in Regulation (EC) No 646/2007 (Defra, 

2008). 

The consistent application of biosecurity measures is essential for the success of all types of 

animal production, including for preventing disease introduction and reducing production 

and financial losses that may occur following infection of a herd or flock (Nespeca, 

Vaillancourt and Morgan Morrow, 1997; Dorea et al., 2010). Research has repeatedly 

demonstrated that compliance with biosecurity protocols is poor, despite serious 

consequences, which can be economically-devastating (Dorea et al., 2010). To date, research 

has focused on the successful implementation of interventions to control food-borne 

zoonoses. A number of published studies have investigated the introduction and efficacy of 

biosecurity measures on poultry (East et al., 2008; Dorea et al., 2010; Racicot et al., 2011; 

Racicot et al., 2012) and pig (Casal et al., 2007) farms. Ultimately, the success of new control 

initiatives will depend upon compliance on farm. However, there has been little research 

regarding farmer perceptions of biosecurity measures to control these food-borne zoonoses, 

particularly those that have little or no impact on animal health or production but which 

threaten public health, including Campylobacter (Fraser et al., 2010). Studies have 

investigated farmer perceptions of the importance of different biosecurity measures, 

including on pig (Garforth, Bailey and Tranter, 2013), sheep (Garforth, Bailey and Tranter, 

2013) and cattle farms (Brennan and Christley, 2013) in England. Millman et al. (2017) 

investigated poultry catchers’ understanding of the biosecurity threats posed by catching 

broiler chickens (“broilers”) during partial flock depopulation and the barriers to good 

biosecurity practice. However, very little qualitative research has been performed with 

broiler farmers, particularly within the UK poultry industry. It is important to understand 

what motivates and demotivates farmers to enable poultry-producers and policy-makers to 

develop achievable strategies applicable to the UK poultry industry (Fraser et al., 2010). 

This study aims to elicit farmers’ attitudes and perceptions to biosecurity, identify barriers 

for maintaining biosecurity protocols, and to investigate risky behaviours associated with 

biosecurity breaches and the ingress of Campylobacter into poultry houses. These topics will 

be explored both in relation to general biosecurity measures and in the context of controlling 

Campylobacter. These research questions will be investigated through semi-structured 

interviews, which provide an opportunity to cover a broad range of topics relating to on-farm 
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biosecurity and each farmer’s attitudes towards individual, existing and gold-standard 

biosecurity measures. Similar qualitative methods have previously been used to explore 

antimicrobial use and prescribing patterns by pig veterinary surgeons and farmers (Coyne et 

al., 2014; 2016) and biosecurity awareness, interpretation and practice by poultry catchers 

(Millman et al., 2017). This will identify what motivates farmers to implement biosecurity 

measures and what barriers prevent the effective implementation of biosecurity protocols. 

In turn, this will help to identify areas for improvement and to develop training tools and 

interventions that will allow biosecurity, both for the control of Campylobacter and in 

general, to be successfully introduced and maintained on farms. Ultimately, this could 

improve animal welfare and public health, benefitting the broiler industry and consumers. 

Materials and Methods 

Selection of Interview Participants 

Farms taking part in a study on Campylobacter in the internal and external broiler farm 

environment were asked if they would be willing to participate in an interview on attitudes 

and perceptions of UK broiler farmers to biosecurity and the control of Campylobacter in UK 

commercial broiler flocks. Additionally, the major UK poultry integrator, which these farms 

were contracted to or owned by (Integrator 1), were asked to suggest other farms that would 

be willing to participate in an interview about biosecurity. The integrator was asked to 

nominate both company-owned and independent-contracted farms, representing a range of 

internal biosecurity audit scores and Campylobacter results; these metrics remained 

unknown to the researchers. The pilot study farm and one additional farm contracted to two 

other UK poultry integrators (Integrators 2 and 2) were recruited through word-of-mouth. 

All farms were commercial, intensive, indoor broiler chicken farms. Farms rearing slow-

growing broiler chicken breeds and/or with free-range farming practices were excluded from 

the study. All participants were approached directly by telephone or email to request 

participation and arrange a suitable time and location for the interview. 
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Ethics 

Approval for the study was gained from the University of Liverpool Veterinary Research 

Ethics Committee (VREC408) prior to commencing the study interviews. All interviewees 

were given a participant information sheet that provided an overview of the project and 

participants signed a consent form prior to the interview. All participants were informed that 

participation would be anonymous with all data anonymised prior to publication, so that 

farms and farmers could not be identified in any published results. Permission to record the 

interview was sought at project outset with the integrator and prior to the interview with the 

participant as it was considered a vital component of the qualitative interview process to 

facilitate subsequent data analysis.  

Interview Design 

The interviews were undertaken by a single interviewer (AR). Interviews were semi-

structured and used a topic guide (Table 3) to ensure key areas were covered in each 

interview. However, the interview was participant-led, with the order of the interview 

determined by the participant(s) and additional relevant topics pursued as they arose. 

Questions were non-leading and phrased to encourage participants to communicate their 

personal views and anecdotes. The interview guide was reviewed and revised following an 

initial pilot interview. 

Hand Plates 

For those farms taking part in the study on Campylobacter in the internal and external broiler 

farm environment (Chapter 3), a hand plate from staff present on the farm was collected 

during a farm visit as part of this other study. Participants were asked to touch the surface of 

a Columbia blood agar (Lab M Ltd, Bury, UK) plate containing 5% (v/v) defibrinated horse 

blood (Southern Group Labs, Corby, UK), to identify bacteria present on their fingers. As part 

of the subsequent interview, feedback was provided on participants’ own hand plate results 

and hand hygiene was discussed. Participants were provided with a photograph of their hand 

plates 24h after incubation at 37°C. 
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Thematic Data Analysis 

All interviews were transcribed verbatim by a commercial transcribing firm (except the pilot 

interview which was transcribed by AR) and checked by the interviewer (AR) for accuracy and 

anonymised. Thematic analysis (Braun and Clarke, 2006) was used to assess the transcripts 

to highlight minor and major themes. Initial line-by-line coding of transcripts revealed re-

occurring opinions and subject areas which were considered to be minor themes. Minor 

themes were linked together, and common subject areas exposed and categorised as major 

themes. Interviews were continued until ‘sampling-to-saturation’, where there were no new 

ideas emerging from the interviews and there was little or no change to the codebook. All 

analysis was undertaken using the qualitative data management tool NVivo 12.1.0. Further 

analysis was carried out looking at how commonly themes occurred and examining minority 

and majority opinion. 

Table 3: Interview Topic Guide 

Topic Headings Areas Explored 

Profile of Individual 
- Level of education, length of service and 

motivation for the job 

Training and Feedback on Biosecurity 
- Training (and type of) in biosecurity 
- Feedback on biosecurity 

Perceptions and Implementation of 
Biosecurity 

- Definition and importance of biosecurity 
- Current biosecurity measures 
- Perceptions of biosecurity standards 
- Difficulties in practising biosecurity  
- Improvements to make biosecurity easier 
- Incentivisation to follow biosecurity 

Hand Plates 

- Results of hand plates 
- Importance of hand hygiene (before and 

after) 
- Opinion of personal hand hygiene (before 

and after) 

Responsibility for Biosecurity and 
Control of Campylobacter 

- Where responsibility for biosecurity and 
Campylobacter-status of flocks lies 

- Trusted sources of information on 
biosecurity 

Future Options and Challenges 
- Opinions on the future of biosecurity and 

the control of Campylobacter in the UK 
broiler chicken industry 
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Results 

Study Population 

Participants included farm owners, managers, assistant managers and workers with a range 

of experience. Sixteen interviews were conducted with between one to three members of 

staff on sixteen broiler farms, six owned by and ten contracted to three different UK poultry 

integrators (Integrator 1, 2 or 3). A total of 28 people, three female and 25 male, took part in 

the interviews. Further details of the interviewees and farms involved in the interviews are 

included in Table 4. The length of the interviews ranged in time from 00:32:51 to 01:43:38 

(Mean = 00:48:18; Median = 00:43:50). A pilot interview took place in May 2016, with the 

rest conducted between June 2017 and January 2018. The transcript from the pilot interview 

was reviewed in detail and considered to be of acceptable quality to be included in the overall 

analysis. 

Table 4: Details of 28 interviewees and 16 farms participating in 16 interviews in May 2016 
and between June 2017 and January 2018.  

Farm No. 
(Integrator 1, 
2 or 3) 

No. of Houses on Site 
(Total no. of broilers 
per flock cycle) 

No. of Participants 
in Interview  
(Male (M)/Female 
(F)) 

Role 
(Owner (O), Manager 
(M), Assistant 
Manager (AM), 
General Worker (W), 
Spouse (S)) 

1 (1) 12 (306,000) 2 (M) M and AM 
2 (1) 11 (402,500) 3 (M) M, AM and W 
3 (1) 4 (171,600) 1 (M) O 
4 (1) 6 (213,000) 2 (M+F) M and AM 
5 (1) 9 (286,750) 2 (M) M and AM 
6 (1) 4 (126,000) 2 (M) O and M 
7 (1) 4 (210,000) 2 (M) O and M 
8 (1) 4 (126,000) 2 (M) O and W 
9 (1) 8 (206,000) 2 (M) M and AM 
10 (1) 8 (320,000) 1 (M) M 
11 (1) 8 (295,000) 2 (M) M and AM 
12 (1) 8 (290,000) 1 (M) M 
13 (1) 8 (278,000) 2 (M) M and AM 
14 (1) 4 (Unknown) 1 (F) M 
15 (2) 4 (124,000) 2 (M+F) O (also M) and S 
16 (3) 3 (85,000) 1 (M) O (also M) 
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Themes Identified 

Through thematic analysis of the transcripts, minor themes were found to link to overarching 

major themes. Six major themes and seven minor themes were identified and will be 

discussed in more detail below: 

1. Campylobacter in Vogue  

2. Importance of Biosecurity 

a. The Legacy of Campylobacter 

3. Scepticism & Controversy 

a. About Campylobacter 

b. About Campylobacter Control 

4. Biosecurity Compliance 

a. Requirement & Enforcement 

b. Other Contributing Factors 

5. Issues with Biosecurity 

a. Specific Biosecurity Issues 

i. Control Room Barriers 

ii. External Site Visitors 

iii. Partial Flock Depopulation (Thinning) 

iv. Hand Hygiene 

b. Potential Improvements 

6. Power and Responsibility 

Campylobacter in Vogue 

‘Campy is a word that [my colleague] and I’d never heard of five years ago and now 

it’s boom, boom, boom, boom, boom.” 

The focus on the reduction of Campylobacter was said by the majority of interviewees to be 

a recent development, with the tightening of biosecurity measures described as “a big sea-

change” within the broiler chicken industry. The time frame for the introduction of increased 

biosecurity measures on farms was estimated by many to have been within the last two to 

five years, with many citing the lack of specific biosecurity measures prior to this as evidence 
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of how quickly the focus on biosecurity to reduce Campylobacter has spread through the 

industry. On-farm biosecurity was framed by many as “Before-Campylobacter” and “After-

Campylobacter”. A number of interviewees mentioned that “before”, farms only had foot 

dips at the entrance to each shed, which were “virtually optional”, and there was no 

requirement for extensive personal-protective equipment (PPE) or shed-specific clothing and 

equipment. Whereas “after”, strict requirements to follow enforced biosecurity protocols 

were introduced. An improvement in biosecurity around thinning and catching (partial and 

final flock depopulation and discussed in more detail below) was also cited to have been 

introduced in this period. 

Many interviewees commented that the reduction of Campylobacter is a prominent and 

prevalent issue within the broiler industry and a main focus of the integrators: 

“Everybody just seems to focus on Campy really.” 

One interviewee commented that Campylobacter was a “new problem”, a sentiment echoed 

by others, who believed that either “there wasn’t an issue with Campy” until recently or felt 

that it had been “kept quite quiet”. Some interviewees stated that they had never heard of 

Campylobacter until recently and a number of interviewees cited the naming and shaming of 

the prevalence of Campylobacter in individual supermarkets’ retail chicken as the event that 

kick-started the industry tackling of Campylobacter. 

There was a prevalent opinion that the focus on Campylobacter was a fashion and would 

pass in time. Some interviewees believed that a solution would be found to reduce 

Campylobacter to acceptable levels, with some adding that there would then be another 

problem to tackle as “it does seem to be a never-ending battle with something”. In many 

cases, comparisons were drawn with recent efforts in the poultry industry to tackle 

Salmonella and how the focus on Salmonella was seemingly replaced by Campylobacter. 

“It's very much the thing at the moment. Without a doubt, in a period of time, it won't 

be highlighted. There might be something else that comes on the- You know, there 

might be another thing that is highlighted, and we'll have to concentrate on that. 

Salmonella, that's a strange one…A few years ago, that was the thing they were 

concentrating on.” 
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Interestingly, there were others who viewed the focus on Campylobacter as an agenda of 

persons of authority within the industry. This will be explored further in the ‘Power and 

Responsibility’ theme below. 

Importance of Biosecurity 

“I’d probably believe that any farm manager would do anything to protect the flock.” 

It was a recurrent belief that a perceived improvement in biosecurity within the broiler 

industry was due to the focus on Campylobacter reduction. When asked about the 

importance of biosecurity, many participants mentioned that bird welfare was just as, if not 

more, important than anything else, including biosecurity, on a broiler farm. However, all 

participants understood how important biosecurity was in the prevention and control of all 

infectious pathogens, including Campylobacter: 

“It’s not just Campylobacter we’re protecting the birds from, it’s all sorts. There are 

plenty of chicken, specifically chicken viruses, and bugs going about. So you know it’s 

all related but, you’re basically, just protecting the birds from foreign bodies really.” 

A few participants felt that the presence of Campylobacter in a flock was an indicator of poor 

biosecurity and believed that farms with poor biosecurity were more likely to have 

Campylobacter-positive flocks. Many participants emphasised that biosecurity was 

important for the overall health and performance of the flock: 

“Listen. Biosecurity is just as important as performance. If you haven’t got 

biosecurity, you haven’t got performance. They go hand-in-hand, and they really do.” 

The Legacy of Campylobacter 

Many participants believed that since the industry started trying to reduce Campylobacter in 

broiler chickens, there had been a definite improvement in on-farm biosecurity practices and 

farmers’ understanding of their importance: 

“Biosecurity, definitely, is a definite improvement on all the farms. I think it's been 

drummed into us so much, that it's obviously very important. It definitely has helped 

the other health issues with the chickens.” 
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Many interviewees described “a definite knock-on effect”, whereby the increase in 

biosecurity and the drive to reduce Campylobacter has improved other aspects of broiler 

chicken production. A number of interviewees believed that by tackling Campylobacter 

overall flock performance had improved and felt that the focus on Campylobacter had 

improved chicken health. There was a feeling amongst farmers that even if Campylobacter 

could not be eradicated from broiler farms, this focus within the industry had left a legacy 

and had a positive impact on broiler production: 

“Obviously, as farms, by doing things like the […] barriers and other biosecurity 

measures, we are improving the health of the chickens, generally, anyway. So, 

therefore, how can you knock the biosecurity? Obviously, it's had a benefit on the 

health of the chickens so far. Even if you totally forget the Campylobacter side of it, 

there are definite improvements that we have done so that hasn't been a bad 

exercise.” 

The poultry industry’s reduction in antibiotic usage was commented upon in a small number 

of interviews. All interviewees commenting on antimicrobial prescribing practice believed 

that the reduction in usage was a positive change and that improved biosecurity was aiding 

this reduction: 

“I suppose better biosecurity has got to be a good thing for us, because it will help us 

grow chickens better, with less antibiotic usage.” 

However, one participant did express an opinion that the focus on reduction has become too 

extreme and veterinary surgeons are now too reluctant to prescribe antimicrobials. 

Scepticism & Controversy 

 About Campylobacter 

There were a number of controversies and frustrations expressed by participants 

surrounding the biology of Campylobacter and their understanding of its transmission. Each 

farm had specific issues which they believed was the cause of Campylobacter on their farm, 

for example the ventilation, the weather or climactic factors, pests and public/vehicular 

access routes. Often blame was passed onto others, such as the breeder flocks, hatcheries, 
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feed mill or catchers. Whether or not it was scientifically plausible, blame was largely shifted 

onto something that was out of the individual’s control, for example: 

“I like blaming the hatchery.” 

The majority of participants discussed their frustrations with trying to predict when flocks 

would be Campylobacter positive: 

“Well, I suppose the annoying thing with Campy is- and this must be much more 

frustrating for you and for [the integrator] really, is it appears to follow no patterns.” 

Many felt that flocks that ‘should be’ negative would test positive, and those that had 

suffered biosecurity breaches, either necessary or accidental, would test negative. Similarly, 

many felt that they consistently applied the correct biosecurity and the flocks would test 

positive or the results of their testing differed between flocks. This participant explained this 

phenomenon:  

“When you’ve got good biosecurity, it’s got to lower the risk of getting 

Campylobacter. Then you go to some places, their biosecurity is top notch, new sheds, 

all very clean everywhere and they’ve still got very bad Campylobacter. Although, I’m 

assured that the biosecurity audits we do, the people who score higher, tend to have 

lower Campylobacter results.” 

As noted above, some interviewees believed that Campylobacter was an ‘in vogue’ issue that 

had only recently become a human health issue and a small number also expressed views 

regarding a lack of immunity in the general public due to too much cleanliness in consumers’ 

everyday lives and surroundings: 

“Do you find that’s the way the world is going out there, everything has to be so 

blooming clean that no one’s got any natural immunity, don’t you think?” 

There was also an opinion that because of increased cleanliness, commensal bacteria had 

been reduced, creating a niche for pathogenic bacteria to multiply and pose a public health 

risk. There was a minority opinion that if consumers were exposed to more pathogens they 

would develop immunity and the focus on reducing Campylobacter would ease: 
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“Sometimes people need a good dose of belly ache to be immune to that bug.” 

 About Campylobacter Control 

Interviewees did not believe that Campylobacter negatively affects broilers but that it is only 

of concern to human health. Thus, in some cases, Campylobacter was not believed to be 

something to be concerned about. At the time of many of the interviews there was increased 

awareness of Avian Influenza within the UK due to a number of outbreaks in the UK and 

Europe, which many participants were very concerned about. Consequently, some 

participants expressed the view that the control of Campylobacter is not as important as 

preventing other diseases, which may have an effect on the health and welfare of birds and 

subsequently affect flock performance and the economic output of the farm. A small number 

of participants expressed the opinion that if Campylobacter did have a detrimental effect on 

chicken health and welfare then it would have been eradicated from broiler farms. This 

opinion was considered by one interviewee to be a controversial one: 

“I think I probably shouldn’t say this, but when somebody says, “If Campylobacter 

affected chickens it would have been sorted out years ago.” It’s true, it would have 

been, but the fact that it has no detrimental effects to the chicken, is why…I was going 

to say, we don’t have to worry about it, but our job is to grow the chickens as well as 

we can, to the best standard and welfare as possible.” 

Whilst many of the interviewees thought increased biosecurity was important, some were 

sceptical as to its effectiveness in the reduction of Campylobacter and many did not believe 

that biosecurity was the be all and end all to control Campylobacter: 

“One day we'll realise what's causing the Campylobacter, and we'll realise that it's 

not the effort of the biosecurity on the farm that is actually the issue. It's something 

that's, obviously, a far bigger issue than that.” 

Participants highlighted that Campylobacter control was a multifactorial problem, with many 

factors that need to be controlled to minimise risk and reduce levels of colonisation. Many 

commented that this is why Campylobacter is a more frustrating pathogen to control than 

Salmonella:  
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“[Campylobacter]’s not going to be like Salmonella where there’s a silver bullet, you 

can just- you can solve it.” 

Many participants felt that there were only so many measures that could be implemented 

on farm and there was a prevalent sense of fatalism and defeat that Campylobacter was out 

of farmers’ control. There was a common view that as Campylobacter is a ubiquitous 

bacterium present in the farm environment, it was very difficult to tackle. The majority of 

participants did not believe that Campylobacter could be eradicated. A few participants 

believed that bacteria, such as Salmonella and Campylobacter, were commensal and present 

on human skin at all times, which made the bacteria impossible to eradicate. Interviewees 

often quoted supposed reliable sources who had taught them these facts, for example: 

“The fieldsman, who is wonderful and very experienced, did say, “There’ll always be 

Campy on the farm, it’s all about it.” It’s like Salmonella, Salmonella is on our hands 

now, to some degree.” 

Biosecurity Compliance 

A considerable proportion of the interviews was spent discussing the main motivators, which 

encourage farmers to follow biosecurity, and barriers, which discourage them from 

implementing the required standards. Broadly these fell into two categories: biosecurity 

compliance due to requirements and enforcement, and biosecurity compliance, or non-

compliance, due to other factors such as time pressures, financial (dis)incentives and 

personality traits. 

Requirement & Enforcement 

There was a high level of acceptance amongst interviewees of the requirement to carry out 

biosecurity measures. Whether or not the interviewee understood why they were being 

asked to carry out the biosecurity practice or believed in the effectiveness of the measure, 

many carried them out simply because it was required: 

“What we're doing at the moment, it doesn't motivate me to be stricter, because 

what we're doing is what we've been told to do anyway. There's no more that we can 
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do, it's like, if they tell us, "We want you to do it this way." We'll do it this way, we'll 

just do what they tell us to do.” 

However, those who reported a high-level of self-compliance recognised the man-power 

required in policing compliance and the difficulty in ensuring that everyone was consistently 

adhering to the required measures. A minority of interviewees admitted that they ignored 

certain biosecurity protocols unless they were being visited or audited. A number of 

participants expressed the view that complying with biosecurity practices was a “tick box 

exercise”. Biosecurity audits, either undertaken internally by integrators or externally by 

assurance schemes, were viewed by many interviewees as a way to keep management 

satisfied and minimise the amount of oversight from their managers. Many of the 

interviewees described the biosecurity audits as “a hassle” and felt that there was too much 

auditing within the industry. These audits act as a drain on time and resources and are an 

unwelcome distraction from necessary farm work. If audits were undertaken by people who 

did not have an extensive knowledge of broiler farms, some interviewees felt that these 

people were underqualified to perform this task and either did not understand the farmers’ 

point of view or were duped by farmers into believing things were better than in reality. 

Levels of auditing were also cited by some independent farms as the primary reason for them 

to reconsider their contract. 

Many of the interviewed farms were tested each crop for flock Campylobacter status. Of the 

participants who received the results from this testing, many found it a useful benchmark. 

The results were seen as a reliable indication of how well their biosecurity was working and 

being adhered to. Unfortunately, some of the participants did not understand how to 

interpret the results of their Campylobacter testing. Some interviewees were part of a 

Campylobacter league table where theirs and other farms’ Campylobacter results were 

published every crop. Participants’ experiences with these were very mixed and seemed 

largely dependent upon whether farms scored highly or not. Many of the participants 

admitted that they did not like the system because they were scoring poorly, but that if they 

performed well they would be happy to have their results shared within the league. Some 

participants were embarrassed by the results of their flocks’ Campylobacter testing and 

exhibited a sense of pride that they did not want to be seen near the bottom of the league 
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table. Participants did not like it when their results slipped but those who saw their farms slip 

down the league table wanted to improve and get back to where they had been. 

Those participants who found the league table motivating felt that it improved their job 

satisfaction and encouraged healthy competition between farms. Others felt it improved 

collaboration and knowledge exchange between farms: 

“It makes you see where you are from other people, it makes you think what other 

people are doing and that’s where the chatting starts. You talk to other people and 

find out what they’re doing differently." 

Some participants discussed the benefits of negative and positive enforcement. Participants 

did not feel that there was a benefit to scoring well but felt that scoring poorly resulted in 

forms of punishment with the results framed as “who has been a good boy and who has been 

a bad boy”. Participants scoring poorly felt demotivated by their results, especially where 

they felt they were doing everything that had been asked of them. Some participants 

reiterated that Campylobacter was very difficult to control and therefore that they were 

being punished for something that was not their fault. Those at the lower end of the league 

table wanted to improve but sometimes felt that they were fighting a losing battle. 

Participants from contract farms who consistently struggled with their results were willing to 

try anything, including taking part in scientific research, to improve their position and the 

way they felt they were viewed by their integrator. 

Some participants felt that financial incentives or penalties may result in more effective and 

quicker uptake of desired biosecurity measures. One commented that “with farmers, most 

things are financial”. Some participants felt that being tested for Campylobacter, followed by 

a public results table encouraged people to cheat the system by not sampling correctly or 

trying different methods to ensure that the submitted swabs would be negative. Those who 

felt that financial incentives would improve biosecurity compliance recognised that the 

testing would have to be done by an impartial person and not by farm staff and that a large 

amount of man power would be required to do this. 
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Other Contributing Factors 

The majority of interviewees commented on the impact of personality in influencing 

adherence to biosecurity protocols. This was discussed in regard to farmers and also catchers 

(people who come to the farm to catch the birds during partial flock depopulation and 

discussed in more detail below). 

“I think it all boils down to the person who’s in charge. I do genuinely, because the 

training is there, we’ve got all the tools we need, and I think it could just boil down to 

arrogance if I am quite honest.” 

A small number of participants told anecdotes in which one person was credited with a farm’s 

good or bad record with Campylobacter. This was often used as an example of how 

personality and individual differences in behaviour were crucial in Campylobacter control. 

Participants felt that certain stressors, such as staff shortages and lack of time-off, may 

demotivate some farmers and result in poor biosecurity compliance. 

Many participants commented that the biosecurity requirements had become a habit and 

that over time they had got into a routine of practising certain measures, despite the extra 

time it took to complete some tasks compared to in the past. Interviewees commented that 

the length of time a person had spent in the industry influenced adherence, with those new 

to the industry more likely to comply than those who had witnessed the evolution of 

biosecurity within the industry. 

The extra time required to follow biosecurity protocols was mentioned by a lot of the 

participants to have added pressure to broiler farming: 

“There’s time. When you think we go in the shed and we’ve got to change wellies, put 

these overalls on, gloves on, so you’re there five, ten minutes in the shed, times that 

by [no. of sheds]. It just takes a ridiculous amount of time. We’ve seen like, it takes 

us a hell of lot longer to walk the birds now, just from all of this coming in. Whatever 

you’ve got to do I suppose.” 

Others admitted that they are less compliant with biosecurity when they have to enter the 

shed for a non-routine matter. For example, participants confessed that they were worse at 

adhering to biosecurity protocols if they had to go in a broiler shed in the night if an alarm 
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sounded. Participants particularly cited shed-specific PPE and overalls as a measure that they 

were likely to ignore, notably at night or if the sheds were very hot, for example during chick 

placement (‘tipping’) and the first few days of the flock cycle. Some participants claimed that 

biosecurity was often ignored to save time and address issues that might affect welfare: 

“When you’ve got a breakdown, biosecurity goes out the window. It’s the birds' 

welfare at the end of the day.” 

There was a mix of views as to whether company-owned or independent-contracted farms 

were more motivated to implement biosecurity measures. The financial pressure on 

independent farms was cited as both a pro- and a con- with regards to biosecurity 

compliance. Independent farms were said to be more resistant to change “if there’s a price 

tag attached to it”. The lack of financial incentive to reduce Campylobacter and the fact that 

Campylobacter is not seen to detrimentally affect the chickens were cited as reasons for poor 

compliance. This was contrasted to the effort to eliminate Salmonella from flocks, where 

there are financial penalties for Salmonella-positive flocks, which was said to better motivate 

farmers to produce negative flocks. However, independent farms were also said to be more 

likely to comply with biosecurity for the control of Campylobacter because they are 

financially and emotionally invested in their farm and the benefits of compliance include 

better flock performance and therefore profit. However, spending money and then not 

seeing any immediate benefit or reduction in Campylobacter was a source of frustration for 

some farms. The conflict for independent farms to spend money on biosecurity for the 

control of Campylobacter was described by this interviewee: 

“It depends on what they’re trying to achieve with the biosecurity I suppose. If they’re 

just being told to improve their standards because of Campylobacter, there’s no 

financial penalty at all or risk to their business, they might not see the bigger picture 

of, “That actually also protects you against all the other diseases as well”.” 

There was also a difference mentioned between first-generation farmers and those who had 

inherited their farm, with the former described as more competitive and financially 

motivated than the latter, which was said to make them more likely to comply with 

biosecurity. Whilst the lack of financial investment was said by some to not give company 

workers as much motivation, many workers on company farms referred to their farms 
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possessively, particularly those who had grown up within a broiler farming community, had 

family members within the industry and specifically if family members had worked on the 

same farm previously. For some interviewees it was a source of frustration that they were 

not able to implement the changes or have the level of control they desired due to being 

employed by an integrator. Company farms were also said to be better at compliance with 

biosecurity measures than independent farms because there was greater oversight and 

enforcement, as said by this interviewee from an independent farm: 

“Yeah, the independent sector is probably the worst, because we can just do our own 

thing.” 

Issues with Biosecurity 

Interviewees were asked to describe the biosecurity measures they used on their farm and 

to discuss any specific issues that had arisen in the implementation of these or during certain 

flock events. During these discussions, certain biosecurity measures and flock events 

repeatedly arose: the control room barriers, external site visitors and partial flock 

depopulation. 

Specific Biosecurity Issues 

Control Room Barriers 

Commercial poultry houses frequently separate the flock from the outside world with an 

‘anteroom’, a room within the house that must be entered by staff and visitors before 

entering the main area housing the flock. Anterooms, also known as ‘control rooms’, are 

frequently split into two areas by a ‘hygiene barrier’; a defined demarcation zone to change 

boots, with the area closest to the door giving access to the birds being considered ‘clean’. 

The types of separation between the contaminated and the clean areas include painted lines, 

a low wall, benches, doors and footbaths (Racicot et al., 2011; 2012). The usefulness of the 

barriers was questioned by many participants. There was a great deal of frustration amongst 

participants that the type of delimiter or barrier within the control room had changed 

multiple times in a short period of time, which fed into the idea that the industry did not 

know how to control Campylobacter but needed to be seen to be doing something. The cost 

of having to change the barriers multiple times in order to comply with regulations was a 
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source of frustration for independent farms. A number of participants described the barrier 

as a health and safety risk, and felt that in time it would have to be removed from sheds for 

this reason: 

“There’s a wall across my control rooms now that I’ve had to put in. A step. The 

barrier. Now, you can describe that in one of two ways. It’s either a biosecurity barrier 

that’s going to stop Campylobacter getting in, which is bullshit…Or, you can class it, 

if you put your factory-manager’s head on, or industry-management head on, you 

can say it’s a trip hazard in a lone-worker environment in a fire escape. That’s what 

it actually is. If you went to the factory and say, I want you to do a 60cm tower – a 

2ft high wall that people have got to step over with a wet floor with rubber boots on, 

carrying two buckets, what would the health and safety and the factory manager say 

to you? The first word, your lady who’s going to transcribe this – I apologise to the 

lady transcribing this – it would be a very, very rude swearword. And it wouldn’t get 

done.” 

External Site Visitors 

Many participants felt that when external site visitors, such as relief staff and external 

maintenance staff, visited farms, they did not comply with biosecurity protocols or use site-

specific clothing and equipment. Many interviewees felt that external people had to be 

“baby-sitted”: 

“If we are not there, we are not sure if they are following all the rules or not.” 

Participants felt that many visitors did not understand the importance of biosecurity and that 

because “they haven’t got the ownership thing” they did not feel that it was important to 

follow protocols in place. Many participants felt that larger sites with more staff were more 

difficult to keep Campylobacter-free. Vehicular access was a major issue for many 

participants; compliance with and effectiveness of wheel washing was questioned and many 

participants believed that drivers were a biosecurity risk: 

“All the lorry drivers, they wash their wheels and then they climb back into the same 

lorry, drive onto site.” 
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Partial Flock Depopulation (Thinning) 

During intensive broiler chicken production, a process called ‘partial depopulation’, also 

known as ‘thinning’, takes place. At the beginning of each flock cycle, sheds are stocked with 

extra birds, some of which are then removed during thinning. This ensures the correct 

stocking densities are maintained whilst the remaining chickens grow to the desired final 

slaughter weight before the flock goes for final processing. Thinning is common practice 

throughout the UK poultry industry; allowing farmers to maximise productivity by utilising 

available space, whilst ensuring that the birds are kept at the correct stocking density to meet 

necessary welfare requirements. Poultry catchers (‘catchers’) are employed to collect 

(‘catch’) chickens from farms during partial and complete flock depopulation events 

(‘thinning’ and ‘clearing’). Catchers are either contracted by farms and poultry companies or 

employed by an integrated poultry company. Catchers work in groups of 4-6, catching 5000-

6000 birds per hour during 15-hour days of very physical work in tough conditions (Gittins 

and Canning, 2006; Millman et al., 2017). Many participants commented that thinning had a 

negative effect on a flock’s Campylobacter-status: 

“From our point of view, all we know [is Campylobacter] gets worse after the catch 

sometimes.” 

There were very mixed views on catchers themselves. Some interviewees felt that as catchers 

are not invested in the farms, they are not invested in upholding the required standards of 

biosecurity. Some participants held particularly negative views on catchers and their 

attitudes towards biosecurity: 

“There are some catchers that don’t really care about their own personal hygiene, let 

alone my biosecurity.” 

Participants expressed frustration that they follow biosecurity protocols diligently, only to 

have the catchers enter the sheds with less biosecurity restrictions during thinning. However, 

others felt that catchers were just doing their job, which is highly pressurized and time 

pressured:  

“They try their best, they wash their wellies, they do everything that’s feasibly 

possible. I can’t think of anything else that they could do.” 
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It was understood that catchers have a job to do and there is very little that can be done to 

change the process:  

“Well, it’s nothing they control really, is it? They’ve got to get the birds out.” 

Some participants mentioned that flocks were stocked at lower densities and thinned less 

(only once as opposed to two or three times) than they used to be, which was seen to have 

been introduced primarily as another anti-Campylobacter measure. A small number of 

participants suggested that thinning should be stopped to help control Campylobacter. This 

was felt to be a very political issue within the broiler industry, with some integrators keener 

to implement a ban than others. Integrators with lower stocking densities were said to be 

more in favour of a ban on thinning because it would put their competitors at a commercial 

disadvantage. There was very little appetite to stop thinning amongst interviewees; the 

economic impact this would have on broiler production and the need for decreased stocking 

densities was thought to be too financially devastating: 

“It doesn’t matter what you do, you’ve got to take the forklift in the shed, you’ve got 

to take the modules in the shed and the catcher’s got to go in the shed. So, the way 

around it is simple. Don’t thin. The answer to not thinning though, is expensive, 

because it puts 10p a bird on price on the shelf. And it means we need 20% more 

growing space in the UK.” 

It was recognised by many that catchers supplied by a company were better at following 

biosecurity than those on contracts. This was often felt to be because contracted catchers 

were paid by the bird. Company catchers had more oversight and if they did not do as asked 

then it was possible to hold them to account. Many interviewees commented on differences 

between individual teams and some interviewees did not believe that there was any 

difference between company and contract catchers but just between catching teams: 

“We’ve got our little list of the teams we like.” 

The relationships between the catching team-leader, the catching team and the farm staff 

were also said to influence whether or not catchers adhered to biosecurity or altered their 

behaviour after being asked to follow certain protocols. The team-leader was recognized as 
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an important part of whether or not the team adhered to biosecurity measures and best 

catching practice and the dynamics of the team influenced their performance: 

“There might be some teams that have been working for a long [time] together, and 

they really work well as a team.” 

A number of participants discussed the impact of stress on broiler health, including gut 

health. Many participants believed that increased stress increased susceptibility to 

Campylobacter infection. Although participants discussed sources of stress that occurred 

throughout the flock cycle, such as weather and feed changes, the most stressful periods 

were described as thinning and clearing. Prior to thinning, feed is withdrawn from the birds 

for <8 hours (usually 4 to 6 h) and water is withheld for <1 hour (usually 15 min or less) (Allen 

et al., 2008). Sources of stress cited by interviewees included feed withdrawal and changes 

in lighting prior to thinning and clearing and high and/or unusual noise levels during thinning. 

Heat was also regarded as a major source of stress, either from the weather or generated by 

thinning and clearing. Some participants felt that if the birds became stressed there was very 

little that could be done to prevent Campylobacter infection and that they were able to 

predict Campylobacter-positive flocks from the occurrence of certain stressors during the 

flock cycle. One interviewee described the stressors that can affect a flock during thinning 

and catching: 

“They're not used to it, they're plodding along having a laugh, and then one day the 

lights get turned off, they've been taken off feed. Then you've got this big forklift 

coming in making a racket, all the catchers, put the mods in the sheds, they're not 

used to that.” 

Hand Hygiene 

Fifteen people from ten farms, which had been recruited from a study on Campylobacter in 

the internal and external broiler farm environment, were asked to provide a hand plate; a 

photograph of which was shown to them at a subsequent visit during the interview (Appendix 

1: Figure 17). These participants were also shown pictures of hand plates before and after 

sampling inside a broiler house by one of the researchers (AR) (Appendix 1: Figure 18). 
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All of the participants who took part in the hand plating recognized the importance of hand 

hygiene. One participant who had previously taken part in a hand hygiene experiment 

preferred the method used in this study as they could see the levels of contamination on 

their hands on the photo rather than being presented with figures and charts. Some 

participants were embarrassed by the levels of contamination on their hands: 

“We’d better destroy [the results sheet].” 

Others wished that they had been able to wash their hands before touching the agar plate 

so that they had not been caught with dirty hands: 

“If I knew you were going to do it, I’d make sure I’d wash my hands and sterilised 

them.” 

In addition, some participants were surprised by the levels of contamination on their hands: 

“Oh God. That can’t be mine, is it?...It does turn your stomach a bit…It looks like the 

plague to me…Did you colour it in or something? You must have coloured it in.” 

Potential Improvements 

Many interviewees described meetings and training events they had attended on 

Campylobacter and biosecurity measures. These were cited as an important method to 

improve compliance by helping farmers understand why certain measures had to be 

implemented. 

“Some people say it’s down to whether you’re lazy or not, but I think it’s down to 

whether you personally think it makes a difference.” 

A number of interviewees felt that training would be beneficial to ensure that people did not 

only see biosecurity as a measure to reduce Campylobacter but as a method to improve the 

welfare, health and performance of the birds, to reduce the economic impact of an infection 

and, for contract growers, to protect their business, as explained by this participant: 

“Training? If people actually realised that they’re actually helping themselves. Yes, it 

is a hassle…you shouldn’t be looking at it as a Campy benefit, but it might help you 
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reduce the risk of your birds getting infected with something else which will impact 

on you.” 

Others lamented the fact they had never been to a hatchery or processing plant and felt that 

seeing what happened before the chicks arrived on their farms and how the chickens were 

slaughtered would give them a more well-rounded view of the industry and help them to 

appreciate issues from different perspectives. 

As described, some of the participants quoted scientifically incorrect “facts” to shift blame 

and reduce their burden of responsibility for Campylobacter colonisation of flocks under their 

care. Some also used similar misconceptions to defend their reasons for not implementing 

certain biosecurity measures. For example, not observing the control room barriers was due 

to barriers failing to prevent Campylobacter colonisation and a lack of evidence to the 

contrary, despite the opposite being proved by a number of peer-reviewed publications. A 

number of participants commented on the practicality and usefulness of some of the 

required biosecurity measures. Many participants were scornful of the people who 

introduced them:  

“Somebody sat in an office somewhere, probably come up with that and thought 

what a fantastic idea it was.” 

There was a general feeling that the easier something was to implement and the more 

practical in the broiler farm setting then the more likely people were to follow it: 

“I think the key to improving standards on farms is to make sure it’s workable and 

easy for the people that have to use it every day. There was a discussion around 

showering in and out of every shed and it just wouldn’t be done. I mean, if you got an 

alarm call at three o’clock in the morning, there’s no way the farmer’s going to go for 

a shower and go in and sort it out. It has to be workable.” 

The age of some sheds and the ease of implementing some biosecurity measures, especially 

in terms of space, was repeatedly mentioned. There was a feeling that as older sheds were 

replaced, biosecurity would increasingly improve across the industry and that new builds 

should be encouraged or required to comply with gold standard biosecurity practice to 

improve compliance and achieve industry uniformity. Many participants felt that there were 
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very few measures left that could be introduced on farms. It was stressed that farms are not 

laboratories and cannot be sterile environments. Showering, as mentioned by a participant 

above, was commented upon as the only measure left to be introduced on farms. However, 

this was not a popular idea, with many reiterating the impracticalities of showering. 

Showering was repeatedly used as an example of how impractical some biosecurity measures 

have become: 

Participant 1: All there is now is having a shower in every shed. I’m not doing that.  

Participant 2: Never say never.  

Participant 1: I’d be a prawn by the end of the day. 

Power and Responsibility 

There were a number of key players who were repeatedly mentioned as having a role in the 

reduction of Campylobacter, either by having the power to bring about change and/or having 

the responsibility to implement change: the Food Standards Agency (FSA), the consumers, 

the supermarkets, the integrators, the slaughterhouses, and the farms. Some respondents 

also mentioned the role that scientific researchers and the media have to play. The majority 

of participants believed that the whole of the poultry industry, from farm to fork, had a 

responsibility for the reduction of Campylobacter, with some framing this as a moral 

obligation: 

“I think as an industry we have an ethical responsibility to provide a food safe product 

to the consumers.” 

The integrator was reported to hold considerable power over their farms, particularly 

financial influence with regards to contracted farms, where they were described as “the 

paymaster”. Many interviewees described the increasing pressure put on them by 

integrators to comply with biosecurity regulations. One contracted farm had considered 

stopping broiler farming due to the requirement to comply with increased regulations:  

“It’s a necessary happening if you want to stay a grower. When it all first came in I 

did think, “Shall I get out?” 
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Participants discussed their experiences working within different aspects of the broiler 

industry and for different poultry integrators. Views were expressed that it is important to 

receive a good level of feedback and communication from the integrator about what is 

happening along the production chain, for example with the hatcheries and feed mills, or 

more specifically about developments in welfare and biosecurity requirements. However, 

other interviewees from contracted farms commented that they had switched contracts due 

to the “dictatorial” nature of integrators and the high level of supervision and oversight. All 

interviewees agreed that there was a balance to be struck between supporting and 

communicating with farmers and allowing them the autonomy to farm. Interviewees 

commented on enjoying working for integrators who encouraged personal and career 

development. 

None of the interviewees suggested that farms did not have a role to play in reducing 

Campylobacter in chicken meat and, as previously explained, believed that the recent 

improvement in biosecurity was beneficial. A few participants felt that the problem of 

Campylobacter was exaggerated. However, as explained above, some participants believed 

that Campylobacter would have been tackled more seriously and eradicated if it had more 

detrimental effects on chickens. Ultimately, there was a common view that farms have been 

unfairly targeted by other parts of the industry and more could be done in other areas of 

production.  

“Yes, did there need to be a tightening up on [biosecurity] on a lot of farms? Yes. Have 

they done it in the right way and done the right things? No.” 

Some participants believed that the farmers were often ignored in the decision-making 

process that would ultimately affect their daily lives, as explained by this participant: 

“The conversation we’ve had now is ten times longer than any- is the only 

conversation where anybody has asked me any questions about what we do…And, 

just a point of view. They don’t want to know about the little guys. The little guys, the 

farmers are the guys that actually keep them going. So, for instance, we went to a 

meeting not long ago and had 50 farmers in the room. Average experience – 10 years 

each. I’m a bit of an ‘old in the tooth’ one now. So that’s 500 years of growing chickens 

experience in that room and not once in a four-hour meeting did the integrator 
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representatives actually ask for anyone’s opinion. They told us, and these guys are 

people who have never actually grown a chicken in their life. So rather than saying, 

“We’ve got this problem, this is what we think, has anybody got any ideas?”- “This is 

the problem, this is what we’re going to do about it.” They were wrong on so many 

levels.” 

Interviewees believed that more scientific research was required to discover the most 

effective interventions for farms and slaughterhouses to implement. Many interviewees felt 

that more needed to be done during processing to reduce the levels of Campylobacter on 

broiler carcasses. There was a prevalent view that if more was done in factories, it would 

reduce the burden of responsibility on the farms and may even eliminate Campylobacter 

from retail chicken. A small number of interviewees felt that the best way forward for the 

industry was if the farms could reduce Campylobacter and slaughterhouse interventions 

could be introduced to eliminate Campylobacter in the final product: 

“Reduce the levels on the farm and then try and wipe it out in the factories, I think, is 

the only way forward, at the moment anyway.” 

A small number of participants discussed the recent widespread practice of processing plants 

cutting the neck skins off of the chicken carcasses to reduce the apparent levels of 

Campylobacter. This was hailed as a welcome development by the FSA, as the neck skin is 

the most Campylobacter-contaminated part of the chicken carcass. However, as this 

interviewee explained, this ultimately prevented the completion of the FSA’s retail survey in 

2015-16, as the neck skin is the part of the carcass tested for Campylobacter in the FSA retail 

surveys (FSA, 2017c): 

“The reason that [the level of Campylobacter] dropped significantly this year – I know 

exactly what they’ve done because most of the Campylobacter in a bird where they 

test it from is the neck flap. So what the factories have started doing is cutting all the 

neck flaps off.” 

At the time of many of the interviews, chlorine washing of chicken in slaughterhouses was 

part of a wider national debate regarding trade deals between the United States of America 

and the United Kingdom after Britain’s exit from the European Union (Brexit). Thus, this was 

a popular intervention for discussion during the interviews. There was a level of scepticism 
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that chlorine washing presented a consumer health risk and some interviewees were in 

favour of introducing chlorine washing if it reduced the burden of responsibility of reduction 

on farms. However, other participants were concerned that this was the only barrier to the 

importation of chicken from the USA, which could have a negative financial effect on the UK 

broiler industry. This played into a larger discussion about the power of market forces over 

all aspects of broiler farming, including biosecurity. There is an underlying fear of the market 

being affected by external forces, which has a direct impact on motivation to adhere to 

industry protocols and to stay in the industry. The majority of participants felt that Brexit 

would have a negative effect on broiler farming, particularly because it would either restrict 

or discourage European workers, who are relied heavily upon within the industry. The weak 

position of the Pound against the Euro was also cited as a deterrent for foreign workers to 

work in the UK when compared to opportunities in other European countries. A few 

interviewees mentioned that when Campylobacter was first being tackled with the 

introduction of further biosecurity measures, there was fear that Campylobacter could affect 

the chicken meat market in the way that Salmonella previously affected the egg market. 

However, it was largely acknowledged that this reaction did not materialise and fear of the 

market being affected no longer existed.  

“There was a lot of talk about it being a potential to be another Salmonella in eggs 

scare, so the industry would take a big hit.” 

There were differences in opinion as to who had the most power and control over the 

production of broiler chickens and who was demanding the reduction in Campylobacter from 

the broiler industry. The demands of consumers were considered to be very powerful: 

“So, we’ve got to give the customer what they want and if they want Campy-free 

chicken, whether it’s achievable or not that’s a different matter.” 

However, some interviewees felt that consumers did not understand or know about 

Campylobacter. Others mentioned that consumers only wanted what they were told to want 

by either the FSA or the supermarkets. Many felt that a desire for cheap chicken meat was 

the main concern for consumers and other considerations, such as high welfare standards 

and reduced levels of Campylobacter, were secondary to cost. The FSA were mentioned by a 



Chapter 2 

 

 

89 

number of interviewees as the main guiding force in the reduction of Campylobacter on 

farms and that the aim to reduce Campylobacter was driven by the FSA: 

“It is the FSA who want Campy-free chicken, not the consumer.” 

Other participants felt that the supermarkets held the most power with regards to deciding 

how to control Campylobacter. It was acknowledged that the FSA put pressure on the 

supermarkets. However, it was then the supermarkets and the pressure they placed on the 

integrators that made a difference to the everyday measures put in place in slaughterhouses 

and on farms. Some felt that the high-throughput nature of the broiler industry had been 

driven by supermarkets. 

The part that media coverage of the industry played in forming consumer opinions was also 

felt to be influential. The promotion or negative publicity of certain parts of the industry was 

a major guiding force in farming trends, as this participant explained: 

“An article in the papers can put people off. Years ago we went Freedom Foods 

because Whittingstall [Hugh Fearnley-Whittingstall, a British Celebrity Chef] done a 

thing on the TV about how modern day chickens grown and it’s wrong. So, they ought 

to be bred this way, Freedom Food, less birds, slower grown. And there was a good 

market for it and we got done quite well on that because we used to feed them maize 

grown chicken and stuff. But I think about two years the public forgot it again.” 

A small number of participants felt that the issues addressed by the industry were either 

those that they were willing to talk about publicly or those that they were being forced to 

discuss. A small number of participants felt that other health and welfare issues, examples 

given included hock burn and pododermatitis, were being ignored by the industry because 

they were not prominent in the public domain. Campylobacter was felt to be more important 

to the industry because it is in the public eye. However, if other health and welfare issues 

were publicized then these would garner more industry attention. 

A number of interviewees discussed the public perception of poultry farming which is 

another factor which has a direct impact on enthusiasm and motivation to be a productive 

member of the broiler industry. Participants believed that the industry has a responsibility to 

defend and promote itself and its members and that its perceived current inability to do this 
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effectively is something that should be addressed. Interviewees felt that consumers did not 

understand how broiler chickens were farmed, believing that broiler chickens are kept in 

battery cages and in a welfare-poor environment. A number of participants were frustrated 

by the ignorance of some members of the public. One interviewee described experiencing, 

what could be characterised, as ‘terrorist acts’ by animal rights activists and having to tackle 

verbal attacks from the general public. The power of activist groups to sway public opinion 

concerned some interviewees. Some stated that they did not reveal their job to strangers, 

out of fear of being judged unfairly: 

“Depending on who I speak to and if I kind of get the vibes from them, I wouldn’t tell 

them that I’m a poultry farmer…I don’t think they realise quite how in-depth with 

the welfare we go with it.” 

Some interviewees felt that consumers should be better educated about farming and 

advocated events to encourage the general public to visit farms. Participants felt that the 

“industrial” appearance of poultry farms was off-putting to the general public and led to a 

negative public perception of broiler farming: 

“What they wanted me to do was to put [the dead bins] at the entrance to the farm 

so that the vehicle didn’t have to come onto the farm. Well, all the people in this 

village here all work in [place name] four days a week and they’re all on £200,000 a 

year wages, all want to hug a tree. Do I really want to be putting my… [Supermarket] 

wanted us to put big signs up at the entrance saying, ‘Biosecure area. No admittance’. 

What that says to a housewife is, “Auschwitz, gassing the Jews”. That’s what they 

think. I’ve asked them, I’ve talked to them.” 

Conversely, a smaller number participants felt that consumers preferred to know as little as 

possible about the origins of their food: 

“Ignorance is bliss sometimes. It is. If you start telling people – they don’t want to 

know it but it’s in their face. It fills up a slot on the TV or a page of the paper, but they 

don’t really want to know.” 
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The majority of interviewees believed that there is a lack of understanding of kitchen hygiene 

and safe food preparation and that if consumer education was improved then there would 

be less need for focus at farm-level interventions to reduce Campylobacter: 

“[Campylobacter]’s always going to be there isn't it? Cook your damn chicken 

properly!” 

Interviewees suggested more education on food storage and preparation in schools, 

prominent advertisements, such as during prime television viewing times, and visible 

labelling on chicken meat packages (compared to labelling on cigarette packs) may reduce 

the incidence of human campylobacteriosis. A number of participants also praised “cook-in-

the-bag” chickens, where chicken is cooked in the packaging it is purchased in, as a positive 

intervention introduced by supermarkets for the benefit of consumers. There was a 

prevalent opinion that the FSA had not tackled the reduction of Campylobacter in a sensible 

manner and, in particular could have been more effective in consumer education: 

“Do I think whoever the… the Food Standards Agency? Do I think that they’re handling 

it well? No. They’ve handled it abysmally. They’ve ignored it for years, got shot and 

hauled over the coals for it a couple of years ago, and decided the best way to get 

themselves out of the [expletive] was to attack everybody else and point out how bad 

everybody else was, the fact that they’ve not done anything about it for years and 

years, you know they’ve managed very successfully to cover that over. Should money 

be being put into education, to tell people how to cook chicken properly? Yes, it 

shouldn’t be a defence, it should be a standard and it should be taught in school. It 

should be compulsive in my opinion [sic].” 

Some participants doubted the industry’s motivations for wanting to reduce Campylobacter 

levels, with some convinced that high-level employees of Governmental organisations were 

using Campylobacter to campaign for their own personal recognition and career progression. 

As one participant explained: 

Interviewer:  Why do you think the FSA got so concerned about it, why do you think 

there’s been this drive? 
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Participant 1: There’s a woman at the top of the FSA and I think she’s after a 

peerage. [Name], one of the top people, he’s on the Red Tractor 

[Committee]. He said, “She’s just out to make a name for herself.” 

She’s just tunnel vision on Campy. If that woman wasn’t there we’d 

probably not be sat here.  

Interviewer: Do you think? 

Participant 1: That’s the absolute truth.  

Interviewer: That’s very interesting.  

Participant 1: I know it is, but it’s the truth. You get the hierarchical [sic] of 

[Organisation] and they’ll tell you the same. She just wants to make 

a name for herself before she retires. 

Discussion 

This study used semi-structured interviews to elicit broiler farmers’ attitudes and perceptions 

to biosecurity, particularly in the context of Campylobacter-control. This use of a qualitative 

approach has revealed the views of broiler farm owners, managers and staff regarding 

biosecurity protocols and their motivations behind implementation of these measures. 

Interviews are a poor substitute for empirical evidence (Green and Thorogood, 2014) and 

studies have demonstrated that there is poor correlation between self-reported and 

observed compliance (O'Boyle, Henly and Larson, 2001; Racicot et al., 2012). However, the 

main aim of this qualitative part of the project was not to investigate biosecurity compliance 

but to generate data on normative accounts; that is those relating to the incentives and 

barriers to compliance with biosecurity measures (Green and Thorogood, 2014). A qualitative 

approach was more appropriate for this broad exploratory context (Coyne et al., 2016) and 

has provided a method for understanding farmers’ beliefs regarding the relative importance 

of biosecurity in different situations, the contexts in which their behaviour might differ and 

their perceptions of their role in the control of Campylobacter. Thematic analysis allowed the 

segments of qualitative data to be coded and categorised into meaningful themes. 
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Following the joint target set by the Food Standards Agency (FSA) and the UK poultry industry 

in 2010 to reduce Campylobacter in chicken meat at retail (FSA, 2010), there has been a major 

drive within the UK broiler industry to achieve this goal. This focus on the reduction of 

Campylobacter, followed the introduction of the UK National Control Programme (NCP) for 

Salmonella in broiler chickens, which resulted in the tightening up of biosecurity measures 

on broiler farms (Defra, 2008). In combination with other interventions such as Salmonella 

vaccination of broiler breeder and laying flocks, this was very successful in reducing the 

incidence of laboratory-confirmed human salmonellosis cases (O'Brien, 2013). A number of 

comparisons were drawn by participants between Salmonella and Campylobacter control. 

Salmonella control aimed to completely eradicate the bacterium from flocks and prevent 

flock colonisation. However, few participants seemed to understand that the target for 

Campylobacter is risk reduction rather than risk eradication, with a goal to reduce the highest 

level of contamination (>1000 cfu/g) on carcasses. Only a small number of participants spoke 

about reducing levels on farms and then using slaughterhouse interventions to further 

reduce contamination, thereby reducing risk to consumers. Most participants focussed on 

producing Campylobacter-free flocks and their frustrations with not being able to reliably do 

so, due to complicated pathogen ecology and difficulties in consistently or correctly applying 

the necessary biosecurity measures. Difficulty in controlling and predicting Campylobacter 

infection was a major source of frustration for participants and may have resulted in the 

detected scepticism that biosecurity was the best method to prevent flock colonisation. Allen 

and Lavau (2015) conducted interviews across the UK poultry supply chain and also 

encountered similar frustrations with predicting and controlling Campylobacter and the 

apparent randomness in whether a biosecurity intervention proves successful in preventing 

flock colonisation. 

The Red Tractor Assurance Scheme (Red Tractor, 2017), which represents 1,097 UK broiler 

chicken assured members and 90% of UK broiler production (Red Tractor, 2015), amended 

their standards in 2011 to improve biosecurity requirements amongst their members 

(Campylobacter Joint Working Group, 2014). In 2014, Red Tractor further increased focus on 

farm biosecurity in response to concerns over Campylobacter (Campylobacter Joint Working 

Group, 2014; Red Tractor, 2015). In the same year, the FSA first ‘named and shamed’ 

supermarkets over the levels of Campylobacter in their chicken meat (FSA, 2014a), which 

some participants identified as the event that began the focus on Campylobacter. The 
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velocity of this change in biosecurity requirements was reflected in the interviews where a 

number of participants commented upon the rapid change within the industry. Interestingly, 

changes have been made over a number of years. Indeed, the FSA has been focussing on 

reducing Campylobacter in UK retail chicken with a focus on farm biosecurity since the early 

2000s (FSA 2003; 2005). However, participants frequently stated that measures had been 

introduced in a much shorter (<5 years) period of time. In addition, interviewees commented 

upon their frustration in having to introduce measures, such as hygiene barriers, and then 

having to change them in line with current views and research on best biosecurity practice. 

This perceived rate of change in biosecurity practices within the industry may have fuelled 

some of the scepticism and frustrations expressed by participants regarding Campylobacter 

and biosecurity measures.  

Whilst some participants were sceptical about the industry’s motivations for implementing 

tightened biosecurity regulations for the reduction of Campylobacter and the effectiveness 

of some biosecurity measures for the prevention of Campylobacter colonisation, all of the 

participants recognised the importance of biosecurity. There was an overwhelming sense 

from the interviewees that biosecurity had improved on farms because of the targets to 

reduce Salmonella and subsequently, Campylobacter. This legacy was felt by all participants 

to be a positive one. Participants also felt that UK broiler farming had improved and 

benefitted from the introduced changes and that they had helped other targets within the 

industry, such as reducing antimicrobial usage. 

The effect of personality on a person’s willingness to comply with biosecurity measures was 

discussed in a number of interviews. For example, participants felt that there were 

differences between different catching teams and that the personal interactions between 

the farm staff and the catching team influenced biosecurity compliance. Interestingly, 

Siekkinen et al. (2012) found that female producers invest more financially in biosecurity 

than their male counterparts. Unfortunately, we were not able to investigate the role of 

gender on biosecurity compliance as only two women were interviewed in this study, 

reflecting the gender balance of the UK broiler farm workforce.  

In two studies of biosecurity compliance on 24 poultry farms in Quebec, Canada, Racicot et 

al. (2011; 2012) concluded that reasons for lack of compliance could not be boiled down to 

a lack of information or communication with personnel on biosecurity. Whilst lack of 
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knowledge and comprehension is an aspect of the problem, visit, personal, and farm 

characteristics are also determinants of compliance. Racicot et al. (2011; 2012) noted that 

some individuals seemed to willingly disregard the rules. This indicates that psychological 

characteristics may also be part of the problem and the authors advocated future 

investigation of personality traits, attitudes and motivations (Racicot et al., 2012).  

There were differing views from participants as to the differences in biosecurity compliance 

between company-owned and contracted farms. Dorea et al. (2010) hypothesized that 

although poultry companies in Georgia (USA), as in the UK, set similar standards for 

biosecurity among their contract growers, the level of implementation on individual farms 

may vary significantly, impacting the risk of spread of infectious disease. However, the study 

found that variability in biosecurity implementation associated with integrator, farm size or 

the number of farms owned by a grower was low. Nevertheless, Dorea et al. (2010) did find 

that poultry integrator companies in Georgia were not providing standardized, 

comprehensive biosecurity guidance to contracted growers. This resulted in those with poor 

biosecurity not being aware of their non-compliance. Similarly, East et al. (2008) surveyed 

the level of adoption of a range of biosecurity procedures on 1058 Australian poultry farms 

and found a lower rate of adoption in independently-owned farms, which was concluded to 

be due to the absence of guidelines imposed by a head office (East et al., 2008).  

The financial burden of biosecurity measures was discussed in a number of the interviews, 

particularly in relation to independent producers. In 2012, Siekkinen et al. (2012) estimated 

the average cost of biosecurity for Finnish broiler producers to be 3.55 eurocent per bird 

(0.10 eurocent per bird per rearing day). For a batch of 75,000 broilers, the total cost was 

estimated to be approximately €2,700. In the EU, broiler producers can expect to receive 

€184.43/100kg deadweight and in the UK €149.97/100kg deadweight (EC, 2018), which 

equates to approximately €3 per 2kg slaughter weight broiler chicken. Thus, assuming that 

the costs of biosecurity on UK broiler farms are similar to those in Finland, whilst the cost of 

biosecurity per bird is small, the overall cost to contracted growers can appear very high at 

the outset. Fraser et al. (2010) found a clear inverse relationship between the willingness of 

farmers to adopt a biosecurity measure and its estimated cost. In this study, participants 

discussed the benefits of financial inducements or penalties for Campylobacter results. 

Fraser et al. (2010) concluded that this, or possibly a policy decision with legal ramifications, 
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may be necessary to facilitate adoption of and ensure farmer compliance with biosecurity 

measures. 

Time pressures were a factor which affected reported compliance with biosecurity. 

Participants admitted that during an emergency and especially during the night, they were 

more likely to ignore biosecurity protocols, particularly with regards to wearing the correct 

PPE. Racicot et al. (2011) also found issues with biosecurity compliance regarding wearing 

PPE and handwashing, finding that these measures were often neglected, particularly for 

short visits (<17min) and for those occurring during the afternoon. The authors speculated 

that this may be due to farm activities performed in the morning, such as picking up dead 

birds, which may be perceived as a ‘dirty’ activity, enhancing chances of becoming 

contaminated and of spreading pathogens between broiler houses. Further speculation was 

that it may be related to declining attention and motivation as the day progresses or to social 

factors such rushing in the afternoon in anticipation of finishing work for the day (Racicot et 

al., 2012).  

To investigate participants’ understanding of hand hygiene in this study, interviewees were 

asked to take part in hand-plating on ten of the sixteen farms visited. All of the participants 

understood the importance of hand hygiene. However, a number of participants were 

surprised and/or embarrassed at how contaminated their hands were and admitted to not 

having cleaned their hands recently prior to the hand-plating. Practices such as changing 

clothes and washing hands before barn entry have been shown to reduce the risk of 

Salmonella (Gradel and Rattenborg, 2003; Namata et al., 2009) and Campylobacter (van de 

Giessen et al., 1996) colonisation in broiler chicken populations. Previous studies have shown 

that compliance with hand-washing is affected by its perception as time-consuming. Racicot 

et al. (2011) found that few individuals disinfected their hands before entering broiler sheds 

and the majority who did only used waterless alcohol hand rub. In human medicine, better 

compliance is recorded with hand rub than hand washing, which has been speculated to be 

due to time-saving (Widmer, 2000). However, hand rub does not remove debris and dirt and 

therefore does not kill microorganisms on hands that are visibly contaminated (Racicot et al., 

2011; Widmer, 2000). This highlights the need to educate broiler farmers about the 

importance of practices rated as too time-consuming, such as hand-washing and wearing 

shed-specific PPE. This study’s use of hand plates was an effective means to demonstrate and 
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educate participants about hand hygiene, which was commented upon positively by a 

number of participants. This method should be explored further as an educational tool to 

instruct a progressive behavioural change in on-farm biosecurity. Previous studies have 

shown that farm design has been shown to play a role in compliance with biosecurity 

measures. For example, adequately positioned equipment (for example provisions for hand 

washing or PPE) is thought to contribute to enhancing and maintaining compliance (Racicot 

et al., 2012). In this study, interviewees commented upon the importance of the practicality 

of biosecurity measures and the ease of their implementation.  

Many studies have demonstrated that partial flock depopulation, or thinning, is a risk factor 

for a broiler chicken flock to become colonised with Campylobacter (Hald, Wedderkopp and 

Madsen, 2000; Adkin et al., 2006; Hansson et al., 2010; BIOHAZ, 2011). In this study, thinning 

was considered a stressful biosecurity breach and risk factor for Campylobacter colonisation 

of broiler flocks by participants. Stress, caused by thinning and other flock cycle events, was 

highlighted as a major barrier to Campylobacter control. It is not yet clear if the relationship 

between thinning and Campylobacter colonisation results from associated stressors, bird 

age, or the breach in biosecurity that occurs during catching. An interview with a major UK 

poultry processor in a study by Allen and Lavau (2015) also considered stress during thinning 

to be a precursor to Campylobacter colonisation. Allen and Lavau described thinning as “a 

tipping point”, where the likelihood of infection increased. Humphrey (2006) considered that 

the effect of social disruption and feed withdrawal during thinning was a source of stress on 

broilers. Social stress increases susceptibility to bacterial infections in chickens (Holt, 2003) 

and stress has been shown to increase the uptake of Campylobacter by the gut epithelium 

(Robins and Phillips, 2011). Colles et al. (2016) concluded that reduction of stress through 

careful management of the environment experienced by young chicks in the first week of life 

may be an important potential way to combat Campylobacter infection. Despite the threat 

to biosecurity that catchers posed during thinning, there was little demand to stop this 

process amongst interviewees in this study due to the negative financial effect this would 

have. Previous studies have identified the widespread practice of thinning in the UK, the 

economic impact stopping it would have on broiler farmers and the lack of enthusiasm to do 

this (Fraser et al., 2010; Georgiev, Beauvais and Guitian, 2017). 
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In this study, reports regarding compliance of catchers with biosecurity protocols were 

varied. Previously, Millman et al. (2017) aimed to investigate poultry catchers’ understanding 

and experience of key biosecurity threats posed by poor compliance during the 

catching/thinning process. Poultry catchers and managers were interviewed and the authors 

found that catchers found themselves in a “Catch-22”, where the time pressures of the job 

prevented them from complying with biosecurity protocols. What outsiders may perceive to 

be the result of ignorance was actually seen by the catchers to be a necessary and conscious 

decision to adjust biosecurity protocols in order to complete the current job. The authors 

concluded that emphasising the importance of training was unlikely to result in gold standard 

biosecurity practice and reduction or removal of the barriers to actually implementing the 

required measure, such as through provision of extra time or equipment, may be a better aid 

to success. 

Audits and official enforcement of biosecurity measures (either conducted internally by an 

integrator company or externally by supermarkets and assurance schemes) were not framed 

positively by interviewees. Participants felt that there was too much auditing and 

enforcement within broiler farming, which distracted them from the job at hand. Some 

participants admitted to only complying with certain biosecurity measures when being 

audited. As previous studies have found, auditing and enforcement only increase compliance 

for a short time or create a tick-box exercise where people only comply when being observed 

and audited. The presence of visible CCTV cameras in broiler house control rooms have only 

been shown to improve biosecurity compliance in the short-term, with behaviour reverting 

to type within six months after installation (Racicot et al., 2012).  

Methods other than auditing are required to improve biosecurity compliance and there is a 

need to improve understanding of biosecurity measures by demonstrating why and how to 

apply them (Racicot et al., 2011; 2012). Training was advocated by a number of this study’s 

participants, who believed that it was necessary for farmers to ‘buy-in’ to biosecurity 

measures and believe that they will have an impact in order for them to comply. Whilst 

training cannot be expected to solve the industry’s issues with biosecurity compliance 

(Millman et al., 2017), this study concurs with others (Casal et al., 2007; Young et al., 2010; 

Racicot et al., 2011; Racicot et al., 2012) that there is a need for current research on 

Campylobacter to be communicated to the broiler industry. For example, if farmers 
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understand the health and welfare implications of Campylobacter infection it will improve 

biosecurity compliance. Additionally, there needs to be focus on educational measures 

directed at explaining how diseases are introduced to a farm and the significance of each of 

the measures in terms of risk reduction, placing special emphasis on those measures that are 

not applied despite their importance and effectiveness. Interviewees expressed a lack of 

involvement in decision-making processes, both on company and contract farms, and 

commented that before this study they had never been asked for their views on biosecurity 

interventions. Biosecurity compliance may be improved by allowing more farmer input into 

the design of interventions. Seeking to establish effective ways of communicating with 

poultry farmers may remove the effect of farmers feeling that the implementation of 

biosecurity measures is a tick-box exercise that is only done to appease management or pass 

an audit. 

In many aspects of the discussions, the ‘facts’ quoted by respondents were not always 

scientifically well-informed. For example, there was a not uncommon belief expressed by 

participants that consumers lack immunity to Campylobacter and that Campylobacter and 

Salmonella are commensal bacteria of humans and chickens. What farmers believe to be true 

is not always evidence-based and similar factually-incorrect beliefs have been found in 

farming communities in other studies (Young et al., 2010). Despite a number of participants 

in this study explaining that the aim to prevent Campylobacter with improved biosecurity 

increased performance, Campylobacter was not believed to have a detrimental effect on the 

health or welfare of chickens by any participants. Indeed, as described, a small number of 

participants believed that if Campylobacter did have a negative effect on broilers then it 

would have been eradicated from broilers. Instead, it was believed that the increased 

biosecurity due to the focus on Campylobacter reduction had prevented other diseases 

infecting the flock and reducing performance. Campylobacter has long been considered a 

commensal organism of broiler chickens, however, recent research has shown that 

Campylobacter can cause disease in birds, negatively impacting upon their health and 

welfare. Colles et al. (2008) found an association between hock burn and Campylobacter 

infection in free-range broilers in the UK and have recently gone on to demonstrate that 

flocks infected with Campylobacter move around the broiler shed less than uninfected flocks 

(Colles et al., 2016), indicating a decreased state in their health and welfare. Hock burn and 

pododermatitis are forms of contact dermatitis in broiler chickens caused by contact with 
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high levels of ammonia from faeces. Conditions such as hock burn and pododermatitis can 

be indicative of poor gut health, as this leads to wet faeces and poor-quality litter, thereby 

increasing the likelihood of these health conditions. Humphrey et al. (2014) demonstrated 

that experimental infection with C. jejuni led to significantly higher levels of hock burn and 

pododermatitis than uninfected controls. Humphrey et al. showed that C. jejuni infection can 

lead to inflammatory damage and diarrhoea in broilers due to decreased T lymphocyte 

function in modern broiler breeds, leading to a loss of immune regulation in the gut. This 

ultimately results in a higher incidence of hock burn and pododermatitis. 

The UK poultry industry is highly integrated, with the top five integrator companies, who 

supply major supermarket retailers, accounting for approximately 80% of total UK 

production (Linden, 2015). The integration of the UK poultry meat supply chain has been 

effective in rolling out widespread biosecurity measures across broiler farms that have 

helped to reduce the levels of Campylobacter on chicken meat (Allen and Lavau, 2015). 

However, some participants described the authoritarian and “dictatorial” nature of this 

integrated system, which had forced some independent farmers to reconsider their farm’s 

contract. The participants commented upon the power that supermarkets hold over the 

supply chain, which has been reported in previous research (Allen and Lavau, 2015). 

Participants commented that whilst consumers are often attributed with the most power 

over the supply chain, in reality, the supermarkets directly influence consumer demands. 

Many participants noted that Campylobacter was only a human health issue when chicken 

meat was not cooked properly or if kitchen hygiene was not correctly observed. This led to 

some contempt for consumers. Farmers wanted to see better education of consumers 

regarding kitchen hygiene to reduce pressure on farms. Whilst all of the participants believed 

that they had a responsibility for the reduction of Campylobacter, many were frustrated with 

the level of responsibility that they had been given and believed that others, including 

consumers, needed to assume more responsibility for the problem. This finding is suggestive 

of ‘othering’ (Joffe, 1999), where people make sense of risk by means of socially constructed 

beliefs aimed to symbolically protect one group by distinguishing it from and blaming another 

(Turner et al., 1987; Gilles et al., 2013). There was a level of ‘othering’ amongst participants 

where the blame for Campylobacter colonisation was always attributed to someone or 

something that was out of the farmers’ control. For example, hatcheries, feed mills and 

catchers were popular targets for blame by participants.  
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This study suffered from some potential for bias during participant selection. Purposive 

sampling was used; two farms were selected through word-of-mouth and the other 14 farms 

were nominated by a major UK poultry integrator. However, the poultry integrator was asked 

to select farms with a range of internal biosecurity audit scores and Campylobacter results 

to ensure that a range of experiences and views were represented. As the majority of 

participating farms were owned or contracted to one major UK poultry integrator, future 

work would benefit from exploring the views of broiler farm owners, managers and workers 

supplying other parts of the broiler chicken market and specific consumer demographics, 

such as the wholesale and Halal markets. This study has focussed on UK broiler farmers 

however the results are applicable to other intensively-reared poultry species in the UK and 

similar rearing systems worldwide. Other intensive industries, such as the pig industry, may 

also find similar views amongst their workers. There will also be some relevance to extensive 

poultry farmers, particularly their views on time, money and authority. 

In conclusion, there is a high level of recognition amongst broiler farmers of the importance 

of Campylobacter and other disease threats. All of the participants understood their 

responsibility on farm in the reduction of Campylobacter. Participants’ self-reported 

awareness and implementation of biosecurity has improved greatly since the focus on 

Campylobacter control in commercial broilers has arisen. There are some frustrations with 

the industry’s approach to tackling Campylobacter and the heavy burden of responsibility 

that has been put on interventions at the farm-level, particularly for a disease that is difficult 

to control at farm-level and is not widely seen to detrimentally affect the health and welfare 

of broilers. Certainly, more can be done to educate farmers with regards to the evidence-

base supporting biosecurity interventions and to communicate current scientific research on 

Campylobacter. It is crucial that all players within the industry are asked to contribute to any 

decision-making process involved in the design of biosecurity interventions. This is especially 

important with regards to harnessing the valuable experience of farmers and to give them 

ownership of and investment in the industry’s Campylobacter reduction targets. Biosecurity 

compliance may be improved by allowing more farmer input and establishing effective 

channels of communication with farmers. However, the emphasis within the interviews that 

the target to reduce Campylobacter has had a noticeable positive knock-on effect on the 

implementation of biosecurity within the broiler industry is very positive. The universal 

recognition of the benefit of this with regards to broiler health and welfare and other 
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important targets, such as reducing antimicrobial usage, leaves a lasting legacy of which the 

UK broiler industry can be proud.
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Chapter 3 

A Longitudinal Study of Risk Factors for Campylobacter 
Colonisation of Commercial Broiler Flocks  

Introduction 

Human campylobacteriosis is the leading cause of bacterial diarrhoeal disease worldwide. 

Poultry meat and products account for >70% of cases of human campylobacteriosis cases, 

due to the consumption of undercooked meat or cross-contamination of raw meat within 

the kitchen (Boysen et al., 2014). Controlling Campylobacter at the farm-level is predicted to 

be more effective than at later stages of production, as the bacterium multiplies during 

infection of live broiler chickens (‘broilers’) (Katsma et al., 2007). Additionally, whilst 

Campylobacter-negative broilers can become cross-contaminated during processing in the 

slaughterhouse, the levels of contamination on these carcasses are lower than those of 

broilers originating from Campylobacter-positive flocks (Allen et al., 2007). Therefore, the 

greatest public health gains are likely to be achieved through reduction and control of 

Campylobacter infection at farm level (Rushton et al., 2009). 

However, due to its ubiquity within the farm environment, colonisation of broiler chickens 

with Campylobacter is difficult to prevent. Biosecurity measures are designed to prevent the 

introduction and spread of disease-causing organisms into a flock or herd (Nespeca, 

Vaillancourt and Morgan Morrow, 1997; Dorea et al., 2010). The UK Department for the 

Environment, Food and Rural Affairs (Defra) defines biosecurity as ‘taking steps to ensure 

good hygiene practices are in place so that the risk of a disease occurring or spreading is 

minimised’ (Defra, 2005). Research has shown that improved farm biosecurity reduces the 

prevalence of Campylobacter in commercial broiler flocks (Newell and Fearnley, 2003; 

Humphrey, O'Brien and Madsen, 2007; Rushton et al., 2009; Newell et al., 2011).  

Biosecurity-focused intervention strategies have historically been based on associations 

between risk factors and the presence or absence of Campylobacter in the flock as identified 

in cross-sectional field surveys. Identifying risk factors for infection in animal production 

systems provides the basis for disease control, maximizing productivity and minimizing 

animal welfare issues (Rushton et al., 2009). Some risk factors for Campylobacter 

colonisation of broiler chickens are frequently implicated regardless of the country 
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investigated or the robustness of the study design, whilst other risk factors are more 

intermittently implicated. The most commonly identified risk factors, include season and 

meteorological factors (McDowell et al., 2008; Rushton et al., 2009; BIOHAZ, 2011; Jonsson 

et al., 2012; Sandberg et al., 2015), thinning (partial flock depopulation) (Hald, Wedderkopp 

and Madsen, 2000; Adkin et al., 2006; Hansson et al., 2010; BIOHAZ, 2011), increasing bird 

age at slaughter (Arsenault et al., 2007; McDowell et al., 2008; BIOHAZ, 2011) and multiple 

houses on farm and increasing numbers of broiler chickens on farm (Adkin et al., 2006; 

Arsenault et al., 2007; Lyngstad et al., 2008; McDowell et al., 2008; BIOHAZ, 2011). 

Ultimately, risk factors vary based upon individual farm characteristics, farming practices and 

geographical location. These studies support hypotheses that the colonisation of broiler 

flocks with Campylobacter spp. is multifactorial; the bacterium’s survival in the farm 

environment is supported by multiple factors, it originates from multiple sources and is 

introduced to the flock in multiple ways. 

To further understand risk factors for flock colonisation, this study aimed to longitudinally 

follow intensively-reared broiler flocks on multiple broiler farms for an entire flock cycle. 

Both the interior and exterior broiler house environments were sampled weekly. Samples 

were collected weekly from inside each broiler house to confirm flock positivity. By sampling 

the exterior broiler house environment, this study aimed to assess the frequency at which 

Campylobacter is encountered by farm staff in the environment and acquired on their 

footwear before entering the broiler house, indicating the potential threat to the biosecurity 

of the internal broiler house environment. By following broiler farms longitudinally across 

the entirety of a flock cycle, it was possible to investigate when the internal and external 

broiler house environments became positive for Campylobacter, and if there is any 

correlation between these isolation events. Generalised Estimating Equations (GEEs) and 

Generalised Linear Mixed-Effect Models (GLMMs) were used to investigate potential risk 

factors for Campylobacter colonisation to highlight key areas important in transmission 

pathways. These data provide valuable insights into potential areas for intervention within 

the broiler house environment and high-risk periods for focussing of control measures, which 

may facilitate strategic planning of on-farm biosecurity.  
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Materials and Methods 

Pilot Sampling 

Pilot sampling took place on one contracted farm (Farm 1, Company A), located in England 

(UK), from July to August 2016. All four broiler chicken houses on Farm 1 were tested weekly 

for Campylobacter spp. from July to August 2016 throughout one flock cycle. Each broiler 

house was divided into quarters, and one pair of disposable fabric boot socks (Bowden & 

Knights, Thetford, UK) was worn over disposable plastic overshoes (Arco, Hull, UK) over 

rubber boots as the researcher walked through each quarter inside the broiler house, whilst 

ensuring that each pair of boot socks had ample contact time with the litter. To sample the 

external farm environment, one pair of disposable fabric boot socks was worn over 

disposable plastic overshoes (over rubber boots) as the farmer approached each broiler 

house when undertaking routine flock checks four times throughout one day and this was 

repeated once a week throughout one flock cycle. Each pair of boot socks was then placed 

into an individual sterile re-sealable plastic bag for transport. In summary, a total of 28 pairs 

of boot socks (16 pairs of boot socks from inside the four houses, plus 12 pairs of boot socks 

from outside the four houses (two houses shared an anteroom, thus only three pairs of boot 

socks were collected from the external broiler house environment) were collected once a 

week for up to seven weeks. Boot socks were collected weekly and transported to the 

laboratory for processing. The study protocol was approved by The University of Liverpool 

Veterinary Research Ethics Committee (Reference VREC408). 

Main Sampling Phase 

Nine farms (Farms 2-10), three owned by and six contracted to a major UK poultry integrator 

(Company B), located in England (UK), were sampled from June to August 2017 throughout 

one flock cycle. Farms were chosen by the integrator to represent a spectrum of 

Campylobacter and biosecurity audit scores achieved during routine in-house sampling and 

auditing. During an initial farm visit, sampling kits, consisting of 140 pre-labelled pairs of boot 

socks and pre-addressed and postage-paid envelopes, were delivered to farm staff and the 

sampling protocol demonstrated by the researcher. Sampling then began in the first week of 

the next flock cycle following chick placement and was conducted by farm staff and 

continued weekly until the final flock depopulation. Following the pilot study, the sampling 

methodology was revised so that only one pair of boot socks would be collected from inside 
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each broiler house each week. Thus, once a week, one pair of disposable fabric boot socks 

was worn over disposable plastic overshoes and rubber boots as the sampler walked inside 

the broiler house during a routine flock check. To sample the external farm environment, one 

pair of disposable fabric boot socks was worn over disposable plastic overshoes (over rubber 

boots) as the sampler approached each broiler house when undertaking routine flock checks 

four times throughout one day and repeated once a week throughout one flock cycle. In 

summary, a total of 20 pairs of boot socks (four pairs of boot socks from inside the four 

houses, plus 16 pairs of boot socks from outside the four houses) were collected once a week 

for up to seven weeks. Each pair of boot socks was then placed into an individual sterile re-

sealable plastic bag for transport. Boot socks were posted to the laboratory in the envelopes 

provided. 

Culture of Campylobacter spp. 

Before sampling, boot socks were pre-moistened with sterile physiological saline to allow 

maximum uptake of Campylobacter from the litter and to provide moisture to aid survival 

during transport. In the laboratory, 100ml Exeter selective enrichment broth [1100ml 

nutrient broth, 55ml lysed defibrinated horse blood, Campylobacter enrichment supplement 

SV59 (containing trimethoprim (10mg/l), rifampicin (5mg/l), polymyxin B (2500iu/l), 

cefoperazone (15mg/l) and amphotericin B (2mg/l); Mast Group Ltd, Bootle, UK) and 

Campylobacter growth supplement SV61 (containing sodium pyruvate (250mg/l), sodium 

(250mg/l), metabisulphite and ferrous sulphate (250mg/l); Mast Group Ltd)] was added to 

each pair of boot socks and agitated by hand to release attached matter. Boot socks and 

broth were left to settle for 10 min, then 20ml of broth was transferred to a sterile, labelled 

universal before incubation for 48 hours under microaerobic conditions at 41°C.  

Following enrichment, 100µl of the enrichment broth was spread on a 0.45µm cellulose 

nitrate filter (Sartorius, Epsom, UK) placed on a Campylobacter-selective blood-free agar 

[modified charcoal-cefoperazone-deoxycholate agar (mCCDA)] supplemented with 

cefoperazone (32 mg/l) and amphotericin B (10 mg/l). Following incubation for 30 mins at 

room temperature, the filter was removed with sterile forceps from the mCCDA plate, and 

the plate incubated for 48 hours under microaerobic conditions at 41°C.  

To extract any Campylobacter DNA following enrichment, 1ml of enrichment broth was 

transferred to a sterile 1·7ml Eppendorf tube and centrifuged at 16200 g for 7 min. The 
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supernatant was discarded, 1ml of phosphate-buffered saline (PBS) added and centrifuged 

at 16200 g for 7 min. The supernatant was discarded and 300 µl Chelex® 100 Molecular 

Biology Grade Resin (Bio-Rad, Hemel Hempstead, UK) solution [20% w/v in 100ml Trizma HCl 

(Sigma-Aldrich, Dorset, UK)] was added and heated at 95°C for 10 min, centrifuged at 16200g 

for 3 minutes and 50μl of the clear supernatant added to 450μl sterile distilled water. 

All media in this study were obtained from Lab M Ltd (Bury, UK) and all blood from Southern 

Group Labs (Corby, UK). 

Confirmation of Campylobacter spp. 

Following incubation, up to four colonies were selected from mCCDA plates based on typical 

colony morphology for Campylobacter. Colonies were streaked onto Columbia agar 

containing 5% (v/v) defibrinated horse blood. Plates were incubated for 48 hours under both 

microaerobic conditions at 41°C and aerobic conditions at 30°C, to distinguish 

morphologically similar Campylobacter and Arcobacter species. Up to four Campylobacter 

isolates per boot sock sample were stored at -80°C in Microbank™ vials (Pro-Lab, 

Bromborough, UK).  

To extract DNA for polymerase chain reaction (PCR) assays, a loopful of bacterial cells were 

suspended in 300μl Chelex® solution (as described above) and heated at 95°C for 10 min, 

centrifuged at 16200g for 3 minutes and 50μl of the clear supernatant added to 450μl sterile 

distilled water.  

Campylobacter genus- and species-specific PCR assays were performed on the Chelex® DNA 

preps of the suspected Campylobacter colonies and Chelex® DNA extractions of enrichment 

broth for culture-negative boot sock samples during pilot sampling and for all boot sock 

samples during the main sampling phase. An initial multiplex 16S rDNA PCR assay for 

Campylobacter and Arcobacter spp. (Linton, Owen and Stanley, 1996; Gonzalez et al., 2000) 

was performed on Chelex® DNA extractions of enrichment broth from boot sock samples. If 

confirmed positive for Campylobacter spp. either by culture or by the initial multiplex PCR, a 

C. jejuni and C. coli specific PCR assay (Klena et al., 2004) was performed. Further details of 

all primers are shown in Table 5. Each PCR reaction had a total volume of 25μl and contained 

5μl of 5x FIREPol® Master Mix Ready to Load with 7.5mM MgCl2 (Solis-Biodyne, Tartu, 

Estonia), 1μl of bovine serum albumin (25mg/ml; Sigma-Aldrich), 0.25μl of each primer (0.5μl 

of reverse primer was used for lpxA multiplex PCR) and 2μl template DNA. DNA amplification 
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was performed in an Applied Biosystems 2720 thermal cycler (Thermo Fisher Scientific, 

Cheshire, UK). Details of PCR Programmes can be found in Table 6. 

Gel electrophoresis of the amplified PCR product was performed on a 2% agarose (Alpha 

Laboratories, Eastleigh, UK) gel after peqGREEN staining (2x10-5μl/ml; Peqlab, Fareham, UK) 

in Tris-acetate-EDTA (Promega, Southampton, UK) buffer at 120V. A 100bp plus DNA ladder 

(Solis-Biodyne) was used as a molecular weight marker. PCR products were visualised under 

ultraviolet transillumination. 

Table 5: Details of PCR primers, their sequence, target and product size 

Target 
Gene/ 

Nucleotide 
Sequence 

Primers Primer Sequence (5’-3’) Product 
Size 

Reference 

To detect Campylobacter spp. 

16s rRNA 

C412F GGA TGA CAC TTT TCG GAG C 

857bp 

(Linton, 
Owen and 

Stanley, 
1996) 

CampyR2 GGC TTC ATG CTC TCG AGT T 

To detect Arcobacter spp. 

16s rRNA 
Arc1 AGA ACG GGT TAT AGC TTG CTA T 

181bp 
(Gonzalez 

et al., 
2000) Arc2 GAT ACA ATA CAG GCT AAT CTC T 

To detect Campylobacter jejuni 

lpxA 
cjejlpxAF ACA ACT TGG TGA CGA TGT A 

331bp 
(Klena et 
al., 2004) cjejlpxAR 

CAA TCA TGD GCD ATA TGA SAA TAH 
GCC AT 

To detect Campylobacter coli 

lpxA 
ccollpxAF AGA CAA ATA AGA GAG AAT CAG 

391bp 
(Klena et 
al., 2004) cjejlpxAR CAA TCA TGD GCD ATA TGA SAA TAH 

GCC AT 

Table 6: Details of PCR cycling conditions 

PCR Thermal Cycler Programme 
Multiplex Campylobacter and Arcobacter 
genus-specific (Linton, Owen and Stanley, 
1996) 

94-5min, (94-1min, 58-1min, 72-1min) x30, 
72-7min 

lpxA (Klena et al., 2004) 
94-5min, (94-1min, 50-1min, 72-1min) x30, 
72-10min  
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Statistical Analysis 

Selection of Outcome Variables 

The presence or absence of Campylobacter in a boot sock sample was the outcome variable 

for the statistical analyses. Two outcome variables were assessed: (i) Campylobacter culture-

positive; and (ii) Campylobacter culture- and/or PCR-positive. 

Selection of Covariates 

Covariates were selected for inclusion in the models on the basis of their reported role and/or 

their likely theoretical involvement in broiler flock colonisation (Patrick et al., 2004; Rushton 

et al., 2009). The explanatory variables used in the models are listed in Table 7. The variables 

included management and environmental factors. For example, meteorological factors, such 

as temperature and rainfall, may impact on survival of Campylobacter in the environment or 

influence ingress into broiler houses. Certain management factors may allow ingress of the 

bacteria (e.g. thinning) or increase the likelihood of inter-flock transmission (e.g. number of 

broiler houses on site). If chicks were placed into an individual broiler house or onto an 

individual broiler farm over multiple days, the flock age was calculated as the mean flock age 

of all birds in a flock/house. 

Meteorological data (mean daily maximum temperature for month and total monthly 

rainfall) was obtained from the Met Office (Met Office, 2018). To account for the season that 

sampling took place, the number of the week (i.e. out of 52 weeks in a year) that the sample 

was collected was recorded. 

Table 7: List of covariates used in models. 

Environmental Factors 
Mean daily maximum temperature in month of flock cycle 
Total rainfall in month of flock cycle 
Number week of the year 
Campylobacter-status of external broiler house environment (culture and/or PCR Positive) 
Farm Management Factors 
Number of broiler houses on farm 
Total number of broiler chickens on farm per flock cycle 
Thinning (partial flock depletion) (pre-/post-thinning (0/1) (No/Yes)) 
Flock-Specific Factors 
Total number of broiler chickens in house 
Mean flock age at sampling  
Sampling event number (study week (1-7)) 
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Statistical Modelling 

Both Generalised Estimating Equations (GEEs) and Generalised Linear Mixed-Effects Models 

(GLMMs) were used to investigate the risk factors for Campylobacter colonisation at both 

the broiler house and broiler farm levels. All analyses were undertaken using R (R 3.5.1 for 

Mac OS X, R Foundation for Statistical Computing, Vienna, Austria) (R Core Team, 2015). 

The geeglm() function within the geepack R package was used to solve the GEEs. In 

broiler chickens, once a flock is positive for Campylobacter, it will remain positive until 

slaughter (Lacharme-Lora et al., 2017). An autoregressive correlation structure (‘ar1’) was 

specified as the outcome of each week’s sampling event was dependent on the previous 

week’s results (i.e. if a broiler house or farm was previously positive it is likely to be positive 

for all future sampling events) and each broiler house and farm were given a unique 

identification number. Analyses were repeated to investigate risk factors for colonisation for 

both positive broiler houses and positive broiler farms. Binomial error structures were used 

as both outcome variables specified either the presence or absence of Campylobacter in a 

sample. Instead of using a single outcome variable, data were weighted for the number of 

pairs of boot socks returned each week by each farm by specifying the number of pairs of 

boot socks returned (i.e. trials) and the number of positive pairs (i.e. successes). 

Univariable logistic regression models analysed the association between all independent 

explanatory variables and the two binomial outcome variables. Every explanatory variable 

was explored, with a likelihood ratio chi-squared test (LRT) being used to assess fit compared 

to a null model. Generalised additive models (GAMs) were created and plotted to assess if 

continuous explanatory variables were sufficiently well represented as having a linear 

relationship with the outcome. If not, polynomial terms were fitted to the explanatory 

variables as appropriate. Collinearity between explanatory variables was assessed using the 

Pearson correlation coefficient. For highly correlated variables (-0.70 ≥ r ≥ 0.70), only 

variables with the lowest P-value were considered for inclusion in the GLMMs. As for the 

GEEs, multivariable GLMMs were undertaken with binomial error structures (logistic 

regression). Explanatory variables (except those with high collinearity) were tested in an 

initial mixed-effects logistic regression model. Models were undertaken with ‘house’ and/or 

‘farm’ included as random effects. If necessary, to aid model convergence, continuous 

explanatory variables were rescaled using the scale() function in R, which subtracts the 

mean and divides by the standard deviation of the covariate. The reported odds ratio (OR) 

and 95% CI for scaled continuous variables were adjusted by dividing the output by the 
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standard deviation of the variable. Final models were constructed by manual backwards 

stepwise procedures where variables with a LRT p-value <0.05 were retained in order to 

produce a model fit with the lowest Akaike Information Criterion (AIC) possible. Methods for 

model checking for mixed-effects logistic regression models are not well developed and were 

not undertaken (Christley and Diggle, 2018). 

Results 

Study Population 

A total of ten broiler farms were sampled during the pilot and main sampling phases, which 

consisted of four to twelve broiler houses, stocking 21,000-67,000 broilers per house per 

flock cycle at a stocking density of 39kg/m2. The total number of broiler houses per farm and 

the total number of broilers per farm per flock cycle are included in Table 9. All farms reared 

birds intensively indoors and operated an all-in/all-out system, with thinning between 

approximately days 28-35 in a flock cycle of approximately 36-42-days. All farms were part 

of food assurance schemes requiring adherence to a number of strict biosecurity protocols, 

including, but not limited to, restricted and monitored access, an anteroom at the entrance 

to the broiler house containing a physical barrier delineating a bio-secure area, widespread 

use of disinfectant footbaths, farm- and broiler house-specific clothing and footwear and 

rigorous policies preventing the introduction and spread of disease. 

Pilot Sampling 

Pilot sampling took place on Farm 1 from July to August 2016. Farm 1 is an independent 

grower contracted to one of the UK’s ten largest poultry integrator companies (Company A) 

and consists of four broiler houses stocking 21,000-38,000 broilers per house per flock cycle 

(124,000 broilers in total per flock cycle). A total of 193 pairs of boot socks were collected 

during the pilot study (Table 8); 112 pairs of boot socks were collected from the internal 

broiler house environment and 81 were collected from the external environment. Of these, 

44 pairs were found positive for Campylobacter spp. by traditional culture methods, 31 of 

which were collected inside the broiler house and 13 from outside the broiler house. Boot 

socks negative for Campylobacter by culture were tested by PCR and nine additional pairs 

were found to be Campylobacter-positive. The PCR assay did not detect any Campylobacter-

positive boot sock samples in the week(s) before Campylobacter-positive boot sock samples 
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were detected by traditional culture methods. In addition to the overview of results from the 

pilot sampling phase in Table 8, more detailed results can be found in Appendix 2: Section 1 

(Pilot Sampling Results). 

Table 8: Overview of results from pilot sampling on Farm 1 from July-August 2016. 

Flock 
Age 

(Days) 
Event 

No. of Boot Socks 
Culture 

Campylobacter-
Positives 

PCR 
Campylobacter-

Positives 

Internal External Internal External Internal External 

2-3 
Boot Sock Sampling 
– Week 1  

16 9 0 0 0 0 

8-9 
Boot Sock Sampling 
– Week 2  

16 12 0 0 0 0 

15-16 
Boot Sock Sampling 
– Week 3  

16 12 0 0 0 0 

22-23 
Boot Sock Sampling 
– Week 4  

16 12 0 0 0 0 

29-30 
Boot Sock Sampling 
– Week 5  

16 12 0 0 0 0 

30 First Depletion – Houses 3 and 4 
30 First Depletion – House 2 
31 First Depletion – House 1 

36-37 
Boot Sock Sampling 
– Week 6  

16 12 15 3 1 6 

40 Second Depletion – Houses 3 and 4 
42 Second Depletion – Houses 1 and 2 
43 Third Depletion – Houses 3 and 4 

42-43 
Boot Sock Sampling 
– Week 7 

16 12 16 10 0 2 

49-50 Final Depletion    
 Total 112 81 31 13 1 8 
 Total 193 44 9 

Main Sampling Phase 

Nine farms, three owned by and six contracted to one of the UK’s ten largest poultry 

integrator companies (Company B) were sampled from June-August 2017. A total of 817 pairs 

of boot socks were collected from the nine farms (Table 9); 112 pairs were found positive for 

Campylobacter spp. by PCR and 17 pairs were found positive for Campylobacter spp. by 

traditional culture methods. At final depopulation, three farms had one Campylobacter-

positive house, two farms had two positive houses and one farm had four positive houses. 

However, only three houses on two farms were positive for Campylobacter spp. by 

traditional culture methods at final depopulation. Throughout the flock cycle, seven farms 

had at least one house test positive for Campylobacter spp. by either culture and/or PCR. 
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One house on Farm 9 was negative before thinning and positive after thinning, whilst the 

opposite was true on Farm 6. After thinning on Farm 5, the number of positive houses 

increased from two to four, whilst on Farms 4, 7 and 8 the number of positive houses 

decreased post-thin. A summary of the sampling results can be found in Table 10 and detailed 

results for Farms 2-9 can be found in Appendix 2: Section 2 (Main Sampling Phase – Individual 

Farm Results). 

Over the course of the flock cycle, five houses on three farms (Farms 4, 6 and 9) were positive 

for Campylobacter spp. by traditional culture methods. However, at final depopulation of the 

farms, only three houses on two farms (Farms 4 and 9) were Campylobacter-positive, as a 

house on each of Farms 4 and 6 were C. jejuni culture-positive before thinning but negative 

after thinning. From boot sock samples collected from the external broiler house 

environment before final depopulation, C. jejuni was cultured from boot sock samples from 

Farms 4 and 7. 

With regards to the timing of Campylobacter identification in the internal and external broiler 

house environments, Campylobacter spp. were identified on three farms (Farms 5, 7 and 9) 

outside the broiler houses before it was identified inside the broiler houses, however, the 

opposite was found on Farm 4. Campylobacter was only found inside the broiler houses on 

two farms (Farms 3 and 6) and was identified in the internal and external broiler house 

environments in the same week on one farm (Farm 8). 

Five farms were culture-negative for Campylobacter spp.; boot sock samples from three of 

these farms were PCR-positive, whilst two (Farms 2 and 10) were also PCR-negative for 

Campylobacter spp.. However, Farm 10, which did not have a culture- or PCR-positive boot 

sock sample did not submit any samples for testing post-thinning.  

Regarding correlation of culture and PCR methods for the detection of Campylobacter on 

farms from which Campylobacter spp. were cultured from boot sock samples, on Farm 7, C. 

jejuni was cultured from two pairs of boot socks collected outside the broiler houses but not 

from any internal broiler house boot sock samples. In Week 4, all four houses and 12/16 

external boot sock samples were PCR-positive for Campylobacter spp.. However, the 

following week, this decreased to one house and 4/16 boot sock samples and in Week 6, 

following thinning, just one internal boot sock sample was positive for Campylobacter spp.. 

Similarly, on Farm 6, House 3 was C. jejuni culture-positive before thinning but was negative 

after thinning. 
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Of the three farms that were only PCR-positive for Campylobacter spp., on Farm 3 the same 

house was C. coli-positive pre-thinning and C. jejuni-positive post-thinning. On Farm 5, C. 

jejuni was detected by PCR inside two houses and outside all four houses pre-thinning and 

following thinning PCR detected C. jejuni inside and outside all four houses. Finally, on Farm 

8, all four houses and 8/16 external boot sock samples were PCR-positive for Campylobacter 

spp. before thinning. However, post-thinning, this decreased to one internal boot sock 

sample and two external boot sock samples. 

One PCR-positive external boot sock sample was detected on Farm 9 pre-thinning. Despite 

this, the houses were not positive at thinning on Day 31, however, House 2 was C. coli culture-

positive at final depletion on Day 39 and House 4 and 3/8 external boot sock samples were 

C. jejuni PCR-positive. 

Pre-thinning, Farm 4 was PCR-positive in two houses in Week 3, and in all four houses in 

Week 4, two of which also tested C. jejuni-positive by culture (Houses 1 and 4). However, 

following thinning, only two houses (Houses 1 and 2) were C. jejuni culture- and PCR-positive; 

Houses 3 and 4 were no longer C. jejuni PCR-positive and House 4 was no longer culture 

positive. Interestingly, following thinning, 9/16 boot sock samples of the external broiler 

house environment were C. jejuni culture- and PCR-positive, whereas no external samples 

were positive pre-thin. The PCR assay detected C. coli in House 1 in Week 4, however only C. 

jejuni was cultured from Farm 4. Boot sock samples were collected from Farm 4 during the 

farm cleaning and disinfection period after the final depopulation of the study flock. During 

this period, 3/4 internal pairs of boot socks and 14/16 pairs of external boot socks were PCR-

positive for C. jejuni. However, by Week 7, at the next flock placement, all internal boot socks 

were Campylobacter-negative and only one pair of boot socks from the external farm 

environment were Campylobacter-positive by PCR assay. 

Where Campylobacter spp. could be determined, the majority of samples were positive for 

C. jejuni. C. coli was cultured from nine internal boot sock samples and two external boot 

sock samples on the pilot farm. One internal boot sock sample from Farm 4 was PCR-positive 

for both C. jejuni and C. coli. C. coli was cultured from one internal boot sock sample on Farm 

9 and this same sample was confirmed by PCR. 

Chelex® DNA extractions were performed on 1ml enrichment broth post-48h incubation. 

Except from one sample, where both C. jejuni and C. coli were detected by PCR assay and 

only C. jejuni detected by culture, in all other cases the same species of Campylobacter was 
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confirmed by PCR on the isolates as by PCR on the Chelex® DNA extractions of the enrichment 

broth. On Farm 4, the PCR assay detected Campylobacter-positive boot sock samples from 

the internal broiler house environment in the week before Campylobacter-positive boot sock 

samples were detected by traditional culture methods. 
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Table 9: Summary of results for nine farms (excluding pilot farm) tested for Campylobacter both inside and outside four broiler houses between June-August 
2017. 1 No. of Weeks = Number of sets of boot socks received from the seven sets of boot socks supplied to each farm. 2 Culture Positives = Number of pairs of 
boot socks found positive by traditional culture methods for Campylobacter spp. 3 Entries marked with ‘*’ are those where Campylobacter was identified in 
boot sock samples collected inside broiler houses, indicating positive broiler chicken flocks. 4 PCR Positives = Number of pairs of boot socks found positive by 
PCR for Campylobacter spp.  

Farm 

No. of Houses 
(Total No. of 
Broilers per 
Flock Cycle) 

No. of 
Weeks1 

No. of 
Pairs of 

Boot Socks 
Culture Positives2 

Week(s) in which 
Culture Positives 

Identified3 
PCR Positives4 Week(s) in which PCR 

Positives Identified3 

Farm 2 12  
(306,000) 4 80 0 - 0 - 

Farm 3 11  
(402,500) 6 111 0 - 2 Weeks 5*-6* 

Farm 4 4  
(171,600) 7 140 13 Weeks 4*-5* 35 Weeks 3*, 4*, 5*, 6* & 7 

Farm 5 6  
(213,000) 5 100 0 - 30 Weeks 3, 4* & 5* 

Farm 6 9 
(286,750) 4 64 1 Week 3* 1 Week 3* 

Farm 7 4 
(126,000) 6 92 2 Week 2 & 4 23 Weeks 2 & 4, 5 & 6 

Farm 8 4 
(210,000) 4 48 0 - 15 Weeks 3*-4* 

Farm 9 4 
(126,000) 6 102 1 Week 6* 6 Weeks 4 & 6* 

Farm 10 8 
(206,000) 4 80 0 - 0 - 

Total - - 817 17 - 112 - 
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Table 10: Summary of sampling results from ten farms tested longitudinally for one flock cycle for Campylobacter both inside and outside four broiler houses 
in July-August 2016 (Farm 1) and June-August 2017 (Farms 2-10). Key: Red = Campylobacter culture- and PCR-positive; Orange = Campylobacter PCR-positive 
but culture-negative; Green = Campylobacter culture and PCR negative; Dark Blue Line = Occurrence of Partial Depopulation of Flock. 

Farm Location Week 
1 2 3 4 5 6 7 

 

1 
Internal 16 16 16 16 16 15 1 16 
External 9 12 12 12 12 3 6 3 10 2 

 

2 Internal 4 4 4 4  
External 16 16 16 16 

 

3 Internal 4 4 4 4 1 3 1 3  
External 8 16 15 16 16 16 

 

4 
Internal 4 4 2 2 2 2 2 2 3 1 4 
External 16 16 16 16 9 7 14 2 1 15 

 

5 Internal 4 4 4 2 2 4  External 16 16 1 15 12 4 11 5 
 

6 Internal 4 4 1 3 4  External 8 16 12 12 
 

7 
Internal 4 4 4 4 1 3 1 3  External 8 1 11 12 1 11 4 8 12 

 

8 Internal 4 4 4 1 3  
External 8 8 8 2 6 

 

9 
Internal 16 4 4 4 4 1 1  
External 4 16 16 1 7 16 3 5 

 

10 Internal 4 4 4 4  
External 16 16 16 16 
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Statistical Modelling 

The sampling data from the ten farms were adapted for the modelling approach. The results 

for the internal boot socks were the outcomes of interest. Broiler houses and broiler farms 

were designated as Campylobacter-culture negative or positive and Campylobacter negative 

or positive (i.e. culture- and/or PCR-positive) following each sampling event. Thus, four 

outcomes were assessed with the explanatory variables: 

1. Campylobacter Culture-Positive Broiler House 

2. Campylobacter-Positive Broiler House (Culture and/or PCR) 

3. Campylobacter Culture-Positive Broiler Farm 

4. Campylobacter-Positive Broiler Farm (Culture and/or PCR) 

The results from the external boot socks were considered as covariates reflecting the 

Campylobacter-status of external broiler house environment (i.e. culture and/or PCR 

Positive). Ten explanatory variables were assessed with the two outcomes for the broiler 

house (Table 7). The total number of birds in the house was not assessed with the farm-level 

variables. GAMs were created and plotted and are available in Appendix 2: Figure 19 to Figure 

25. 

The variables for the number of houses on the farm and the total number of birds (r=0.91) 

and mean flock age and study week (r=0.91) were highly correlated. Total number of birds 

and sampling week were excluded from the GLMMs and GEEs. Number of houses was 

determined to be a more appropriate measure of farm size than total number of birds and 

flock age a more accurate measure of bird age than study week. For all four outcomes, 

interaction terms were included between the explanatory variables mean flock age at 

sampling and thinning and between mean daily maximum temperature and total monthly 

rainfall in month of flock cycle. 

Meteorological data for farms was obtained from the nearest weather station to each farm 

recorded on the Met Office website (Met Office, 2018). Initially the covariates for this 

meteorological data were included in the GEEs and GLMMs with the covariates rescaled to 

aid model convergence (Appendix 2: Table 80 and Table 81). However, because there was 

such a small range and/or discrete number of temperatures and total monthly rainfalls in the 

study months, the ORs and CIs in the final models were unrealistic. Therefore, these 
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meteorological covariates were included in the univariable analysis but not in the initial GEEs 

and GLMMs. 

Univariable Analysis 

Univariable logistic regression analysis (Table 11 and Appendix 2: Table 79) was undertaken 

to identify potential risk factors for Campylobacter colonisation of broiler houses and broiler 

farms. The number of broiler houses on the farm, thinning, the study week, the week of the 

year, mean flock age at sampling and the Campylobacter-status of the external broiler house 

environment were significantly associated with all four outcomes. The total number of birds 

on the farm was not significant for the farm-level outcomes but was for the outcomes at the 

broiler house level. 

Thinning and the Campylobacter-status of the external broiler house environment had the 

largest odds ratios for all four outcomes and were significant risk factors for Campylobacter-

positive (both culture and culture and/or PCR) broiler houses and farms. An increasing 

number of houses on the farm or birds in a house, increasing mean daily maximum 

temperature and increasing total rainfall in month of flock cycle were protective against 

Campylobacter colonisation at both the house and farm level. 

Generalised Linear Mixed-Effects Models 

Four mixed-effects logistic regression models were developed for all four outcome variables 

(Table 12). Mean flock age at sampling was a significant predictor for all four outcomes. Flock 

age was the only remaining significant risk factor for the model of Campylobacter culture-

positive broiler houses. Flock age, thinning and isolation of Campylobacter from the external 

broiler farm environment were significant predictors for Campylobacter-positive (culture- 

and/or PCR-positive) broiler houses. Interestingly, thinning was a protective factor against 

Campylobacter colonisation in this mixed-effects model, whilst flock age and isolation of 

Campylobacter from the external farm environment were risk factors for colonisation. 

An increasing number of houses on the broiler farm was protective against Campylobacter 

culture-positive broiler farms and increasing flock age was a risk factor. For the outcome 

Campylobacter-positive broiler farms, the number of houses on the farm, the week of the 

year, flock age, thinning, isolation of Campylobacter from the external broiler house 

environment and the interaction between thinning and flock age were significant predictors 

of colonisation. 



Chapter 3 

 
120 

Generalised Estimating Equations 

The GEEs (Table 13) revealed that mean flock age at sampling was a significant risk factor for 

all four outcomes. Thinning, the interaction between thinning and mean flock age at 

sampling and isolation of Campylobacter from the external broiler house environment and 

were significant risk factors for all outcomes except Campylobacter culture-positive broiler 

farms. As the week of the year and the number of houses on the broiler farm increased, 

broiler houses and farms were less likely to be Campylobacter culture-positive, but these risk 

factors were not present in the models for any Campylobacter-positive (culture and/or PCR) 

outcome.  
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Table 11: Results of the univariable logistic regression analysis for ten explanatory and all four outcome variables in a study of ten broiler farms in England in 

July-August 2016 and June-August 2017. Blue highlighted cells are those with a LRT P-value <0.25, green highlighted cells are those with a LRT P-value <0.05. 

Further analysis is provided in Appendix 2: Table 79. OR = Odds Ratio; CI = Confidence Interval. 

Covariate 
Campylobacter Culture-Positive 

Broiler House 
Campylobacter-Positive (PCR or 

Culture) Broiler House 
Campylobacter-Culture Positive 

Broiler Farm 
Campylobacter-Positive (PCR or 

Culture) Broiler Farm 
OR 95% CI P-Value OR 95% CI P-Value OR 95% CI P-Value OR 95% CI P-Value 

No. of Houses 
on Farm 0.63 0.33-0.88 0.002 0.75 0.61-0.88 <0.001 0.77 0.41-1.09 0.2 0.85 0.66-1.05 0.1 
Total No. of 
Birds on Farm 
(Per Bird) 1.00 1.00-1.00 0.002 1.00 1.00-1.00 0.009 1.00 1.00-1.00 0.2 1.00 1.00-1.00 0.6 
Total No. of 
Birds on Farm 
(Per 10,000 
Birds) 0.87 0.77-0.98 0.002 0.94 0.90-0.99 0.009 0.92 0.81-1.05 0.2 0.98 0.92-1.05 0.6 
Total No. of 
Birds in House 
(Per Bird) 1.00 0.89-1.11 0.99 1.08 1.00-1.16 0.04       
Total No. of 
Birds in Shed 
(Per 1000 
Birds) 0.45 

1.10x10-

48- 
1.88x1047 0.99 1.04x1032 

9.38-
1.15x1063 0.04       

Total No. of 
Birds in House   0.6   0.04       

<30,000 Reference Category Reference Category       
30,000-40,000 0.88 0.27-3.38 0.8 1.91 0.72-5.99 0.2       

>40,000 0.35 0.02-2.49 0.4 4.40 
1.41-
15.53 0.01       

Thinning (Y/N) 19.60 
5.72-
90.66 <0.001 6.62 

3.04-
14.68 <0.001 12.67 

2.04-
107.76 0.007 16.00 

3.28-
121.13 <0.001 



Chapter 3 

 
122 

Mean Daily 
Maximum 
Temperature in 
Month of Flock 
Cycle 0.68 0.32-1.43 0.3 0.25 0.14-0.44 <0.001 0.80 0.24-2.65 0.7 0.30 0.11-0.71 0.006 
Total Monthly 
Rainfall in 
Month of Flock 
Cycle 0.97 0.94-1.00 0.04 0.97 0.95-0.99 0.001 0.99 0.95-1.03 0.7 0.97 0.94-1.0 0.08 
Study Week  
(1-7) 4.10 2.38-8.41 <0.001 2.55 1.90-3.57 <0.001 2.86 1.47-7.52 <0.001 4.09 

2.13-
10.62 <0.001 

Number Week 
of the Year 1.92 1.42-2.78 <0.001 2.07 1.66-2.69 <0.001 0.63 1.08-2.76 <0.001 2.30 1.53-4.03 <0.001 
Mean Flock Age 
at Sampling  1.34 1.18-1.61 <0.001 1.16 1.1-1.23 <0.001 1.27 1.09-1.64 <0.001 1.23 1.12-1.42 <0.001 
Campylobacter-
Status of 
External Broiler 
House 
Environment 13.63 

4.03-
62.47 <0.001 17.56 

7.74-
42.91 <0.001 7.78 

1.31-
63.01 <0.001 17.22 

4.01-
96.73 <0.001 
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Table 12: Results of the Binomial GLMM analysis for eight explanatory and all four outcome variables in a study of ten broiler farms in England in July-August 

2016 and June-August 2017. Y= Yes; N= No; B = Estimate (b); SE = Standard Error; OR = Odds Ratio; CI = Confidence Interval. 

Campylobacter Culture-Positive Broiler House 

Covariate B SE OR Lower CI Upper CI Z-Value P-Value 

Mean Flock Age at 
Sampling 

0.30 0.09 1.35 1.14 1.61 3.44 <0.001 

Campylobacter-Positive Broiler House 

Covariate B SE OR Lower CI Upper CI Z-Value P-Value 

Mean Flock Age at 
Sampling 

0.22 0.005 1.24 1.23 1.253 46.59 <0.001 

Thinned (Y/N) -1.62 0.005 0.199 0.197 0.20 -339.80 <0.001 

Campylobacter-
Status of External 
Broiler House 
Environment 

2.41 0.47 11.15 4.48 27.73 5.19 <0.001 

Campylobacter Culture-Positive Broiler Farm 

Covariate B SE OR Lower CI Upper CI Z-Value P-Value 

No. of Houses on 
Farm 

-0.32 0.02 0.73 0.70 0.76 -16.70 <0.001 

Mean Flock Age at 
Sampling 

0.24 0.02 1.27 1.23 1.32 13.13 <0.001 

Campylobacter-Positive Broiler Farm 

Covariate B SE OR Lower CI Upper CI Z-Value P-Value 

No. of Houses on 
Farm 

-0.68 0.003 0.51 0.50 0.51 -197.34 <0.001 

Number Week of 
the Year 

-0.32 0.003 0.72 0.72 0.73 -94.19 <0.001 
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Mean Flock Age at 
Sampling 

0.73 0.004 2.07 2.05 2.08 204.87 <0.001 

Thinned (Y/N) 16.31 0.003 12114388.02 12033013.11 12196313.24 4743.03 <0.001 

Campylobacter-
Status of External 
Broiler House 
Environment 

4.84 0.003 125.80 124.95 126.65 1406.02 <0.001 

Interaction 
Between Mean 
Flock Age at 
Sampling and 
Thinned (Y/N) 

-0.57 0.003 0.57 0.56 0.57 -165.43 <0.001 
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Table 13: Final results of Generalised Estimating Equation (GEE) analysis for eight explanatory and all four outcome variables in a study of ten broiler farms in 

England in July-August 2016 and June-August 2017. Y= Yes; N= No; B = Estimate (b); SE = Standard Error; OR = Odds Ratio; CI = Confidence Interval. 

Campylobacter Culture-Positive Broiler House 

Covariate B SE OR Lower CI Upper CI Wald P-Value 

Houses -0.49 0.23 0.61 0.39 0.96 4.61 0.03 

Mean Flock Age at Sampling 0.52 0.11 1.68 1.36 2.08 22.88 <0.001 

Thinned (Y/N) 9.01 3.86 8211.88 4.30 1.57x107 5.47 0.02 

Campylobacter-Status of External Broiler House Environment 1.26 0.48 3.53 1.38 9.06 6.89 0.009 

Number Week of the Year -0.51 0.18 0.60 0.42 0.85 8.24 0.004 

Interaction Between Mean Flock Age at Sampling and Thinned (Y/N) -0.31 0.12 0.74 0.58 0.94 6.05 0.01 

Campylobacter-Positive Broiler House 

Covariate B SE OR Lower CI Upper CI Wald P-Value 

Mean Flock Age at Sampling 0.15 0.03 1.16 1.11 1.22 35.34 <0.001 

Thinned (Y/N) 2.75 1.20 15.60 1.48 165 5.22 0.02 

Campylobacter-Status of External Broiler House Environment 1.81 0.38 6.08 2.90 12.80 22.73 <0.001 

Interaction Between Mean Flock Age at Sampling and Thinned (Y/N) -0.11 0.03 0.90 0.84 0.96 10.08 0.002 

Campylobacter Culture-Positive Broiler Farm 

Covariate B SE OR Lower CI Upper CI Wald P-Value 

Houses -0.51 0.20 0.60 0.40 0.89 6.53 0.01 

Mean Flock Age at Sampling 0.36 0.04 1.43 1.31 1.55 66.81 <0.001 

Number Week of the Year -0.57 0.22 0.57 0.36 0.88 6.44 0.01 

Campylobacter-Positive Broiler Farm 

Covariate B SE OR Lower CI Upper CI Wald P-Value 

Mean Flock Age at Sampling 0.15 0.033 1.16 1.09 1.24 20.69 <0.001 
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Thinned (Y/N) 2.94 1.90 19.01 0.46 780.27 2.41 0.1 

Campylobacter-Status of External Broiler House Environment 1.82 0.61 6.18 1.88 20.29 9.02 0.003 

Interaction Between Mean Flock Age at Sampling and Thinned (Y/N) -0.11 0.049 0.89 0.81 0.99 5.09 0.02 
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Comparison of GLMMs and GEEs 

Table 14 summarises the similarities and differences between the explanatory variables 

remaining in both the GLMMs and the GEEs. Increasing mean flock age at sampling is a 

significant risk factor for all four outcomes in both modelling approaches. The flock being 

thinned is mostly a significant risk factor but is protective against Campylobacter-positive 

broiler houses in the GLMM. Isolation of Campylobacter from the external broiler house 

environment was also a common significant risk factor for colonisation for both modelling 

approaches. The interaction between mean flock age at sampling and thinning was always a 

protective factor against all outcomes in both modelling approaches. 

Table 14: Summary of parsimonious model results for GLMMs and GEEs for all four outcome 
variables following deletion testing in a study of ten broiler farms in England in July-August 
2017 and June-August 2017. Red text indicates risk factor for outcome, green text indicates 
protective factor against outcome. 

Outcome Variable Final GLMM Final GEE 

Campylobacter Culture-
Positive Broiler House 

Increasing Flock Age Increasing Flock Age 
Flock Thinned 
Increasing No. of Broiler 
Houses 
Week of Year 
Campylobacter-Positive 
External Broiler House 
Environment 
Interaction between Thinning 
and Flock Age 

Campylobacter-Positive  
Broiler House 

Increasing Flock Age 
Flock Thinned 
Campylobacter-Positive 
External Broiler House 
Environment 

Increasing Flock Age 
Flock Thinned 
Campylobacter-Positive 
External Broiler House 
Environment 
Interaction between Thinning 
and Flock Age 

Campylobacter Culture-
Positive Broiler Farm 

Increasing Flock Age 
Increasing No. of Broiler 
Houses 

Increasing Flock Age 
Increasing No. of Broiler 
Houses 
Week of Year 

Campylobacter-Positive  
Broiler Farm 

Increasing Flock Age 
Flock Thinned 
Increasing No. of Broiler 
Houses 
Week of Year 
Campylobacter-Positive 
External Broiler House 
Environment 
Interaction between Thinning 
and Flock Age 

Increasing Flock Age 
Flock Thinned 
 
 
Campylobacter-Positive 
External Broiler House 
Environment 
Interaction between Thinning 
and Flock Age 
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Discussion 

To further understand risk factors for flock colonisation, this study followed intensively-

reared broiler flocks on UK broiler farms longitudinally for an entire flock cycle. Boot sock 

samples were collected from both the interior and exterior broiler house environments of 

four broiler houses on each of ten broiler farms, totalling 40 study flocks, once a week 

throughout one flock cycle. Generalised Estimating Equations (GEEs) and Generalised Linear 

Mixed-Effect Models (GLMMs) were used to investigate potential risk factors for 

Campylobacter colonisation of flocks. 

It must be initially noted that there were significant obstacles encountered with the fieldwork 

component of this study. Compliance with the sampling protocol on farms was variable; two 

farms submitted seven sets of boot sock samples and three farms submitted six sets of boot 

socks, however, four farms only submitted four sets of samples. Farm 10, which did not have 

a culture- or PCR-positive boot sock sample, did not submit any samples for testing post-

thinning, thus it was not possible to evaluate the effect (if any) of thinning on the 

Campylobacter-status of the flocks. Sampling only took place on ten farms and therefore it is 

difficult to draw conclusions as to the reasons for non-compliance. However, from the 

researcher’s experience the farms returning the boot sock samples according to the sampling 

protocol were those who were more invested in the research question. This finding was also 

highlighted by a number of interview participants in Chapter 2, who were keen to participate 

in the interviews in an attempt to both reduce the Campylobacter prevalence of their flocks 

and to appear to their area managers to be committed to improvement. Farms that were 

experiencing or had experienced difficulties with producing Campylobacter-negative flocks 

were interested in the results of their individual boot sock sampling and expressed hope that 

the results of the sampling may enable them to improve their performance. 

Nevertheless, there were a number of interesting findings in both the culture and PCR results 

from the submitted boot sock samples. Whilst culture results demonstrated the presence of 

viable Campylobacter in the farm environment, the PCR assay revealed more Campylobacter-

positive boot sock samples than the traditional culture method. Boot socks enriched in Exeter 

broth have been demonstrated to be the best method of detecting Campylobacter spp. 

within a broiler house when compared to caecal and faecal sampling, with a sensitivity of 

94% (Vidal et al., 2013). However, the multiplex PCR assay used in this study has 100% 

specificity (ability of primers to amplify target Campylobacter spp.) and 97% sensitivity 

(ability of species-specific primers to amplify all bacteria present of that species) (Klena et al., 
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2004). Therefore, PCR is a more sensitive method than traditional culture and will pick up 

lower levels of Campylobacter present in a sample. In addition, under environmental stress, 

such as heat, desiccation or deoxygenation, Campylobacter spp. undergo morphological 

transformation from spiral to coccoid cells (Rollins and Colwell, 1986). Following this 

transformation, Campylobacter spp. lose their ability to be cultured on media and enter what 

is known as a ‘viable, but non-culturable’ (VBNC) state. PCR may detect VBNC and dead 

Campylobacter, which pose less or no infection risk to the broiler flock when compared to 

viable cells. In this study, it is possible that the PCR method demonstrated the presence of 

VBNC or dead Campylobacter in the boot sock samples. A different method, such as qPCR 

with propidium monoazide (PMA) treatment would be required to distinguish VBNC and non-

viable or dead Campylobacter in the boot sock samples. This is a method that will be 

investigated further in Chapter 4. 

There was a great deal of variability between farms as to the timing of positivity of both the 

internal and external broiler house environments. On three farms, boot socks collected from 

the external broiler house environment were Campylobacter-positive before boot socks from 

inside broiler houses on those farms. However, the opposite was found on another farm and 

two farms were positive inside the broiler houses but not outside. One further farm was 

positive in both the internal and external broiler house environments in the same week. 

When sampling the external broiler house environment, the samplers were asked to wear 

the boot socks when approaching each broiler house when undertaking routine flock checks 

to assess the frequency at which Campylobacter is acquired on the footwear of farm staff 

when approaching the broiler house. In total, 65/266 pairs of internal boot socks and 

100/739 pairs of external boot socks were Campylobacter-positive, indicating that broiler 

farm workers are frequently coming into contact with Campylobacter spp. when approaching 

the broiler houses. However, without extensive environmental sampling of the wider farm 

environment, it is difficult to know if farmers conducting the sampling were walking through 

areas contaminated with Campylobacter spp. during these sampling events and/or if they 

are exposed to high levels of Campylobacter spp. in certain areas of the farm that were not 

tested on these occasions. Moreover, it has been demonstrated that some C. jejuni strains 

are unable or less able to colonise chickens (Hepworth et al., 2011). Therefore, without 

further genetic testing it is not possible to know if the strains present in the external broiler 

house environment are strains that are able to colonise chickens and pose a risk to public 

health. In the parsimonious GLMMs and GEEs, the external broiler house environment 

testing positive for Campylobacter (either by culture and/or PCR) was a common significant 



Chapter 3 

 
130 

risk factor for Campylobacter culture- and/or PCR-positive broiler houses and broiler farms. 

Thorough disinfection of the external poultry house surroundings has been shown to be 

protective against flock colonisation (Cardinale et al., 2004), indicating that high levels of 

environmental Campylobacter pose a risk to the broiler flock. These findings emphasise the 

importance of preventing the ingress of Campylobacter into the broiler house through the 

correct application of biosecurity measures. Having an ‘anteroom’ or ‘control room’ at the 

entrance to the broiler house, which separates the broiler flock from the outside, has been 

identified as a major protective factor against Campylobacter colonisation (Sommer et al., 

2016). Furthermore, observing the correct biosecurity procedures within the anteroom is 

vitally important. Poor biosecurity is a risk factor for colonisation (BIOHAZ, 2011) and 

interventions such as disinfectant footbaths (van de Giessen et al., 1996), wearing the correct 

personal protective equipment (PPE) (van de Giessen et al., 1996; Cardinale et al., 2004; 

Hansson et al., 2010) and having a hygiene barrier in the anteroom (Hald, Wedderkopp and 

Madsen, 2000; Sommer et al., 2016) have all been shown to reduce the risk of Campylobacter 

colonisation. 

Two farms remained negative throughout the entire flock cycle, however, one of these farms 

did not sample the farm following thinning. None of the boot socks from the internal broiler 

house environment on any of the study farms tested positive for Campylobacter spp. before 

flocks were 3-weeks old; the earliest a flock tested positive in this study was Farm 4 at 20-21 

days of age. Typically, commercial indoor broiler flocks remain free from Campylobacter for 

the first 2-3 weeks of life, this is known as the ‘lag phase’. The lag-phase has been partly 

attributed to protective maternally-derived antibodies that are present in newly-hatched 

chicks and are obtained from Campylobacter-infected broiler breeder parent flocks 

(Cawthraw and Newell, 2010). However, after the lag phase, once Campylobacter enters a 

broiler house, the whole flock will become positive within one-two weeks and will remain 

positive until slaughter (Cawthraw and Newell, 2010; Lacharme-Lora et al., 2017). It has been 

shown that the length of the lag phase can be extended in intensively-reared commercial 

broiler flocks by improving flock biosecurity (Gibbens et al., 2001). 

Increasing flock age was a significant risk factor for all four outcomes (Campylobacter culture-

positive broiler houses, Campylobacter-positive broiler houses, Campylobacter culture-

positive broiler farms and Campylobacter-positive broiler farms) in both the GEE and GLMM 

modelling approaches. Increasing flock age at slaughter has been highlighted as a risk factor 

for Campylobacter colonisation in a number of studies (Arsenault et al., 2007; McDowell et 
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al., 2008; Ansari-Lari et al., 2011; BIOHAZ, 2011; Chowdhury et al., 2012). As broiler flocks 

age they are subjected to more biosecurity breaches, for example during thinning (partial 

flock depopulation). Thinning is frequently identified as a risk factor for flocks becoming 

colonised with Campylobacter spp. (Hald, Wedderkopp and Madsen, 2000; Adkin et al., 2006; 

Hansson et al., 2010; BIOHAZ, 2011; Georgiev, Beavais and Guitian, 2017). Enhanced 

biosecurity has been shown to reduce the odds of colonisation at both partial and, to a lesser 

degree, final flock depopulations (Georgiev, Beavais and Guitian, 2017). Thinning is utilised 

in commercial broiler chicken production in the UK to increase productivity and profitability. 

Previous studies have identified the widespread practice of thinning in the UK, the economic 

impact stopping it would have on broiler farmers and the lack of enthusiasm to do this (Fraser 

et al., 2010; Georgiev, Beavais and Guitian, 2017). Whilst thinning is practiced in the UK it is 

vital to employ gold standard biosecurity practice to prevent the ingress of Campylobacter 

and other pathogens into broiler houses during this process. 

Two farms (Farms 1 and 9) in this study were Campylobacter-negative in the internal broiler 

house environment pre-thinning but were positive post-thinning. On Farm 4, the external 

environment was negative pre-thin and 9/16 external boot sock samples were positive post-

thin, suggesting that thinning may have spread the bacterium around the external farm 

environment. On Farm 5, two houses were Campylobacter-positive pre-thinning and four 

houses were positive post-thinning; however external boot sock samples were positive on 

this farm in Weeks 3 and 4, before thinning took place. Conversely, on Farms 7 and 8, the 

number of PCR-positive samples decreased from before to after thinning. In the GEEs, 

thinning the flock was a significant risk factor for three of the four outcomes investigated 

(not Campylobacter culture-positive broiler farms) and was a significant risk factor for 

Campylobacter-positive broiler farms in the GLMMs. In four of the models, the interaction 

between thinning and mean flock age at sampling remained in the parsimonious model and 

was a protective factor against Campylobacter colonisation. Moreover, in the GEE for the 

outcome Campylobacter-positive broiler house, thinning the flock had a protective effect 

against colonisation. These findings were unexpected and are inconsistent with other 

findings in the literature. It is likely that this incongruous protective effect has been 

calculated due to the limited size of the dataset, which will be discussed further below. 

In the models, the number week of the year that sampling took place in was included to 

assess the effect of season on Campylobacter-status. The GEEs revealed that as the week of 

the year that sampling took place in increased, broiler houses and farms were less likely to 
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be Campylobacter culture-positive. Week of the year was also a protective factor against 

colonisation in the GLMM for the outcome Campylobacter-positive broiler farm. Thus, as our 

sampling period progressed from early to late summer, flocks were less likely to be 

Campylobacter positive. Campylobacter colonisation is renowned for its seasonality. The 

peak for broiler flock Campylobacter colonisation occurs in late spring and summer 

(Humphrey, O'Brien and Madsen, 2007), which corresponds with the peak incidence of 

human cases in the summer months (Nylen et al., 2002). Moreover, studies investigating 

associations between risk factors and flock-infection frequently implicate the summer 

months and increasing temperatures with Campylobacter colonisation of broilers (Rushton 

et al., 2009; BIOHAZ, 2011; Chowdhury et al., 2012; Jonsson et al., 2012; Sandberg et al., 

2015; Sommer et al., 2016). Demonstrating synchronicity of poultry and human infections is 

not straightforward. Whilst the peaks in human campylobacteriosis and flock colonisation 

often coincide, some data suggest that the broiler peak occurs before the peak in humans or 

vice versa (Strachan et al., 2013). This indicates a seasonality in common environmental 

sources. At present, this distinct seasonality remains unexplained and hypotheses include 

increased vectors, such as increased fly and other vector populations (Humphrey, O'Brien 

and Madsen, 2007; Hald et al., 2008; Jonsson et al., 2012), increased ventilation during 

periods of increased external temperature and migratory wild birds (Humphrey, O'Brien and 

Madsen, 2007). 

An increasing number of broiler houses was protective against Campylobacter colonisation 

in the GEEs for the outcome Campylobacter culture-positive broiler houses and farms and 

the GLMMs for Campylobacter culture- and/or PCR-positive broiler farms. In contrast, 

previous studies have found that an increasing number of broiler houses is a significant risk 

factor for Campylobacter colonisation (Adkin et al., 2006; Lyngstad et al., 2008; McDowell et 

al., 2008; BIOHAZ, 2011; Guerin et al., 2016). Only ten farms were included in this study, with 

the number of houses per farm ranging from 4-12. Generally, the independent-contracted 

farms in this study had a smaller number of broiler houses, whereas the company farms had 

larger number of houses. It is possible that the enforcement of biosecurity protocols on the 

company-owned farms is stricter due to increased oversight by the poultry integrator, which 

would reduce the risk of these larger, company farms producing Campylobacter-positive 

broiler flocks. 

A number of other studies investigating risk factors for Campylobacter colonisation of 

broilers have used logistic regression analysis (Rushton et al., 2009; Jonsson et al., 2012; 
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Sandberg et al., 2015; Sommer et al., 2016). However, many of these studies had the 

dependent binomial outcome of Campylobacter status of flock at the end of the flock cycle 

or at slaughter and did not have longitudinal sampling or repeated measures from the same 

flocks. This study used both GEEs and GLMMs to investigate potential risk factors for 

Campylobacter colonisation. GEEs use data on the number of ‘successes’ (Campylobacter-

positives) and number of ‘trials’ (number of pairs of boot sock samples) to provide a better 

estimate of the overall risk as it takes into consideration the different size datasets for each 

farm. For example, some farms returned more boot sock samples than others, so using 

success/trial data gives more weight to the results from farms with more samples. Another 

advantage of GEEs is that they have a correlation structure. This study used an autoregressive 

correlation structure in the geeglm() function in the geepack R package (R Core Team, 

2015). Using this correlation structure in a GEE allows the modelling approach to consider 

the results of previous sampling weeks as the Campylobacter status of a flock is dependent 

upon its status in previous weeks. As stated, once a flock is positive for Campylobacter, it 

remains positive until slaughter (Cawthraw and Newell, 2010; Lacharme-Lora et al., 2017). 

However, GEEs are limited to a single level of clustering because they adopt a population-

averaged modelling approach, as opposed to the subject-specific modelling approach of 

GLMMs, which permits inclusion of random effects for each cluster of data (Doohoo, Martin 

and Stryhn, 2003). GLMMs do not have a correlation structure and each pair of boot socks 

was treated as an individual result. However, GLMMS do allow us to model clustered data, 

which the data is in this study (i.e. boot sock samples are clustered within broiler houses, 

which are clustered within broiler farms). Ultimately, the modelling approaches produced 

similar models; however, the GLMMs had less covariates remaining in the most parsimonious 

models, based on a backward-step elimination model-building approach. 

As discussed, this study was limited by the variability in sampling compliance, the small 

number of farms (N=10) included and by only sampling in one season (summer). Some of the 

large confidence intervals (particularly large upper confidence interval) in the statistical 

models may be explained by this limited dataset. Future work should aim to include more 

farms and to sample over multiple seasons to better account for the effect of seasonality on 

flock colonisation. As described, the meteorological data obtained from the Met Office 

(2018) was not adequate to use in the GEEs and GLMMs. Ideally, longitudinal data on 

temperature and rainfall should have been collected on each farm. If possible, an 

independent sampler should visit each farm to collect the samples to ensure that sampling 

is carried out correctly at the right time and to permit the collection of additional data, such 
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as temperature and rainfall. Unfortunately, due to the location of the farms, this was not 

logistically possible in this study. 

If possible, data on other explanatory variables such as type of ventilation system, number 

of people entering the broiler shed and other biosecurity interventions should be collected 

in future studies. Other studies have found that the use of a hygiene barrier, parent company 

and certain seasons of rearing have been shown to be protective factors against flock 

colonisation (Hald, Wedderkopp and Madsen, 2000; Adkin et al., 2006; Sommer et al., 2016). 

These characteristics were not investigated in this study. On the farms in this study there 

were few differences in biosecurity measures between the farms as nine out of ten were 

owned by or contracted to the same large poultry integrator company. The integrator 

ensures that each company-owned or independent-contracted farm implements a set, high 

standard of biosecurity and is subjected to regular audits to ensure compliance. Thus, upon 

the initial farm visit it became evident that it would be difficult to quantitatively measure 

implementation of these protocols to enable comparisons of individual biosecurity measures 

between farms for the purposes of risk association. Ideally, company-owned and 

independent-contracted farms from a number of poultry integrators with different 

biosecurity standards would be included to identify risky biosecurity protocols for 

Campylobacter colonisation. However, the difference in biosecurity practice amongst UK 

broiler farms is rapidly decreasing due to the implementation of internal audits by the poultry 

integrators and external audits by assurance schemes, such as the Red Tractor Assurance 

Scheme, which represents 90% of UK broiler production (Red Tractor, 2015) and enforces 

strict biosecurity stipulations. 

In conclusion, this study used GEEs and GLMMs to identify risk factors associated with 

Campylobacter colonisation of broiler flocks. Increasing mean flock age at slaughter, thinning 

the flock and Campylobacter-positive external broiler house samples were identified as risk 

factors for colonisation and an increasing number of broiler houses and timing of sampling 

(as the study progressed from June to August flocks were less likely to be positive) were 

protective effects against colonisation. These findings illustrate the importance of 

biosecurity, particularly when the flock is at high risk of Campylobacter colonisation during 

thinning and in early summer. The significance of the external broiler house environment 

being positive as a risk factor for flock colonisation emphasises the importance of correctly 

utilising specific biosecurity measures, especially those in the broiler house anteroom, such 

as disinfectant foot dips at the entrance/exit to broiler houses, shed-specific PPE and the 
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control room hygiene barrier. Correct implementation of biosecurity interventions is the best 

defence against Campylobacter colonisation of broiler flocks. There is a need to demonstrate 

how to correctly implement biosecurity measures to broiler farmers and to educate farmers 

in the significance of each measure and the direct impact that implementing it can have on 

reducing the risk of Campylobacter colonisation to broiler flocks. 
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Chapter 4 

Quantification of Campylobacter spp. in the Broiler 
Farm Environment  

Introduction 

Improved biosecurity is frequently cited as the main way of reducing Campylobacter 

colonisation of broiler chicken (‘broiler’) flocks (Newell and Fearnley, 2003; Humphrey, 

O'Brien and Madsen, 2007; Rushton et al., 2009; BIOHAZ, 2011; Newell et al., 2011). Whilst 

Campylobacter is pervasive in the broiler farm environment (Bronowski, James and 

Winstanley, 2014), very few studies have attempted to quantify the levels of Campylobacter 

in the environment as an approximation of risk of colonisation to broiler flocks. 

Quantification of Campylobacter along the farm-to-fork chain will provide more insight into 

the epidemiology of Campylobacter and permit quantitative risk assessments, improving 

control and intervention strategies to reduce the risk to public health. 

Traditional culture-based detection of Campylobacter spp., including enrichment, isolation, 

and confirmation, is a time-consuming process and may require 5-6 working days to 

complete (Josefsen et al., 2010). Quantitative real-time PCR (qPCR) is a faster, more sensitive, 

and less labour-intensive quantitative detection method (Josefsen et al., 2010). qPCR has 

been used to quantify Campylobacter on poultry carcasses along the processing line in the 

slaughterhouse and in the slaughterhouse environment (Ivanova et al., 2014). Yet, very few 

studies have used this technique to explore Campylobacter loading in the environment at the 

beginning of the farm-to-fork chain.  

Under environmental stress, such as heat, desiccation or deoxygenation, Campylobacter spp. 

have been reported to undergo morphological transformation from spiral to coccoid cells 

(Rollins and Colwell, 1986). During this transformation, Campylobacter spp. may lose their 

ability to be cultured on media, known as a ‘viable, but non-culturable’ (VBNC) state. 

Mechanisms of survival is this VBNC state are unclear, but common mechanisms present in 

other Gram-negative bacteria are not present in the Campylobacter genome (Hansson et al., 

2018). These VBNC Campylobacter may pose a risk to public health if they revert to a viable 

state again. The infection risk of VBNC Campylobacter when encountered naturally is unclear. 

However, VBNC Campylobacter have been shown to infect both murine and day-old chick 
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infection models and may pose a risk of colonisation and infection to broilers and humans 

(Jones, Sutcliffe and Curry, 1991; Cappelier et al., 1999). Thus, as they may not be cultured 

by traditional culture methods when in a VBNC state but may still pose an infection risk, this 

may lead to a potential underestimation of this risk.  

PCR and qPCR techniques can detect live, viable, VBNC and dead Campylobacter. However, 

this non-specific detection, particularly of dead bacterial cells, which pose no infection risk 

to the broiler flock when compared to viable cells, does not give a good estimation of the 

level of Campylobacter present in the environment or the level of infection in a broiler flock. 

However, qPCR preceeded by propidium monoazide (PMA) treatment is able to distinguish 

live and VBNC from non-viable or dead Campylobacter. This permits a more accurate 

measure of the levels of Campylobacter in a sample and an estimation of the risk of 

Campylobacter infection from an environmental sample.  

The inclusion of a PMA sample treatment step ensures the quantification of only viable cells 

with intact cell membranes. PMA can intercalate into the double-helical DNA released from 

dead cells with compromised membranes, and upon extensive visible or ultraviolet light 

exposure, cross-linking of the two strands of DNA occurs, rendering it unavailable for PCR 

amplification (Nocker and Camper, 2009; Josefsen et al., 2010). PMA is a chemical alteration 

of propidium iodide, with an additional azide group and the same permeating potential 

(Nebe-von-Caron et al., 2000). PMA does not permeate cells with intact cell membranes 

including Campylobacter in a VBNC state (Nocker, Cheung and Camper, 2006). Thus, using 

PMA as part of a qPCR protocol ensures that only cells that are capable of causing infection 

are quantified, providing a better estimation of risk. 

This study aimed to quantify C. jejuni and C. coli in samples collected from the internal and 

external broiler house environment. The use of qPCR with and without PMA treatment 

allowed quantification of viable, VBNC and non-viable Campylobacter within the 

environment and the method was compared to traditional culture and PCR assay 

methodologies. Four farms owned by one major UK poultry integrator were sampled 

longitudinally over the course of one flock cycle. Both the interior and exterior broiler house 

environments were sampled weekly to investigate timing of Campylobacter positivity of the 

broiler farm environment and broiler flocks. Samples were collected weekly from inside each 

broiler house to confirm flock positivity. By sampling the exterior broiler house environment, 

this study aimed to not only assess the frequency at which Campylobacter is encountered in 



Chapter 4 

 
138 

the immediate vicinity of the broiler house, but also the quantity of viable Campylobacter, 

indicating the potential threat to the biosecurity of the internal broiler house environment. 

By identifying the viability, the timing and the quantity of Campylobacter spp. present in the 

farm environment, interventions can be designed to reduce the risk of introduction of these 

bacteria into the broiler house and reduce colonisation of broiler flocks, thereby improving 

public health. 

Materials and Methods 

Sampling 

Four farms located in England, UK and owned by one major UK poultry integrator (Company 

C) were sampled during one flock cycle from March to May 2018. During an initial farm visit, 

sampling kits, consisting of 140 pre-labelled pairs of boot socks and pre-addressed and 

postage-paid envelopes, were delivered to farm staff and the sampling protocol 

demonstrated by the researcher. Four broiler houses on each farm were selected and tested 

weekly for Campylobacter spp.. Farms were sampled by farm staff six times during a six-week 

period, starting the day before chick placement and then once a week until 35 days of age. 

To sample the internal broiler house environment, one pair of disposable fabric boot socks 

(Bowden & Knights, Thetford, UK) was worn over disposable plastic overshoes (Arco, Hull, 

UK) and rubber boots as the sampler walked inside the broiler house during a routine flock 

check and was repeated for four broiler houses on each farm. To sample the external farm 

environment one pair of disposable fabric boot socks was worn over disposable plastic 

overshoes over rubber boots, as the sampler walked around the external broiler house 

environment when undertaking routine flock checks five times throughout one day and 

repeated once a week through the flock cycle. The sampler was requested to wear one pair 

of boot socks as the sampler approached each of the study broiler houses when undertaking 

routine flock checks (totalling 4 pairs of boot socks), plus an extra pair when returning to the 

farm office from the fourth house. In summary, a total of nine pairs of boot socks (four pairs 

of boot socks from inside the four houses, plus five pairs of boot socks from the external 

broiler house environment) were collected once a week for six weeks. Each pair of boot socks 

was then placed into an individual sterile re-sealable plastic bag for transport. Boot socks 

were posted to the laboratory in the postage-paid envelopes provided. The study protocol 
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was approved by The University of Liverpool Veterinary Research Ethics Committee 

(Reference VREC408). 

Culture of Campylobacter spp. 

Before sampling, boot socks were pre-moistened with sterile physiological saline to allow 

maximum uptake of Campylobacter from the litter and to provide moisture to aid survival 

during transport. In the laboratory, 100ml buffered peptone water (BPW) was added to each 

pair of boot socks and agitated by hand to release attached matter. Boot socks in BPW were 

left to settle for 10 min, then 5ml of supernatant was transferred to a sterile, labelled 

universal containing 15ml Exeter selective enrichment broth [1100ml nutrient broth, 55ml 

lysed defibrinated horse blood, Campylobacter enrichment supplement SV59 (containing 

trimethoprim (10mg/l), rifampicin (5mg/l), polymyxin B (2500iu/l), cefoperazone (15mg/l) 

and amphotericin B (2mg/l); Mast Group Ltd, Bootle, UK) and Campylobacter growth 

supplement SV61 (containing sodium pyruvate (250mg/l), sodium (250mg/l), metabisulphite 

and ferrous sulphate (250mg/l); Mast Group Ltd) and incubated for 48 hours under 

microaerobic conditions at 41°C. 

Following enrichment, 100µl of the enrichment broth was spread on a 0.45µm cellulose 

nitrate filter (Sartorius, Epsom, UK) placed on a Campylobacter-selective blood-free agar 

[modified charcoal-cefoperazone-deoxycholate agar (mCCDA)] supplemented with 

cefoperazone (32 mg/l) and amphotericin B (10 mg/l). Following incubation for 30 mins at 

room temperature, the filter was removed with sterile forceps from the mCCDA plate, and 

the plate incubated for 48 hours under microaerobic conditions at 41°C. 

To extract any Campylobacter DNA following enrichment, 1ml enrichment broth was 

transferred to a sterile 1·7ml Eppendorf tube and centrifuged at 16200 g for 7 min. The 

supernatant was discarded, 1ml of phosphate-buffered saline (PBS) added and centrifuged 

at 16200 g for 7 min. The supernatant was discarded and 300µl Chelex® 100 Molecular 

Biology Grade Resin (Bio-Rad, Hemel Hempstead, UK) solution [20% w/v in 100ml Trizma HCl 

(Sigma-Aldrich, Dorset, UK)] was added and heated at 95°C for 10 min, centrifuged at 16200g 

for 3 minutes and 50μl of the clear supernatant added to 450μl sterile distilled water. 

All media in this study were obtained from Lab M Ltd (Bury, UK) and all blood from Southern 

Group Labs (Corby, UK). 
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Initial Enumeration of Campylobacter spp. 

Following the addition of BPW to the boot sock samples, 100µl of the clear supernatant was 

spread on a 0.45µm cellulose nitrate filter (Sartorius, Epsom, UK) placed on an mCCDA plate. 

Following incubation for 30 mins at room temperature, the filter was removed with sterile 

forceps, and the plate incubated for 48 hours under microaerobic conditions at 41°C. Plates 

were enumerated by counting the plates with suspect-Campylobacter colonies based on 

typical colony morphology for Campylobacter. The number of Campylobacter spp. colony 

forming units (cfu) per pair of boot socks was calculated by multiplying the number of 

colonies counted by 1000. 

Confirmation of Campylobacter spp. 

Following incubation, up to four colonies were selected from each mCCDA plate based on 

typical colony morphology for Campylobacter. Colonies were streaked onto Columbia agar 

containing 5% (v/v) defibrinated horse blood. Plates were incubated for 48 hours under both 

microaerobic conditions at 41°C and aerobic conditions at 30°C, to distinguish 

morphologically similar Campylobacter and Arcobacter species. Up to four Campylobacter 

isolates per pair of boot socks were stored at -80°C in Microbank™ vials (Pro-Lab, 

Bromborough, UK). 

To extract DNA for polymerase chain reaction (PCR) assays, a loopful of bacterial cells were 

suspended in 300μl Chelex® solution (as described above) and heated at 95°C for 10 min, 

centrifuged at 16200g for 3 mins and 50μl of the clear supernatant added to 450μl sterile 

distilled water. 

Campylobacter genus- and species-specific PCR assays were performed on the Chelex® DNA 

preps of the suspected Campylobacter colonies and Chelex® DNA extractions of enrichment 

broth for all boot sock samples. An initial multiplex C. jejuni and C. coli specific PCR assay 

(Klena et al., 2004) was performed. Further details of all primers are shown in Table 15. Each 

PCR reaction had a total volume of 25μl and contained 5μl of 5x FIREPol® Master Mix Ready 

to Load with 7.5mM MgCl2 (Solis-Biodyne, Tartu, Estonia), 1μl of bovine serum albumin 

(25mg/ml; Sigma-Aldrich), 0.25μl of each primer (0.5μl of reverse primer was used for lpxA 

multiplex PCR) and 2μl template DNA. DNA amplification was performed in an Applied 

Biosystems 2720 thermal cycler (Thermo Fisher Scientific, Cheshire, UK). Details of PCR 
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Programmes can be found in Table 16. If negative, a confirmatory multiplex 16S rDNA PCR 

assay for Campylobacter and Arcobacter spp. (Linton, Owen and Stanley, 1996; Gonzalez et 

al., 2000) was performed. 

Gel electrophoresis of the amplified PCR product was performed on a 2% agarose (Alpha 

Laboratories, Eastleigh, UK) gel after peqGREEN staining (2x10-5μl/ml; Peqlab, Fareham, UK) 

in Tris-acetate-EDTA (Promega, Southampton, UK) buffer at 120V. A 100bp plus DNA ladder 

(Solis-Biodyne) was used as a molecular weight marker. PCR products were visualised under 

ultraviolet transillumination. 

Table 15: Details of PCR primers, their sequence, target and product size 

Target 
Gene/ 

Nucleotide 
Sequence 

Primers Primer Sequence (5’-3’) Product 
Size 

Reference 

To detect Campylobacter spp. 

16s rRNA C412F GGA TGA CAC TTT TCG GAG C 857bp (Linton, 
Owen and 
Stanley, 
1996) 

CampyR2 GGC TTC ATG CTC TCG AGT T 

To detect Arcobacter spp. 

16s rRNA Arc1 AGA ACG GGT TAT AGC TTG CTA T 181bp (Gonzalez 
et al., 
2000) Arc2 GAT ACA ATA CAG GCT AAT CTC T 

To detect Campylobacter jejuni 

lpxA cjejlpxAF ACA ACT TGG TGA CGA TGT A  331bp (Klena et 
al., 2004) 

cjejlpxAR CAA TCA TGD GCD ATA TGA SAA TAH 
GCC AT 

To detect Campylobacter coli 

lpxA ccollpxAF AGA CAA ATA AGA GAG AAT CAG 391bp (Klena et 
al., 2004) 

cjejlpxAR CAA TCA TGD GCD ATA TGA SAA TAH 
GCC AT 

Table 16: Details of PCR cycling conditions 

PCR Thermal Cycler Programme 
Multiplex Campylobacter and Arcobacter 
genus-specific (Linton, Owen and Stanley, 
1996) 

94-5min, (94-1min, 58-1min, 72-1min) x30, 
72-7min 

lpxA (Klena et al., 2004) 94-5min, (94-1min, 50-1min, 72-1min) x30, 
72-10min 
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Enumeration by quantitative real-time PCR (qPCR) 

To distinguish between and compare the levels of viable and non-viable Campylobacter cells 

on each pair of boot socks, each sample was tested with and without propidium monoazide 

(PMA) dye. Following the addition of BPW to the boot sock samples and after allowing boot 

socks in BPW to settle for 10 min, a sterile 1·7ml Eppendorf tube was filled with clear 

supernatant. For the PMA-treated samples, 10μl of 2.5mM PMAxx™ dye (20mM in dH2O, 

Biotium, Fremont, USA) was added to 500μl of the supernatant and placed in an Eppendorf 

Thermomixer Comfort (Thermo Fisher Scientific) at 300 rpm for 30 mins at room 

temperature. Samples were then placed in a PMA LED photolysis device (PMA-Lite™, 

Biotium), specifically designed for photoactivation of PMA, for 30 mins. 

Following this, Chelex® DNA extractions were prepared from both the PMA-treated clear 

supernatant and untreated clear supernatant for each sample and tested by qPCR with 

combined C. jejuni and C. coli primers. Prior to DNA extraction, 4μl of internal DNA extraction 

control was added to 500μl of supernatant. To extract DNA, 500μl of supernatant, including 

the internal DNA extraction control, was centrifuged at 16200g for 20 mins, the supernatant 

removed, and the pellet resuspended in 250μl Chelex® solution [20% w/v in 100ml Trizma 

HCl]. The suspension was heated at 95°C for 10 mins and centrifuged at 16200g for 3 mins. 

Then, using the Primerdesign genesig® Real-Time PCR Detection kit for C. jejuni and C. coli, 

which targets the Ribosomal Protein L4 (rplD) gene, as per the manufacturer’s instructions, 

10μl ready-to-use PrecisionPLUS qPCR Master Mix, 1μl of the combined C. jejuni/C. coli 

primer, 1μl of internal extraction control primer and 3μl water was added to 5μl of the 

template DNA. The amplification conditions used were as follows: 95°C for 2 mins, and 50 

repeat cycles, with one cycle consisting of 95°C for 10 seconds and 60°C for 1 min. All qPCR 

kits and reagents were obtained from Primerdesign (Camberley, UK). Real-time PCR was 

performed on a Rotor-Gene Q real-time PCR cycler (Qiagen, Manchester, UK). Quantification 

of the target gene was determined using the cycle threshold (CT) at 10% of the curve plateau 

for the Campylobacter-positive control supplied in the Primerdesign kit. By serially diluting 

the Campylobacter-positive control, the positive reactions were quantified with the 

knowledge that the curve plateaus at 108 copy/ml for the Campylobacter-positive control. 

The qPCR cycle threshold was then converted to the Log10 cfu/ml. 
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Descriptive Statistics 

The Pearson chi-square test of association, or, if the expected frequency of any outcome <5, 

Fisher’s exact test was used to determine any statistically significant difference in the level 

of Campylobacter spp. detected by qPCR between boot sock samples collected from the 

internal and external broiler house environment. The threshold p-value of p<0.05 for stating 

statistical significance was used for all statistical tests. Statistical tests were performed using 

R (R 3.2.0 for Mac OS X, R Foundation for Statistical Computing, Vienna, Austria) (R Core 

Team, 2015). 

Results 

Study Population 

Four broiler farms (Farms 11-14) owned by Company C were sampled from March-May 2018. 

The four farms consisted of 6-18 broiler houses, stocking broilers at a stocking density of 

39kg/m2 (Table 17). All farms reared birds intensively indoors and operated an all-in/all-out 

system, with thinning between approximately days 28-35 in a crop cycle of approximately 

36-42 days. All farms were part of food assurance schemes requiring adherence to a number 

of strict biosecurity protocols, including, but not limited to, restricted and monitored access, 

an anteroom at the entrance to the broiler house containing a physical barrier delineating a 

bio-secure area, widespread use of disinfectant footbaths, farm- and broiler house-specific 

clothing and footwear and rigorous policies preventing the introduction and spread of 

disease. 

Sampling Results: Enumeration, Culture and PCR 

Boot sock samples were collected once a week from the internal and external broiler house 

environment of four broiler houses on the four study farms, from the day before chick 

placement (Week 1) until day 35 (Week 6), for six weeks throughout one flock cycle. A total 

of 207 pairs of boot socks were collected from the four farms (Table 17); 13 pairs were found 

positive for C. jejuni by PCR and 11 pairs were found positive for C. jejuni by traditional culture 

methods. C. coli was not identified in any boot sock samples. Table 18 details the boot sock 

samples from which positive results were obtained from enumeration plates, culture post-

enrichment plates and/or PCR of the Chelex® DNA extraction. 
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At final depletion, seven houses on three farms were Campylobacter-positive at final flock 

depletion; four were C. jejuni culture-positive and three others were C. jejuni PCR-positive 

only. One of the culture-positive broiler houses from Farm 12 was C. jejuni-positive by 

enumeration, but not by culture post-enrichment or by PCR of the Chelex® DNA extraction. 

Only three pairs of boot socks (185, 186 and 189) collected from the external broiler house 

environment were C. jejuni-positive by culture and/or PCR. These were collected from Farm 

11; House 3 from this farm was culture-positive for C. jejuni in Week 3 and Houses 1, 3 and 4 

were C. jejuni PCR-positive post-thinning in Week 5. Before thinning on Farm 13, House 4 

was C. jejuni culture-positive in Week 3 and House 2 was C. jejuni culture-positive in Week 5. 

After thinning in Week 6, three of the broiler houses (Houses 2, 3 and 4) were C. jejuni 

culture-positive. Finally, on Farm 14, House 4 was C. jejuni culture-positive and positive by 

enumeration in Week 4. In Week 5, House 5 was C. jejuni culture-positive. Interestingly, all 

of the houses were Campylobacter-negative in Week 6. A summary of the sampling results 

can be found in Table 19 and more detailed results of the sampling on each of the study farms 

can be found in Appendix 3.  
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Table 17: Summary of results for four broiler farms tested for Campylobacter both inside and outside four broiler sheds between March and May 2018. 1 No. of 
Weeks = Number of sets of boot socks received from the six sets of boot socks supplied to each farm. 2 Culture Positives = Number of pairs of boot socks found 
positive by traditional culture methods for Campylobacter spp. 3 Entries marked with ‘*’ are those where Campylobacter was identified in boot sock samples 
collected inside broiler houses, indicating positive broiler chicken flocks. 4 PCR Positives = Number of pairs of boot socks found positive by PCR assay for 
Campylobacter spp.  

Farm 
No. of Broiler 

Houses  
No. of 

Weeks1 
No. of Pairs of 

Boot Socks 
Culture 

Positives2 
Week(s) in which Culture 

Positives Identified3 PCR Positives4 Week(s) in which PCR Positives 
Identified3 

Farm 11 10 5 45 3 Weeks 3*, 5* 6 Weeks 3*, 5* 
Farm 12 6 6 54 1 Week 6* 0 - 
Farm 13 16 6 54 5 Weeks 3*, 5*, 6* 5 Weeks 3*, 5*, 6* 
Farm 14 18 6 54 2 Weeks 4*, 5* 2 Weeks 4*, 5* 

Total - - 207 11 - 13 - 
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Table 18: Results of all testing methods (enumeration, culture post-enrichment, PCR, qPCR and qPCR with PMA-treatment) for all boot sock samples (15/207) 
from four broiler farms testing positive for Campylobacter by enumeration, culture post-enrichment and PCR on Chelex® DNA Extraction both inside and outside 
four broiler sheds between March and May 2018. Fail = qPCR reaction did not work for this sample; Log 0 = 0 cfu/ml; Log 1 = 1-10 cfu/ml; Log 2 = 10-99 cfu/ml; 
Log 3 = 100-1000 cfu/ml; Log 4 = >1000 cfu/ml 

Boot Sock 
Sample ID 

Location 
Enumeration 

(Log cfu/ml (cfu/ml)) 
Culture Post-
Enrichment 

PCR 
qPCR 

(Log cfu/ml) 

qPCR – PMA-
treated 

(Log cfu/ml) 
84 Farm 11, Week 3, House 3 - + + 4 Fail 

185 Farm 11, Week 5, External - + + 2 0 
186 Farm 11, Week 5, External - - + 0 Fail 
189 Farm 11, Week 5, External - + - Fail Fail 
181 Farm 11, Week 5, House 1 - - + Fail Fail 
183 Farm 11, Week 5, House 3 - - + Fail Fail 
184 Farm 11, Week 5, House 4 - - + Fail Fail 
200 Farm 12, Week 6, House 2 2 (90) - - 4 4 
94 Farm 13, Week 3, House 4 2 (10) - + 4 4 

155 Farm 13, Week 5, House 2 - + + Fail Fail 
191 Farm 13, Week 6, House 2 - + + Fail Fail 
192 Farm 13, Week 6, House 3 - + + Fail Fail 
193 Farm 13, Week 6, House 4 - + + Fail Fail 
103 Farm 14, Week 4, House 4 2 (20) + + 4 4 
128 Farm 14, Week 5, House 2 - + + 4 Fail 

 
Total No. of Samples 

 
3 

 
9 

 
13 

 
- 

 
- 
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Table 19: Summary of sampling results from four farms (Farms 11-14) tested longitudinally for one flock cycle for Campylobacter both inside and outside four 
broiler sheds in March-May 2018. Sampling for Week 1 took place the day before chick placement. Key: Red = Campylobacter culture-positive; Orange = 
Campylobacter PCR-positive but culture-negative; Green = Campylobacter culture- and PCR-negative; Dark Blue Line = Occurrence of Partial Depopulation of 
Flock. 

Farm Location 
Week 

1 2 3 4 5 6 
 

11 
Internal 4 4 3 1 4 1 3  External 5 5 5 5 2 1 2 

 

12 
Internal 4 4 4 4 4 3 1 
External 5 5 5 5 5 5 

 

13 
Internal 4 4 3 1 4 3 1 1 3 
External 5 5 5 5 5 5 

 

14 
Internal 4 4 4 3 1 3 1 4 
External 5 5 5 5 5 5 
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Sampling Results: Quantitative Real-Time PCR (qPCR) 

Table 20 details the levels of C. jejuni/C. coli detected by enumeration by qPCR of the 

supernatant collected from 207 boot sock samples agitated by hand in BPW and Table 21 

summarises the qPCR results throughout the flock cycle for each farm. Of these 207 samples, 

92 pairs of boot socks were collected inside the broiler houses and 115 from the external 

broiler house environment. If the internal control was negative for a sample, then that 

sample was determined to have failed to produce a reliable result for the qPCR reaction. A 

sample was determined to be positive or negative if the internal control was positive but the 

sample itself did or did not produce a reading, respectively. A sample positive for qPCR 

without PMA treatment, but negative for qPCR with PMA treatment, indicates that the cell 

membranes of the cells are damaged and the bacterial cells are not viable. The PMA binds to 

the DNA of the damaged cells and prevents amplification during the qPCR reaction. 

The qPCR reaction failed for 20.8% of samples; there was a significant difference in the 

percentage of failures from the boot socks collected from the internal broiler house 

environment (29.3%) compared with the external environment (13.9%) (C2=6.5, df=1, 

p=0.01). The highest level of contamination (>1000 cfu/ml) was found in 7.73% of samples. 

There was also a significant difference in the percentage of boot socks collected from the 

internal broiler house environment with this highest level of contamination (14.1%) 

compared with those collected from the external environment (2.61%) (C2=11.0, df=1, 

p<0.001). Table 21 illustrates that as the flock cycle progresses, a higher proportion of 

samples from both the internal and external broiler house environment were more likely to 

be qPCR-positive for C. jejuni/C. coli. 

Fifteen pairs of boot sock samples tested positive for Campylobacter spp. either by 

enumeration, culture post-enrichment or PCR (Table 18). Both qPCR with and without PMA 

treatment failed for eight of these samples and the qPCR with PMA treatment failed to 

produce a result for a further three of these. Of the seven samples that did produce a result 

with qPCR, the qPCR demonstrated the presence of >1000 cfu/ml in five samples. Four of 

these five samples (84, 94, 103, 128 and 185) were also culture and/or PCR positive; however, 

for sample 200, whilst it was possible to count Campylobacter colonies on the enumeration 

plate, the sample was both culture post-enrichment and PCR negative. Sample 94, from 

which it was possible to count Campylobacter colonies on the enumeration plate but was 
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culture-negative post-enrichment, was detected to have a level of >1000 cfu/ml by qPCR with 

PMA treatment, indicating the presence of live, viable cells. Sample 185 was Campylobacter 

culture- and PCR-positive and qPCR detected 10-99 cfu/ml, however, it was negative by qPCR 

with PMA treatment. 

Sampling Results: Comparison of Quantitative Real-Time PCR (qPCR) with and without PMA 

Treatment 

Quantitative real-time PCR (qPCR) with and without PMA treatment was performed on a 

total of 207 pairs of boot socks (Table 20). Of these, 53 samples were removed from the 

analysis because the sample failed to produce a result with and/or without PMA treatment; 

35 samples failed on both qPCR with and without PMA treatment, ten worked without PMA 

treatment but not with it and eight failed without PMA treatment but worked with 

treatment. There was a statistically significant difference in the levels of C. jejuni/C. coli 

detected between the qPCR runs with and without PMA treatment (Fisher’s Exact Test 

p=0.02). Overall, PMA treatment reduced the levels of Campylobacter detected within the 

samples; of the 154 pairs of boot socks tested with and without PMA treatment, C. jejuni/C. 

coli was detected in 73 samples without PMA treatment and 59 samples with PMA treatment 

(Table 22). The same level of C. jejuni/C. coli was detected in 85 samples both with and 

without PMA treatment; for 25 samples the qPCR with PMA treatment detected a higher 

level and for 44 samples the qPCR with PMA treatment detected a lower level than the qPCR 

without PMA treatment (Table 22). From Table 21, there appears to be a possible trend that 

as the flock cycle progresses more internal samples failed the qPCR, with the external sample 

failures being more evenly spread throughout the flock cycle. This may indicate the presence 

of inhibitors in the samples collected from the internal broiler house environment, which 

increase in concentration as the flock cycle progresses, and will be discussed further in the 

discussion.  
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Table 20: Levels of C. jejuni/C. coli detected by qPCR for 207 pairs of boot sock samples (92 collected from the internal broiler house environment and 115 
collected from the external broiler house environment) and comparison of levels of C. jejuni/C. coli detected by qPCR and qPCR with PMA treatment for 154 
pairs of boot sock samples (53 samples where one or both samples failed on qPCR and/or qPCR with PMA treatment were removed from the analysis). Boot 
socks were collected from the internal and external broiler house environment on four broiler farms between March and May 2018. 

 
qPCR: 

All Samples (N=207) 

qPCR: Internal 
Samples 
(N=92) 

qPCR: External 
Samples 
(N=115) 

qPCR: Paired 
Samples 
(N=154) 

qPCR with PMA 
Treatment: Paired 

Samples 
(N=154) 

Number of Boot Sock 
Samples with Each 
Level of 
Campylobacter 
Contamination 
(cfu/ml) 
(n (%; 95% CI)) 

0 84 
(40.6; 33.9-47.3) 

34 
(37.0; 27.1-46.8) 

50 
(43.5; 34.4-52.5) 

81 
(52.6; 44.7-60.5) 

95 
(61.7; 54.0-69.4) 

1-10 12 
(5.80; 2.61-8.98) 

4 
(4.35; 0.18-8.52) 

8 
(6.96; 2.31-11.6) 

10 
(6.49; 2.60-10.4) 

7 
(4.55; 1.26-7.84) 

10-99 27 
(13.0; 8.45-17.6) 

10 
(10.9; 4.51-17.2) 

17 
(14.8; 8.30-21.3) 

26 
(16.9; 11.0-22.8) 

24 
(15.6; 9.86-21.3) 

100-1000 25 
(12.1; 7.64-16.5) 

4 
(4.35; 0.18-8.52) 

21 
(18.3; 11.2-25.3) 

25 
(16.2; 10.4-22.1) 

20 
(13.0; 7.68-18.3) 

>1000 16 
(7.73; 4.09-11.4) 

13 
(14.1; 7.01-21.2) 

3 
(2.61; 0-5.52) 

12 
(7.79; 3.56-12.0) 

8 
(5.19; 1.69-8.70) 

Fail 
43 

(20.8; 15.2-26.3) 
27 

(29.3; 20.0-38.7) 
16 

(13.9; 7.59-20.2)   

Total  207 92 115 154 154 
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Table 21: Summary of sampling results from four farms (Farms 11-14) tested longitudinally for one flock cycle for Campylobacter both inside and outside four 
broiler sheds in March-May 2018. Sampling for Week 1 took place the day before chick placement. Key: Black = Failed Result (if internal control was negative 
for a sample, then that sample was determined to have failed to produce a reliable result for the qPCR reaction); Green = Campylobacter qPCR-negative; Red 
= Campylobacter qPCR-positive; Light Blue Line = Occurrence of Partial Depopulation of Flock; PMA = Propidium Monoazide. 

Farm 
Type of 

qPCR Location 
Week 

1 2 3 4 5 6 
 

11 

qPCR Internal 3 1 2 2 4 4 4 

 External 1 4 4 1 1 4 2 2 1 3 1 1 
qPCR with 
PMA 

Internal 4 4 4 2 1 1 4 
External 5 4 1 4 1 2 3 3 1 

 

12 

qPCR Internal 3 1 1 3 3 1 4 1 3 4 
External 1 3 1 4 1 4 1 5 5 5 

qPCR with 
PMA 

Internal 3 1 1 3 2 2 4 1 3 4 
External 1 3 1 4 1 5 5 5 5 

 

13 

qPCR Internal 4 4 3 1 3 1 4 4 
External 2 3 1 1 3 4 1 2 3 2 3 1 3 1 

qPCR with 
PMA 

Internal 4 4 2 2 3 1 4 4 
External 1 3 1 2 3 1 4 5 2 3 1 4 

 

14 

qPCR Internal 4 3 1 2 2 3 1 1 3 2 2 
External 1 4 2 1 2 1 1 3 1 4 1 1 3 1 1 3 

qPCR with 
PMA 

Internal 4 1 3 2 2 2 2 3 1 2 1 1 
External 1 4 2 2 1 2 3 1 4 1 4 1 2 2 
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Table 22: Differences and similarities between levels of C. jejuni/ C. coli detected by qPCR and qPCR with PMA treatment for 207 pairs of boot sock samples 
collected from the internal and external broiler house environment on four broiler farms between March and May 2018. Blue shading denotes where qPCR 
detected lower levels of Campylobacter contamination than culture, green where culture and qPCR agreed and orange where qPCR detected higher levels of 
Campylobacter contamination than culture methods. 

 

 qPCR: Level of C. jejuni/C. coli Detected 

cfu/ml 0 1-10 10-99 100-1000 >1000 Fail Total 
qPCR with 

PMA 
Treatment: 
Level of C 
.jejuni/C. 

coli 
Detected 

0 63 8 11 10 3 5 100 
1-10 3 0 4 0 0 1 8 

10-99 8 1 7 6 2 1 25 
100-1000 7 1 4 8 0 0 20 

>1000 0 0 0 1 7 1 9 
Fail 3 2 1 0 4 35 45 

Total 84 12 27 25 16 43 207 
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Discussion 

This study aimed to quantify C. jejuni and C. coli in samples collected from the internal and 

external broiler house environment. Four broiler houses on four farms owned by one major 

UK poultry integrator were sampled longitudinally over the course of one flock cycle, totalling 

16 study flocks. The use of quantitative real-time PCR (qPCR) with and without PMA 

treatment allowed quantification of viable, VBNC and non-viable Campylobacter within the 

environment and the method was compared to traditional culture and PCR assay 

methodologies. 

Boot sock samples were collected from the interior and exterior broiler house environments 

once a week throughout one flock cycle to investigate Campylobacter positivity of the broiler 

farm environment and the broiler flocks. These samples were tested for Campylobacter by 

enumeration by culture, culture post-enrichment and PCR. Unfortunately, and possibly due 

to the timing of the sampling phase (March to May), only 15 (N=207) pairs of boot socks were 

positive for C. jejuni by these methods. Campylobacter colonisation of broiler flocks has 

distinct seasonality, with the peak in broiler flock colonisation occurring in late spring and 

summer (Humphrey, O'Brien and Madsen, 2007). Thus, the sampling for this study may have 

begun too early in the year and was further hindered by unseasonably extreme cold weather 

just prior to the start of sampling, which may have further affected the level of 

Campylobacter present in the farm environment. The low number of positive samples is 

unlikely to be due to issues with the methodology. Boot socks enriched in Exeter broth have 

been demonstrated to have a sensitivity of 94% (Vidal et al., 2013) for detecting 

Campylobacter spp. and the PCR assay used has a reported sensitivity of 97% (Klena et al., 

2004). PCR detected 13 boot sock samples with Campylobacter spp., more than the culture 

methods. However, PCR does amplify dead bacteria, which do not pose a risk for flock 

colonisation. This study was also limited by the small number of farms that participated. The 

study intended to trial the use of qPCR with and without PMA treatment as an alternative 

method for detecting Campylobacter spp. Thus, intensive longitudinal sampling on a small 

number of farms was determined to be the best method for this. However, this did limit the 

likelihood of obtaining Campylobacter-positive samples, which was further compounded by 

the unseasonable weather experienced. 

Nevertheless, this study again highlighted the role of partial flock depletion, or thinning, in 

Campylobacter colonisation of broiler flocks. Four flocks on three farms were found to be 
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Campylobacter-positive (by non-qPCR methods) prior to thinning. However, three of these 

appeared to be transiently colonised, as colonisation was not detected in subsequent weeks. 

Previous studies have demonstrated the transient and variable nature of colonisation by 

some Campylobacter strains (Hepworth et al., 2011). qPCR, both with and without PMA 

treatment, also detected C. jejuni/C. coli in internal broiler house samples that were not 

detected in subsequent weeks, indicating transient colonisation. At final flock depletion 

(post-thinning), seven houses on three farms were Campylobacter positive (by non-qPCR 

methods). Furthermore, it is clearly illustrated in Table 21 that as the flock cycles progressed, 

a higher proportion of samples from both the internal and external broiler house 

environment were qPCR-positive for Campylobacter spp.. Moreover, the external 

environment positive on Farm 11 was positive by culture post-enrichment and PCR after 

thinning. As explained, only four farms took part in this study, so it was not possible to 

undertake risk factor analysis to investigate the association between thinning and flock 

colonisation on the study farms. However, as explored in Chapter 3, thinning is frequently 

identified as a risk factor for flocks becoming colonised with Campylobacter spp. (Hald, 

Wedderkopp and Madsen, 2000; Adkin et al., 2006; Hansson et al., 2010; BIOHAZ, 2011; 

Georgiev, Beavais and Guitian, 2017). The increase in number of Campylobacter-positive 

flocks post-thinning in this study indicates that the biosecurity breach that occurred during 

thinning may have contributed to this. Enhanced biosecurity has been shown to reduce the 

odds of colonisation at both partial and, to a lesser degree, final flock depopulations 

(Georgiev, Beavais and Guitian, 2017). Therefore, to reduce the risk of colonisation during 

thinning it is imperative that biosecurity measures are implemented correctly. 

Interestingly, it was possible to enumerate Campylobacter by culture from two samples 

which were Campylobacter culture-negative (one was also PCR-negative) post-enrichment. 

It is possible that this was due to inhibition of any Campylobacter present by the antibiotics 

in the Exeter enrichment broth or in the mCCDA plate. It is also possible that the bacterial 

cells were at very low numbers in the 100ml BPW added to each pair of boot socks and the 

5ml of supernatant transferred to 15ml Exeter broth did not contain any viable 

Campylobacter. However, as one of these samples was PCR-positive and because these two 

samples were detected to have a level of >1000 cfu/ml by qPCR with PMA treatment, 

indicating the presence of live cells, it is more likely that the enrichment broth or culture 

media was inhibiting the growth of Campylobacter in these samples. These findings have 

highlighted the potential of qPCR with PMA treatment for the detection of viable 

Campylobacter in a sample. 
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Unfortunately, there were a number of issues encountered with the use of qPCR with and 

without PMA treatment in this study, which question the reliability of the reported qPCR 

data. qPCR without PMA treatment was a more sensitive method of detection than the other 

methods (enumeration by culture, culture post-enrichment and PCR), detecting >1 cfu/ml C. 

jejuni or C. coli in 80 (N=207) samples, whilst the culture and PCR methods only detected 

Campylobacter spp. in 15 samples. However, the qPCR also failed for 43 (20.8%; 95% CI: 15.2-

26.3%) samples. The qPCR was determined to have failed if the internal control, which was 

added to each sample, did not produce a signal. Forty-five pairs of boot sock samples were 

also removed from the analysis of the qPCR with PMA treatment for failing to produce a 

result for the internal control. When these issues were initially encountered, it was 

hypothesised that this may be due to a failure of the Chelex® DNA extraction. However, 35 

boot sock samples failed for the qPCR reaction with and without PMA treatment, whilst only 

18 samples failed with or without PMA treatment. The DNA for these qPCR reactions was 

extracted separately, suggesting that the cause of the failure was intrinsic to the sample and 

not due to the methodology. Subsequently, it was hypothesised that inhibitors present in the 

sample interfered with the extraction and prevented both the Campylobacter spp. in the 

sample and in the internal control from being correctly extracted, so it could not then be 

amplified during the qPCR. From Table 21 it is evident that whilst the number of failures from 

the external boot sock samples stayed relatively stable throughout the flock cycle, more 

internal boot sock samples failed as the flock cycle progressed. There was a significant 

difference (p=0.01) in the percentage of failures from the boot socks collected from the 

internal broiler house environment (29.3%) compared with the external environment 

(13.9%). Further work should aim to explore the reasons for this and assess whether this 

would affect the reliability of this method as a future commercial method for testing of 

broiler flocks. The results of this study may indicate the presence of inhibitors, which increase 

in concentration as the flock cycle progresses, being picked up by the boot sock samples. 

These inhibitors may be due to the broiler house litter, which becomes heavily contaminated 

with chicken faeces and its constituents as the flock approaches slaughter weight, including 

ammonia, organic nitrogen and varying mineral content (Chastain, Camberato and Skewes, 

2018). Future method development should initially trial the use of a more sensitive extraction 

method to limit the interference and inhibition of potential compounds in the broiler house 

environment inadvertently picked up by boot sock sampling. 

Another particularly interesting and novel finding in this study was the detection of 

Campylobacter qPCR-positive results from samples of the internal broiler house environment 
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of six houses on three farms in the first week of sampling, which was performed the day 

before chick placement (Table 21). In the second week of sampling (the first samples 

collected from the broiler house environment with broilers on site), the number of qPCR-

positive samples across all four farms increased. Interestingly, there was also an increase in 

the number of failures from internal samples from Weeks 1-2. This was the case on Farm 13, 

from which all four broiler houses were qPCR-positive in Week 1. However, none of the 

internal broiler house samples in Weeks 1 or 2 were Campylobacter culture- or PCR-positive 

(Table 19), with no Campylobacter culture- or PCR-positive samples until the third week of 

sampling. Typically, commercial broiler flocks remain free from Campylobacter for the first 

two to three weeks of the flock cycle, known as the ‘lag phase’. The cause of the lag phase is 

unknown but has been partly attributed to maternally-derived antibodies (Cawthraw and 

Newell, 2010). The finding in this study of Campylobacter in the internal broiler house 

environment the day before chick placement on three out of four farms by qPCR but not 

culture or PCR methods is interesting. However, it is also concerning that this potential risk 

of colonisation has been going undetected by traditional testing methods. Thorough cleaning 

and disinfection of the broiler house following flock depletion is crucial to prevent disease 

challenge to the next flock placed. Specifically with regards to Campylobacter, it has been 

shown that newly hatched chicks are as susceptible to Campylobacter-colonisation as three-

week-old birds (Shanker, Lee and Sorrell, 1990; Ringoir, Szylo and Korolik, 2007; Cawthraw 

and Newell, 2010) and suggested that this may explain early flock colonisation, especially in 

the presence of high environmental exposure (Cawthraw and Newell, 2010). It is imperative 

that future work investigates this indication of environmental contamination and the risk of 

early infection further. Investigation of the possibility of carry-over of Campylobacter 

between flocks and the risk this poses to colonisation of future flocks is crucial for the future 

control of the transmission of Campylobacter on commercial broiler farms. 

For the pairs of boot sock samples for which it was possible to obtain a result for both qPCR 

with and without PMA treatment, there was a statistically significant difference in the levels 

of C. jejuni/C. coli detected (Fisher’s Exact Test p=0.02). As expected, using the PMA 

treatment reduced the levels of Campylobacter detected within the samples overall, 

indicating the presence of dead Campylobacter in the samples being quantified by the qPCR 

without PMA treatment; >1 cfu/ml was detected in 73 samples without PMA treatment and 

59 samples with PMA treatment. There were further discrepancies with the qPCR method 

trialled; for 25 samples, the qPCR with PMA treatment detected a higher level of C. jejuni/C. 

coli. This was unexpected because with PMA treatment the qPCR should detect either the 
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same or a lower level of cells due to the presence of dead bacterial cells. This indicates further 

issues with the testing method that need to be explored further in future. 

There was a significant difference in the percentage of boot sock samples with the highest 

level of contamination (>1000 cfu/ml) collected from the internal broiler house environment 

compared to those collected from the external broiler house environment. This was to be 

expected due to positive samples from inside the broiler houses indicating flock colonisation. 

Amplification of Campylobacter by the broiler intestinal tract results in high levels of 

Campylobacter spp. in chicken faeces, which was more easily detected by sampling 

internally. However, Campylobacter was detected outside the broiler houses in 49/115 

samples. Thus, more Campylobacter-positives were detected with the qPCR methods than 

with the culture and PCR methods. This stresses the importance of observing biosecurity 

measures when entering the broiler house control room and main house, including using foot 

dips, wearing broiler house-specific footwear and observing the hygiene barrier. 

Despite the issues encountered with qPCR in this study, this method holds great potential for 

quick testing of broiler flocks for Campylobacter spp. It could feasibly be used to test flocks 

prior to slaughter and to plan the slaughter schedule in the processing plant. Heavily 

contaminated carcasses from Campylobacter-positive broiler flocks have been demonstrated 

to transmit low levels of Campylobacter to carcasses from negative flocks slaughtered 

directly after (Johannessen et al., 2007). By slaughtering Campylobacter-positive flocks last, 

less cross-contamination will occur along the slaughter line. Further development of this 

technique could also be used to detect areas in the broiler farm environment with high levels 

of Campylobacter so that biosecurity interventions could be introduced to prevent 

introduction into the broiler house. 

In conclusion, improving biosecurity practices around thinning and throughout the flock cycle 

are important to prevent the introduction of Campylobacter into the broiler house. Whilst 

qPCR is a useful tool to estimate loading of Campylobacter in the environment, further 

development of this technique is needed. Improving the use of qPCR for identification of 

viable Campylobacter will provide a useful tool for quantitative risk assessment and to 

improve interventions to prevent the ingress of Campylobacter into the broiler house and 

subsequent colonisation of flocks. 
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Chapter 5 

Campylobacter Contamination of UK-Produced Halal 
Chicken at Retail: Part I – Prevalence & Enumeration of 
Campylobacter spp. 

Introduction 

Campylobacter is the leading cause of human bacterial diarrhoeal disease worldwide. In 

England and Wales in 2016, there were 52,381 reported cases (PHE, 2018). However, this 

figure underestimates the true impact of the disease, as only one in ten cases are reported 

to national surveillance schemes, and is estimated to affect approximately 571,949 people 

every year in the UK (Tam et al., 2012). The majority of cases (>90%) are caused by C. jejuni, 

with C. coli accounting for a further 5-10% of cases (Gillespie et al., 2002). Both species 

colonise the intestinal mucosa of food-producing animals, including poultry. Poultry meat 

and products account for >70% of human campylobacteriosis cases, due to the consumption 

of undercooked meat or cross-contamination of raw meat within the kitchen (Boysen et al., 

2014). Raw chicken meat can have very high contamination levels (>107 cells per carcass) 

(Jørgensen et al., 2002). 

In 2010, the Food Standards Agency (FSA) and the UK poultry industry set a joint target to 

reduce Campylobacter in UK-produced chicken; aiming to reduce the prevalence of the most 

contaminated chickens (>1000 cfu/g) at the end of the slaughter process to below 10% by 

the end of 2015 (FSA, 2010). From 2014-2017, the FSA conducted three UK-wide surveys of 

Campylobacter contamination on fresh chickens at retail (FSA, 2015b; 2017b; 2017c). The 

results of the first survey in 2015 revealed that the joint FSA-industry target had not been 

met, as the prevalence of Campylobacter was 73.3% with 19.4% of the chickens found to be 

contaminated with >1000 cfu/g (N=4011) (FSA, 2015b). However, by 2017 prevalence had 

reduced to 54.0% and the percentage of chickens containing >1000 cfu/g to 6.5% (N=1437) 

(FSA, 2017b). Ongoing surveillance by the FSA in 2017-18 has revealed a further reduction in 

prevalence to 44.8% with 4% of chickens contaminated with the highest levels of 

Campylobacter (FSA, 2018b). These studies do not distinguish between broiler chickens 

produced for different consumer demographics, largely sampling chickens produced for the 

conventional meat market and not intended for ritual slaughter. 
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Ritual or religious slaughter is the slaughter of an animal for meat for consumption by people 

of a particular religion, performed by someone of that particular faith who holds an 

appropriate licence (The Welfare of Animals at the Time of Killing (England) Regulations 

2015). Generally, religious slaughter refers to the slaughter of animals for the Jewish and 

Muslim communities. In the UK, nearly 5% of the population (2.7M people) identify as 

Muslim (ONS, 2012), with 90% of Muslims consuming Halal meat (EBLEX, 2010). ‘Halal’ 

literally means ‘permissible’ in Arabic, and for meat to be Halal, the animal must be ritually 

slaughtered according to Shari’ah (Islamic) law (HMC, 2018). It has been reported that the 

World Halal Forum estimates that sales of Halal food in the UK totals £2.6 billion (AHDB Beef 

and Lamb, 2015), whilst Thomson Reuters values the UK Halal food market at $5 billion 

(Department of Halal Certification, 2017) and the UK Halal meat market has been valued at 

£1-2 billion (Puig de la Bellacasa and Lever, 2009). Within this growing market, 21% of poultry 

produced in the UK conforms to Halal specifications (FSA, 2015c).  

During intensive broiler chicken production, a process called ‘partial depopulation’, also 

known as ‘thinning’, takes place. Thinning is common practice throughout the UK broiler 

industry; allowing farmers to maximise productivity by utilising available space, whilst 

ensuring that the birds are kept at the correct stocking density to meet necessary welfare 

requirements. In the UK, broiler chickens can be kept at a stocking density of 33kg/m2. This 

can be increased up to 39kg/m2 if extra requirements are met (Defra, 2017b). Thus, at the 

beginning of each flock cycle, sheds are stocked with extra birds, some of which are then 

removed during thinning. This ensures the correct stocking densities are maintained whilst 

the remaining chickens grow to the desired final slaughter weight before the flock goes for 

final processing. Colonisation of broiler chickens with Campylobacter is difficult to prevent, 

especially during these thinning events (Hald, Wedderkopp and Madsen, 2000), and many 

studies have demonstrated that thinning is a risk factor for a broiler chicken flock to become 

colonised with Campylobacter (Hald, Wedderkopp and Madsen, 2000; Adkin et al., 2006; 

Hansson et al., 2010; BIOHAZ, 2011; Georgiev, Beauvais and Guitian, 2017). For the majority 

of chickens produced for the non-Halal market, flocks are thinned once before final 

depopulation. However, anecdotal evidence from within the poultry industry suggests that 

broiler chicken flocks produced for the Halal market undergo multiple depopulation events. 

This may increase the risk of Campylobacter colonisation and subsequent contamination of 

the meat but also increase the level of Campylobacter contamination depending on the 

length of time between thinning events (Allen et al., 2008; Koolman, Bolton and Whyte, 

2014). These multiple thinning events take place to supply consumer demand for different 
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sized birds within the Halal meat market (EBLEX, 2010). Additionally, broiler chicken farms 

producing broiler chicken meat for the Halal market are more likely to slaughter birds in 

small- to medium-sized abattoirs, which are unable to process a whole flock of birds at once, 

so multiple thinning events are necessary to gradually depopulate the flock (Allen et al., 

2008; BIOHAZ, 2011;). Thus, due to the increased number of thinning events taking place on 

broiler chicken farms producing chicken meat for the Halal market, Halal chicken meat and 

products are hypothetically more likely to pose a risk to consumers of campylobacteriosis.  

Muslim consumers are more likely to purchase Halal chicken meat from small independent 

retailers and butchers (EBLEX, 2010), where the meat may not be packaged in the same way 

as non-Halal chicken. For example, it is less likely to be sold in plastic packaging. Such 

conditions may decrease Campylobacter survival on chicken meat but increase cross-

contamination between chickens, resulting in differing levels of risk of campylobacteriosis to 

the Halal consumer than the non-Halal consumer. Studies have shown that the incidence of 

campylobacteriosis is higher in certain ethnic groups (CSSC, 2003; Manaseki, Hawker and Ali, 

2004; Gillespie et al., 2008). The reason(s) for this increase in incidence are unknown but 

could be hypothesised to be due to these variations in farming and packaging methods within 

different markets or these differences in buying tendencies within different consumer 

demographics, such as Halal consumers. 

This project aimed to determine the prevalence and levels of Campylobacter contamination 

of chicken meat produced for the Halal market in the UK. Chicken neck skin was sampled 

from fresh, whole, UK-produced, chilled chicken, which were marketed as Halal and sold at 

UK retail outlets. Additionally, the outer packaging was tested for Campylobacter 

contamination. The prevalence and levels of Campylobacter contamination were compared 

with published estimates for all UK-produced chicken and risk factors for Campylobacter 

contamination identified. 

Materials and Methods 

Sampling  

Whole chickens were purchased from independent and supermarket retailers in England. 

The sampled chickens fulfilled the following criteria: (1) whole, raw, chilled chickens; (2) 

reared intensively indoors (neither free-range nor organic), slaughtered and retailed in the 
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UK; (3) where packaged, the package was unopened and undamaged; (4) clearly labelled as 

Halal on the packaging or, if not packaged, confirmed to be Halal by the butcher or retailer; 

and (5) not frozen, basted, herbed, stuffed, marinated, portioned or otherwise modified.  

Sample information was recorded and included:  

(i) the time and date of purchase;  

(ii) the name and postcode of the retailer;  

(iii) the type of retailer (supermarket, Halal butcher or online Halal retailer); 

(iv) the product name, type of packaging and number of chickens in each packaging 

unit;  

(v) where possible, the approval code of the slaughterhouse (either from the 

packaging or by asking the butcher or retailer);  

(vi) whether the sample was purchased from a butcher’s counter, refrigerated unit 

or other display unit; 

(vii) if giblets were present (Yes/No); 

(viii) if there was visible liquid in the packaging (Scored from 0-3); 

(ix) if there was any damage to the packaging (Yes/No); 

(x) weight; 

(xi) use-by-date; 

(xii) price. 

Where individually packaged, each sample was placed in a separate sampling bag to avoid 

any further risk of cross-contamination. Samples were transported to the laboratory and 

stored between 2 to 5°C before processing. All samples were processed within 48 hours of 

purchase (usually within 24 hours) and before their use-by-date, if provided. The study 

protocol was approved by The University of Liverpool Veterinary Research Ethics Committee 

(Reference VREC478). 

Sample Size Calculation 

A survey completed by the FSA in 2014-2015 estimated the prevalence of Campylobacter in 

fresh UK retail chicken to be 73% (FSA, 2015b). To perform a sample size calculation, the 

prevalence of Campylobacter in fresh Halal chicken in the UK was estimated to be similar. A 

sample size calculation was performed using the online EpiTools Epidemiological Calculators 

(Sergeant, 2018) to calculate sample size to estimate a proportion or apparent prevalence 
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with specified precision. The calculation was based upon an infinite population size; thus, 

with an expected prevalence of 73%, precision of 5% and confidence level of 95%, 303 

samples were required to accurately estimate the prevalence of Campylobacter in Halal 

chicken in the UK. 

Identification of Campylobacter on Packaging 

The chicken or batch of chickens was placed onto a disinfected surface and photographed to 

document the packaging and labelling, if present. All labels were retained in a re-sealable 

plastic bag after examination for future reference. The outer packaging was swabbed with a 

Polywipe™ pre-moistened with peptone saline (MW726, MWE, UK) using aseptic technique. 

If not formally packaged prior to retail, the box or bag the chicken was supplied in was 

swabbed. The entire packaging was swabbed twice using both sides of the Polywipe™. The 

Polywipe™ was placed in a Stomacher® 80 bag (Seward, Sussex, UK) with 10ml modified 

Exeter selective enrichment [1100ml nutrient broth, 55ml lysed defibrinated horse blood, 

Campylobacter enrichment supplement SV59 (containing trimethoprim (10mg/l), rifampicin 

(5mg/l), polymyxin B (2500iu/l), cefoperazone (15mg/l) and amphotericin B (2mg/l); Mast 

Group Ltd, Bootle, UK) and Campylobacter growth supplement SV61 (containing sodium 

pyruvate (250mg/l), sodium (250mg/l), metabisulphite and ferrous sulphate (250mg/l); Mast 

Group Ltd)] and homogenised in the Seward Stomacher® 80 Laboratory Blender for 30 

seconds. Following homogenisation, the enrichment broth was poured into a sterile universal 

and incubated under microaerobic conditions at 41°C. After 24 hours incubation, 5µl of 

enrichment broth was streaked onto Campylobacter-selective blood-free agar supplemented 

with cefoperazone (32mg/l) and amphotericin B (10mg/l) [known as modified charcoal-

cefoperazone-deoxycholate agar (mCCDA)]. Following 48-72 hours incubation under 

microaerobic conditions at 41°C, the plates were examined for typical Campylobacter 

colonies. Colonies were confirmed as Campylobacter spp. as described below. 

All media in this study were obtained from Lab M Ltd (Bury, UK) and all blood from Southern 

Group Labs (Corby, UK). 

Identification and Enumeration of Campylobacter on Chicken Neck Skin 

The chicken was removed from its packaging, taking care not to allow contact between the 

chicken and its outer packaging. Using sterile instruments, 25g of skin was aseptically 

removed from the neck area. If less than 25g of neck skin was available, then breast skin was 
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removed, and the amount required to make a 25g skin sample recorded. The subcutaneous 

fat was avoided for the sample. The 25g skin sample was placed into a Stomacher® 400 bag 

(Seward) with 225ml buffered peptone water and homogenised in the Stomacher® for 60 

seconds. Following homogenisation, 100µl of the chicken skin homogenate was spread over 

the entire surface of two mCCDA plates (prepared as detailed above). A 10-fold dilution of 

the homogenate was prepared by adding 0.5ml of the homogenate to 4.5ml Minimum 

Recovery Diluent (MRD) and 100µl of this dilution was spread in duplicate onto another two 

mCCDA plates. These four mCCDA plates were incubated under microaerobic conditions at 

41°C for 48 hours. Samples were enumerated by counting the plates with less than 150 

suspect-Campylobacter colonies, where possible. The method for calculating the number of 

Campylobacter spp. per gram chicken skin sample is detailed below. In addition, 

approximately 2ml of remaining chicken skin homogenate was stored at -20°C for further 

analysis by quantitative real-time PCR (qPCR), as described below. 

In addition, 1ml of the broth was poured into a sterile universal with 9ml modified Exeter 

selective enrichment broth (prepared as detailed above) and incubated under microaerobic 

conditions at 41°C. After 24 hours incubation, 5µl of enrichment broth was streaked onto 

mCCDA. Following 48-72 hours incubation under microaerobic conditions at 41°C, the plates 

were examined for typical Campylobacter colonies. Colonies were confirmed as 

Campylobacter spp. as described below. 

Confirmation of Campylobacter spp. 

Up to four colonies were selected based on typical colony morphology for Campylobacter 

per sample. If Campylobacter was not found on any of the four dilution plates or less than 

four colonies were present, then, colonies (if present) were selected from the mCCDA plates 

streaked with the enrichment broth of the packaging swab and/or the chicken neck skin 

homogenate. Colonies were streaked in duplicate onto Columbia blood agar (CAB) containing 

5% (v/v) defibrinated horse blood. A plate was incubated for 48 hours under both 

microaerobic conditions at 41°C and the other under aerobic conditions at 30°C, to 

distinguish morphologically similar Campylobacter and Arcobacter species. Up to four 

Campylobacter isolates per chicken neck skin sample were stored at -80°C in Microbank™ 

vials (Pro-Lab, Bromborough, UK). 

Genus- and species-specific polymerase chain reaction (PCR) assays were performed on all 

four suspect Campylobacter colonies from each sample. To extract DNA, a 5μl disposable 



Chapter 5 

 
164 

loop was used to collect a loopful of bacterial cells, which were suspended in 300μl Chelex® 

100 Molecular Biology Grade Resin (Bio-Rad, Hemel Hempstead, UK) solution [20% w/v in 

100ml Trizma HCl (Sigma-Aldrich, Dorset, UK)] and heated at 95°C for 10 minutes. The 

suspension was centrifuged at 16200g for 3 minutes and 50μl of the clear supernatant was 

added to 450μl sterile distilled water. An initial multiplex C. jejuni and C. coli specific PCR 

assay was performed (Klena et al., 2004). If negative, a confirmatory multiplex 16S rDNA PCR 

assay for Campylobacter and Arcobacter spp. was performed (Linton, Owen and Stanley, 

1996; Gonzalez et al., 2000). Further details of all primers are shown in Table 23. Each PCR 

reaction had a total volume of 25μl and contained 5μl of 5x FIREPol® Master Mix Ready to 

Load with 7.5mM MgCl2 (Solis-Biodyne, Tartu, Estonia), 1μl of bovine serum albumin 

(25mg/ml; Sigma-Aldrich), 0.25μl of each primer (0.5μl of reverse primer was used for lpxA 

multiplex PCR) and 2μl template DNA. DNA amplification was performed in an Applied 

Biosystems 2720 thermal cycler (Thermo Fisher Scientific, Cheshire, UK). Details of PCR 

Programmes can be found in Table 24. 

Gel electrophoresis of the amplified PCR product was performed on a 2% agarose (Alpha 

Laboratories, Eastleigh, UK) gel after peqGREEN staining (2x10-5μl/ml; Peqlab, Fareham, UK) 

in Tris-acetate-EDTA (Promega, Southampton, UK) buffer at 120V. A 100bp plus DNA ladder 

(Solis-Biodyne) was used as a molecular weight marker. PCR products were visualised under 

ultraviolet transillumination.  
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Table 23: Details of PCR primers, their sequence, gene target and product size. 

Target 
Gene/ 

Nucleotide 
Sequence 

Primers Primer Sequence (5’-3’) 
Product 

Size 
Reference 

To detect Campylobacter spp. 

16s rRNA C412F GGA TGA CAC TTT TCG GAG C 857bp (Linton, 
Owen and 
Stanley, 
1996) 

CampyR2 GGC TTC ATG CTC TCG AGT T 

To detect Arcobacter spp. 

16s rRNA Arc1 AGA ACG GGT TAT AGC TTG CTA T 181bp (Gonzalez 
et al., 
2000) Arc2 GAT ACA ATA CAG GCT AAT CTC T 

To detect Campylobacter jejuni 

lpxA cjejlpxAF ACA ACT TGG TGA CGA TGT A  331bp (Klena et 
al., 2004) 

cjejlpxAR CAA TCA TGD GCD ATA TGA SAA TAH 
GCC AT 

To detect Campylobacter coli 

lpxA ccollpxAF AGA CAA ATA AGA GAG AAT CAG 391bp (Klena et 
al., 2004) 

cjejlpxAR CAA TCA TGD GCD ATA TGA SAA TAH 
GCC AT 

Table 24: Details of PCR cycling conditions. 

PCR Thermal Cycler Programme 
Multiplex Campylobacter and Arcobacter 
genus-specific (Linton, Owen and Stanley, 
1996) 

94-5min, (94-1min, 58-1min, 72-1min) x30, 
72-7min 

lpxA (Klena et al., 2004) 94-5min, (94-1min, 50-1min, 72-1min) x30, 
72-10min 

Enumeration of Campylobacter on Chicken Neck Skin by Quantitative Real-Time PCR (qPCR) 

Following storage of the chicken skin homogenate at -20°C, Chelex® DNA extractions were 

prepared from chicken skin homogenates and tested by qPCR with combined C. jejuni and C. 

coli primers. Prior to DNA extraction, 4μl of internal DNA extraction control was added to 

500μl of each chicken skin homogenate. To extract DNA, 500μl of homogenate, including the 

internal DNA extraction control, was centrifuged at 16200g for 20 minutes, the supernatant 

removed, and the pellet resuspended in 250μl Chelex® solution [20% w/v in 100ml Trizma 

HCl]. The suspension was heated at 95°C for 10 minutes, centrifuged at 16200g for 3 minutes 

and 50μl of the clear supernatant added to 450μl sterile distilled water. 
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Then, using the Primerdesign genesig® Real-Time PCR Detection kit for C. jejuni and C. coli, 

which targets the Ribosomal Protein L4 (rplD) gene, as per the manufacturer’s instructions, 

10μl ready-to-use PrecisionPLUS qPCR Master Mix, 1μl of the combined C. jejuni/C. coli 

primer, 1μl of internal extraction control primer and 3μl water was added to 5μl of the 

template DNA. The amplification conditions used were as follows: 95°C for 2 minutes, and 

50 repeat cycles, with one cycle consisting of 95°C for 10 seconds and 60°C for 1 minute. All 

qPCR kits and reagents were obtained from Primerdesign (Camberley, UK). Real-time PCR 

was performed on a Rotor-Gene Q real-time PCR cycler (Qiagen, Manchester, UK). 

Quantification of the target gene was determined using the cycle threshold (CT) at 10% of the 

curve plateau for the Campylobacter-positive control supplied in the Primerdesign kit. By 

serially diluting the Campylobacter-positive control, the positive reactions were quantified 

with the knowledge that the curve plateaus at 108 copy/ml for the Campylobacter-positive 

control. The qPCR cycle threshold was then converted to the Log10 cfu/ml. 

Statistical Analysis 

Calculation of the Level of Campylobacter Contamination 

Calculation of the level of Campylobacter contamination was adapted from the Public Health 

England (PHE) ‘Detection and enumeration of Campylobacter species: Food, Water & 

Environmental Microbiology Standard Method FNES15 (F21) Version 2’ (PHE, 2014) for 

samples expected to have low numbers: 

!	 = 	 Σ%
&(() + 0.1(.)0

 

Where Σ% is the sum of the colonies counted on all the plates retained from two successive 

dilutions; () is the number of plates counted at the first dilution; (. is the number of plates 

counted at the second dilution; 0 is the dilution from which the first counts were obtained 

(e.g. 0.1 for 10-1 dilution) adjusted for variation in the number of combined grams of neck 

skin and breast skin used per sample (i.e. (Total Grams Skin/225); and & is the volume of the 

inoculum, in millilitres, applied to each plate.  

Descriptive Statistics 

Descriptive statistics were used to summarise key demographic characteristics of the Halal 

chicken neck skin samples. The main variables considered were weight, cost (£/chicken), cost 
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(pence/kg (p/kg)), type of retailer, type of packaging, purchase date, slaughterhouse 

approval code and presence of visible liquid in the packaging. All statistical tests were 

performed using R (R 3.5.1 for Mac OS X, R Foundation for Statistical Computing, Vienna, 

Austria) (R Core Team, 2015). 

The Pearson chi-squared test of association or, if the expected frequency of any outcome <5, 

Fisher’s exact test was used to test the null hypothesis of no association between the 

explanatory variable of interest and Campylobacter contamination. McNemar’s chi-squared 

test was used for paired data. For continuous variables of interest, the distribution of data 

was assessed using QQ plots. If data was considered sufficiently normally distributed, 

parametric tests, including the Two-Sample T-test, were used to test the significance of 

associations. If data was not normally distributed, non-parametric tests, including Mann-

Whitney U (Wilcoxon Rank Sum) and Kruskal-Wallis, were used. The threshold p-value of 

p<0.05 for stating statistical significance was used for all statistical tests. 

Risk Factor Analysis 

Binary logistic regression analysis was used to assess risk factors for Halal chicken neck skin 

samples to (i) be Campylobacter-positive or (ii) have the highest level of Campylobacter 

contamination (>1000 cfu/g), whilst controlling for potential confounding. Outcome data 

were collapsed to the sample level. The following independent, binomial, continuous and 

categorical predictor variables were created from data collected about each chicken neck 

skin sample: 

i. Weight (g) 

ii. Cost (£/chicken) 

iii. Cost (p/kg) 

iv. Month Purchased (March, April or May) 

v. Presence of Visible Liquid in Packaging (Scored from 0-3) 

vi. Presence of Visible Liquid in Packaging (Binomial Outcome: Yes/No) 

vii. Approval Code 

viii. Type of Retailer (Supermarket or Specialist Halal Retailer) 
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ix. Type of Retailer (Supermarket, Halal Butcher or Online Halal Retailer) 

x. Chicken Supplied Individually or Supplied in a Batch 

xi. Packaged Chicken or Chicken Retailed Loose 

xii. Campylobacter Status of Packaging 

Univariable logistic regression was used to assess the association between all independent 

predictor variables and the two binomial (yes/no) outcome variables. Each explanatory 

variable was explored, with a likelihood ratio chi-squared test (LRT) used to assess fit 

compared to a null model. Where appropriate for categorical variables, the reference 

category was altered to aid model interpretation. Generalised additive models (GAM) were 

created and plotted to assess if continuous explanatory variables had a linear relationship 

with the outcome. If not, polynomial terms were fitted to the explanatory variables as 

appropriate. Independence between explanatory variables was assessed using the Pearson 

correlation coefficient. For highly correlated variables (-0.7 ≥ r ≥ 0.7), only variables with the 

lowest P-value were considered for inclusion in the GLMMs. To aid model convergence, 

continuous explanatory variables were rescaled using the scale() function in R, which 

subtracts the mean and divides by the standard deviation of the covariate. The reported odds 

ratios (ORs) and 95% CI for scaled continuous variables (Cost (£/chicken), Cost (p/kg) and 

Weight (g)) have been adjusted by dividing the output by the standard deviation of the 

variable. Due to clustering of chicken neck skin samples in a nested data structure (i.e. 

chicken neck skin sample within package within shop within slaughterhouse), explanatory 

variables were tested in an initial mixed-effects logistic regression model if the LRT p-value 

<0.25. The package, retail outlet and slaughterhouse were included as random variables 

within the model. Final models were constructed by manual backwards stepwise procedures 

where variables with a LRT p-value <0.05 were retained in order to produce a model fit with 

the lowest Akaike Information Criterion (AIC) possible. The intra-class correlation coefficient 

(ICC) was estimated using the Binary Linear Model Method as described by Goldstein, 

Browne and Rasbash (2002). In this method, the outcome is assumed to be linear and the 

mixed-effects model is rerun as a linear mixed-effects model. The null and final models were 

re-run as linear mixed-effects models and the variation due to each random effect and the 

fixed effects overall estimated. Specific methods for model checking for mixed-effects logistic 

regression models are not well developed and were not undertaken (Christley and Diggle, 

2018).  
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Results 

Sampling Strategy & Study Population 

From February to May 2017, 405 whole, raw, chilled, Halal chickens, intensively reared, 

slaughtered and retailed in the UK, were purchased from 44 individual retail outlets in 

England. Convenience sampling was used to select retailers; 295 chickens were purchased 

from 33 retail premises located in the Northwest of England, 49 chickens from six retailers in 

the East of England and 61 chickens from five online retailers located in England. Sixty-four 

chickens were purchased from five supermarkets belonging to three of the nine supermarket 

retailers with the largest market shares; three branches of two supermarkets were visited in 

person and chickens were purchased from two online supermarket services. The other 39 

retail premises were specialist Halal retailers; 305 chickens were purchased from 36 Halal 

butchers and 36 chickens were purchased from three online Halal retailers. A median number 

of ten chickens were purchased from each retail outlet (Minimum = 2, Maximum = 16). 

Approval codes were obtained for 347 chickens. Anonymised details of the approval codes, 

the type of establishments they represent, and the number of chickens sampled from each 

are detailed in Table 25. 

Table 25: Details of nine sampled approval codes and the establishments they represent for 
405 sampled Halal retail chickens. SH = Slaughterhouse; CP = Cutting Plant. 

Anonymised 
Approval Code 

Type of Establishment 
Number of Chickens 

(%) 
Number of Retailers 

(%) 
AC1 SH, CP 10 (2.5) 1 (2.3) 
AC2 CP 11 (2.7) 1 (2.3) 
AC3 SH 13 (3.2) 1 (2.3) 
AC4 CP 12 (3.0) 1 (2.3) 
AC5 SH, CP 10 (2.5) 1 (2.3) 
AC6 SH, CP 129 (31.9) 16 (36.4) 
AC7 SH, CP 97 (24.0) 11 (25.0) 
AC8 SH, CP 53 (13.1) 4 (9.1) 
AC9 SH, CP 12 (3.0) 2 (4.6) 

Unknown Unknown 58 (14.3) 6 (13.6) 
Total 405 (100) 44 (100) 

Types of Halal Retailer and Halal Packaging Characteristics 

In the UK, Halal consumers have two main options for purchasing Halal meat; major 

supermarkets and independent Halal butchers (EBLEX, 2010). In this study, the researchers 

located independent Halal butchers within a retail outlet that’s primary purpose is as a Halal 
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butcher, within Asian convenience stores with a Halal butcher’s counter and on online Halal 

retailers. For the purposes of this study, samples were initially divided into chickens 

purchased from major supermarkets and chickens purchased from specialist Halal retailers. 

Specialist Halal retailers were further categorised as either Halal butchers or online Halal 

retailers. Sixty-four chickens were purchased from major UK supermarkets and 341 chickens 

were purchased from specialist Halal retailers either online (N=36) or instore from a Halal 

butchers’ counter (N=305). 

When purchasing chickens, it was observed that there were major differences in the 

packaging of chicken from the different retailers. Chickens were purchased either from a 

butcher’s counter and then supplied to the consumer in a plastic carrier bag and/or 

cardboard box or chickens were purchased from an online Halal retailer or from a major 

supermarket and were packaged in sealed plastic packaging (Table 26). In both of these 

categorisations, chickens were either supplied to the consumer as individual chickens or in 

batches of multiple chickens. Two further categorisations were made based upon these 

broad classifications: (i) chickens sold in packaging and chickens retailed loose, and (ii) 

individually-supplied chickens and batches of chickens. Overall, 13 different variations in 

packaging were identified, as described in Table 26. 

Chickens sold in packaging (N=100) were purchased from major UK supermarket chains 

instore or online (N=64) or from online Halal retailers (N=36) in various types of sealed plastic 

packaging (Appendix 4: Table 92) and 305 chickens were retailed loose from Halal butchers’ 

counters and supplied in plastic carrier bags and/or cardboard boxes by the retailer. Ninety-

three chickens were supplied individually from major UK supermarket chains instore or 

online (N=52), instore from a Halal butchers’ counter (N=5) or from online Halal retailers 

(N=36), and 312 chickens were supplied in a batch from major UK supermarket chains instore 

or online (N=12) or instore from a Halal butchers’ counter (N=300). Individual chickens and 

chickens in batches were supplied either in sealed plastic packaging or in a plastic carrier bag 

and/or cardboard box. For reasons that will be explored in the discussion, analyses will focus 

on the differences between packaged chickens and chickens retailed loose as this accounts 

for the greatest differences in Campylobacter risk to the Halal consumer.  
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Table 26: Types of packaging 405 chicken neck skin and 164 packaging samples were 
collected from. Thirteen types of packaging were grouped into two categories: birds supplied 
loose (in cardboard boxes (white) and carrier bags (light grey)) and packaged chicken(s) (dark 
grey). 

Type of Packaging Photo of Packaging 

Overall No. of 
Samples 

Chicken  Packaging 

Cardboard box containing multiple chickens 

 

78 9 

Cardboard box lined with a plastic bag 
containing multiple chickens 

 

10 1 

Multiple chickens packed in a single carrier 
bag, within a box containing other single 
carrier bags containing multiple chickens 

 

10 2 

Multiple chickens packed in multiple carrier 
bags, within a box containing other batches of 
chickens packed in multiple carrier bags 

 

20 5 

One chicken individually packed in more than 
one carrier bag 

 

1 1 

One chicken individually packed in a single 
carrier bag within a bag containing other 
chickens individually packed in single carrier 
bags 

 

4 4 

More than one chicken packed in a single 
carrier bag 

 

24 7 
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More than one chicken packed in more than 
one carrier bags 

 

158 43 

Single chicken placed on a tray and heat 
sealed, packaged in a protective atmosphere. 

 

41 41 

Multiple chickens placed on a tray and heat 
sealed, packaged in a protective atmosphere. 

 

12 4 

Single chicken placed on a tray and wrapped 
with cling film 

 

24 24 

Vacuum-packed single chicken on a tray  

 

11 11 

Vacuum-packed single chicken (no tray) 

 

12 12 

TOTAL 405 164 
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Prevalence and number of Campylobacter in chicken neck skin samples 

Campylobacter spp. were isolated and confirmed by PCR from 265 neck skin samples (65.4%; 

95% confidence interval (CI): 60.8-70.1%). Of these, 252 samples (62.2%; 95% CI: 57.5-66.9%) 

were positive for C. jejuni and 36 samples (8.9%; 95% CI: 6.1-11.7%) for C. coli. Twenty-three 

samples (5.7%; 95% CI: 3.4-7.9%) were positive for both C. jejuni and C. coli. Of 405 chicken 

neck skin samples, it was possible to enumerate Campylobacter spp. from 204 samples, 

including from 13 chicken neck skin samples which were Campylobacter-culture-negative. 

The highest count detected was 39,718 cfu of Campylobacter per gram of chicken neck skin 

and 13.8% (95% CI: 10.5-17.2%) of the neck skin samples had counts >1000 cfu/g. Due to 

neck skin trimming in the processing plants (FSA, 2017c) and difficulty obtaining 25g of neck 

skin from smaller-sized chickens, 25g of chicken neck skin was not available from each 

chicken. Therefore, further skin was collected from the breast skin of the chicken to make a 

25g chicken skin sample. An average of 12.02g of chicken neck skin was present in each 25g 

chicken skin sample. 

Initial analyses were made by categorising chickens in three different ways, based upon 

broad differences observed in either the packaging or retailer as discussed above: (i) Chickens 

Sold in Packaging and Chickens Retailed Loose, (ii) Individually-Supplied Chickens and Batches 

of Chickens, and (iii) Chickens Purchased from a Supermarket and Chickens Purchased from 

a Specialist Halal Retailer. Specialist Halal Retailers were further categorised as Halal Butchers 

or Online Halal Retailers. A comparison of the total number of samples, the number of 

Campylobacter-positive chicken neck skin samples and the percentage of chicken neck skin 

samples with each level of Campylobacter contamination is shown in Table 27. 

There was no significant difference in the number of Campylobacter-positive chicken neck 

skin samples or in detection of >1000 cfu/g between packaged birds and birds retailed loose 

(Positive: C2=0.2, df=1, p=0.6; >1000 cfu/g: C2=1.2, df=1 p=0.3), individually-supplied birds 

and birds supplied in batches (Positive: C2=0.1, df=1, p=0.7; >1000 cfu/g: C2=0.6, df=1, p=0.4) 

or birds purchased from a supermarket and birds purchased from a specialist Halal retailer 

(Positive: C2=1.8, df=1, p=0.2; >1000 cfu/g: C2=0.07, df=1, p=0.8). Interestingly, there was a 

significant difference between birds purchased from an online Halal retailer and those 

purchased from a Halal butcher (Positive: C2=5.7, df=1, p=0.02; >1000 cfu/g: Fisher’s Exact 

Test p=0.008); however, considerably fewer birds were purchased from online Halal retailers 

than from Halal butchers. 



Chapter 5 

 
174 

Table 27: Comparison of total number of samples, number of Campylobacter-positive chicken neck skin samples confirmed by PCR, and percentage of chicken 
neck skin samples with each level of Campylobacter contamination, from 405 Halal chickens sampled from retailers between February and May 2017 (blue 
column). Samples have been categorised in three different ways: (i) Chickens Sold in Packaging and Chickens Retailed Loose (orange columns), (ii) Individually-
Supplied Chickens and Batches of Chickens (yellow columns), and (iii) Chickens Purchased from a Supermarket and Chickens Purchased from a Specialist Halal 
Retailer (darker green columns). ‘Specialist Halal Retailers’ are categorised further as Halal Butchers or Online Halal Retailers (lighter green columns). 

 Overall 
Packaged 
Chickens 

Chicken 
Retailed 

Loose 

Individually
-Supplied 
Chickens 

Batches of 
Chickens 

Supermark
et-bought 
Chickens 

Specialist 
Halal 

Retailer-
bought 

Chickens 

Halal 
Butcher 

Online 
Halal 

Retailer 

Total Number of Samples 405 100 305 93 312 64 341 305 36 
Overall Percentage of 
Campylobacter-Positive Samples  
(% (95% CI; n)) 

65.4 
(60.8-70.1; 

265) 

63.0 
(53.5-72.5; 

63) 

66.2 
(60.9-71.5; 

202) 

63.4 
(53.7-73.2; 

59) 

66.0 
(60.8-71.3; 

206) 

73.4 
(62.6-84.3; 

47) 

63.9 
(58.8-69.0; 

218) 

66.2 
(60.9-71.5; 

202) 

44.4 
(28.2-60.7; 

16) 

Percentage of 
Chicken Neck Skin 
Samples with 
Each Level of 
Campylobacter 
Contamination  
(% (95% CI; n)) 

<10 cfu/g 
49.6 

(44.8-54.5; 
201) 

61.0 
(51.4-70.6; 

61) 

45.9 
(40.3-51.5; 

140) 

62.4 
(52.5-72.2; 

58) 

45.8 
(40.3-51.4; 

143) 

43.8 
(31.6-55.9; 

28) 

50.7 
(45.4-56.0, 

173) 

45.9 
(40.3-51.5; 

140) 

91.7 
(82.6-100.7; 

33) 

10-99 cfu/g 
14.1 

(10.7-17.5; 
57) 

12.0 
(5.63-18.4; 

12) 

14.8 
(10.8-18.7; 

45) 

8.60 
(2.90-14.3; 

8) 

15.7 
(11.7-19.7; 

49) 

17.2 
(7.94-26.4; 

11) 

13.5 
(9.86-17.1, 

46) 

14.8 
(10.8-18.7; 

45) 

2.78 
(0-8.15; 1) 

100-1000 
cfu/g 

22.5 
(18.4-26.5; 

91) 

17.0 
(9.64-24.4; 

17) 

24.3 
(19.5-29.1; 

74) 

18.3 
(10.4-26.1; 

17) 

23.7 
(19.0-28.4; 

74) 

23.4 
(13.1-33.8; 

15) 

22.3 
(17.9-26.7, 

76) 

24.3 
(19.5-29.1; 

74) 

5.56 
(0-13.0; 2) 

>1000 cfu/g 
13.8 

(10.5-17.2; 
56) 

10.0 
(4.12-15.9; 

10) 

15.1 
(11.1-19.1; 

46) 

10.8 
(4.46-17.0; 

10) 

14.7 
(10.8-18.7; 

46) 

15.6 
(6.73-24.5; 

10) 

13.5 
(9.86-17.1, 

46) 

15.1 
(11.1-19.1; 

46) 

0 
(0-0; 0) 
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Number of Campylobacter spp. in chicken neck skin samples in relation to chicken weight 

Chickens were assigned into three weight categories defined by the arbitrary weight ranges 

used by the FSA in their retail surveys (FSA, 2015b; 2017b; 2017c). ‘Small’ chickens weighed 

<1400g, ‘medium’ chickens weighed 1400-1750g, and ‘large’ chickens weighed >1750g (Table 

28).  

Large birds were not significantly more likely to be Campylobacter-positive; however, large 

birds did have a statistically significant higher number of samples with >1000 cfu/g (C2=17.7, 

df=1, p<0.001). There was a trend that as bird size increased, the likelihood of samples being 

contaminated with the highest levels of contamination also increased (C2 for Trend=9.0, 

df=2, p=0.003) (Figure 1). 

Table 28: Number and percentage of positive chicken neck skin samples and number and 
percentage of chicken neck skin samples with each level of Campylobacter contamination 
(cfu/g) in relation to chicken weight, from 405 Halal chickens sampled from retailers between 
February and May 2017. 

Chicken 
Weight 

Category 
Total 

Overall Culture 
Positive for 

Campylobacter 

cfu of Campylobacter spp. per g chicken neck skin sample 

<10 10-99 100-1000 >1000 

n % (95% 
CI) n % (95% 

CI) n % (95% 
CI) n % (95% 

CI) n % (95% 
CI) 

Small 
(<1400g) 269 176 

65.4  
(59.7-
71.1) 

137 
50.9  

(45.0-
56.9) 

34 
12.6  

(8.67-
16.6) 

66 
24.5  

(19.4-
29.7) 

32 
11.9  

(8.03-
15.8) 

Medium 
(1400-
1750g) 

83 51 
61.4  

(51.0-
71.9) 

45 
54.2  

(43.5-
64.9) 

16 
19.3  

(10.8-
27.7) 

15 
18.1  

(9.79-
26.4) 

7 
8.43  

(2.46-
14.4) 

Large 
(>1750g) 53 38 

71.7 
(59.6-
83.8) 

19 
35.8  

(22.9-
48.8) 

7 
13.2  

(4.09-
22.3) 

10 
18.9  

(8.33-
29.4) 

17 
32.1  

(19.5-
44.6) 
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Figure 1: Percentage of positive chicken neck skin samples and percentage of chicken neck 
skin samples with each level of Campylobacter contamination (cfu/g) in relation to chicken 
weight, from 405 Halal chickens sampled from retailers between February and May 2017. 
Chickens were categorised as “Small” (<1400g), “Medium” (1400-1750g) and “Large” 
(>1750g). 

When bird weight was investigated as a continuous variable without categorising weights 

into small, medium and large, it was found that as bird weight increased, birds are statistically 

significantly more likely to be Campylobacter-positive (Mann-Whitney U Test: W=15828, 

p=0.02) (Figure 2) and to be contaminated with >1000 cfu/g (W=7780, p=0.01) (Figure 3). 

There was a significant association between bird weight and the level of Campylobacter 

contamination (Kruskal-Wallis C2=11.6, df=3, p=0.009); however, a significant difference was 

only detected between <10 cfu/g and 10-99 cfu/g (W=4578, p=0.02), <10 cfu/g and >1000 

cfu/g (W=4277, p=0.006), and 100-1000 cfu/g and >1000 cfu/g (W=1993, p=0.03) (Figure 4). 

The non-parametric Mann-Whitney U and Kruskal-Wallis tests were used for analysis as the 

data were not normally distributed (Appendix 4: Figure 26, Figure 27 and Figure 28). 
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Figure 2: Campylobacter-positive and Campylobacter-negative chicken neck skin samples 
plotted against chicken weight. Median of Campylobacter-negative birds = 1100.5g; median 
of Campylobacter-positive birds = 1218g.  

 

Figure 3: Level of Campylobacter contamination plotted against chicken weight. Median of 
chicken neck skin samples with <1000 cfu/g = 1171g; median of chicken neck skin samples 
with >1000 cfu/g = 1246.5g. 

 

Figure 4: Level of Campylobacter contamination plotted against chicken weight. Medians of 
chicken neck skin samples with: <10 cfu/g = 1126g, 10-99 cfu/g = 1303g, 100-1000 cfu/g = 
1171g, and >1000 cfu/g = 1246.5g. 
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Number of Campylobacter spp. in chicken neck skin samples in relation to cost per chicken 

(£/chicken) 

The cost per chicken (£/chicken) was not associated with the Campylobacter status of chicken 

(W=17836, p=0.5) (Figure 5), with detection of >1000 cfu/g (W=9029, p=0.4) (Figure 6) or 

with the level of Campylobacter contamination (Kruskal-Wallis C2=2.7, df=3, p=0.4) (Figure 

7). The non-parametric Mann-Whitney U and Kruskal-Wallis tests were used for analysis as 

the data were not normally distributed (Appendix 4: Figure 29, Figure 30 and Figure 31). 

 

Figure 5: Campylobacter-positive and Campylobacter-negative chicken neck skin samples 
plotted against cost (£/chicken). Median of Campylobacter-negative birds = £2.90; median of 
Campylobacter-positive birds = £3.20. 

 

Figure 6: Level of Campylobacter contamination plotted against cost (£/chicken). Medians of 
chicken neck skin samples with: <1000 cfu/g = £3.10, >1000 cfu/g = £2.50. 
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Figure 7: Level of Campylobacter Contamination plotted against cost (£/chicken). Medians of 
chicken neck skin samples with: <10 cfu/g = £3.10, 10-99 cfu/g = £3.20, 100-1000 cfu/g = 
£2.50, >1000 cfu/g = £2.50. 

Number of Campylobacter spp. in chicken neck skin samples in relation to cost per kg (p/kg) 

of chicken meat 

The cost per kilogram of chicken meat (p/kg) was significantly associated with the 

Campylobacter status of chicken (W=21040, p=0.03) (Figure 8), with detection of >1000 cfu/g 

(W=11426, p=0.04) (Figure 9) and with the level of Campylobacter contamination (Kruskal-

Wallis C2=14.7, df=3, p=0.002) (Figure 10). The non-parametric Mann-Whitney U and 

Kruskal-Wallis tests were used for analysis as the data were not normally distributed 

(Appendix 4: Figure 32,Figure 33 and Figure 34). 

 

Figure 8: Campylobacter-positive and Campylobacter-negative chicken neck skin samples 
plotted against cost (p/kg). Median of Campylobacter- negative birds = 250.79 p/kg; median 
of Campylobacter-positive birds = 237.92 p/kg. 
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Figure 9: Level of Campylobacter contamination plotted against cost (p/kg). Medians of 
chicken neck skin samples with: <1000 cfu/g = 245.55 p/kg, >1000 cfu/g = 221.50 p/kg. 

 

Figure 10: Level of Campylobacter Contamination plotted against cost (p/kg). Medians of 
chicken neck skin samples with: <10 cfu/g = 249.30 p/kg, 10-99 cfu/g = 232.56 p/kg, 100-1000 
cfu/g = 236.59 p/kg, >1000 cfu/g = 221.50 p/kg. 

Number of Campylobacter spp. in chicken neck skin samples in relation to month tested 

Surprisingly, there was a statistically significantly higher number of Campylobacter-positive 

chicken neck skin samples in March compared to April and May (C2=59.8, df=2, p<0.001) 

(Table 29). With regards to levels of contamination, there was a significantly higher number 

of samples with 100-1000 cfu/g (C2=33.6, df=2, p<0.001) and >1000 cfu/g (C2=29.3, df=2, 

p<0.001) of Campylobacter in March, but also a significantly lower number of samples with 

<10 cfu/g in March (C2=63.3, df=2, p<0.001) (Figure 11).  
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Table 29: Number and percentage of positive chicken neck skin samples and number and 
percentage of chicken neck skin samples with each level of Campylobacter contamination 
(cfu/g) in relation to month tested, from 405 Halal chickens sampled from retailers between 
February and May 2017.  

Month Total 

Overall Culture 
Positive for 

Campylobacter 

cfu of Campylobacter spp. per g chicken neck skin sample 

<10 10-99 100-1000 >1000 

n %  
(95% CI) n 

%  
(95% 

CI) 
n 

%  
(95% 

CI) 
n 

% 
(95% 

CI) 
n 

%  
(95% 

CI) 

March1 116 107 
92.2 

(87.4-
97.1) 

22 
19.0 

(11.8-
26.1) 

13 
11.2 

(5.47-
16.9) 

48 
41.4 

(32.4-
50.3) 

33 
28.4 

(20.2-
36.7) 

April 140 65 
46.4 

(38.2-
54.7) 

93 
66.4 

(58.6-
74.3) 

18 
12.9 

(7.31-
18.4) 

19 
13.6 

(7.90-
19.2) 

10 
7.14 

(2.88-
11.4) 

May 149 93 
62.4 

(54.6-
70.2) 

86 
57.7 

(49.8-
65.7) 

26 
17.4 

(11.4-
23.5) 

24 
16.1 

(10.2-
22.0) 

13 
8.72 

(4.19-
13.3) 

1 One chicken was purchased on 28 February 2017 and was included in the results for March. 

 

Figure 11: Percentage of positive chicken neck skin samples and percentage of chicken neck 
skin samples with each level of Campylobacter contamination (cfu/g) in relation to month 
tested, from 405 Halal chickens sampled from retailers between February and May 2017. One 
chicken was purchased on 28 February 2017 and was included in the results for March.  
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Number of Campylobacter spp. in chicken neck skin samples in relation to approval code 

There was a significant association between approval code and total number of 

Campylobacter-positive chicken neck skin samples (Fisher’s Exact Test: p<0.001), detection 

of >1000 cfu/g (Fisher’s Exact Test: p<0.001) and level of Campylobacter contamination 

(Fisher’s Exact Test: p<0.001) (Figure 12). However, some approval codes were only sampled 

on one day, and in some cases only from one shop on one day, which may reflect the 

Campylobacter status of one flock of chickens, or batches of chickens, being processed in the 

slaughterhouse on the same day, and would not be representative of the approval code from 

which they originate (Table 30). 

Approval Codes AC2, AC6, AC7 and AC8 were sampled on more than one day. When these 

approval codes are compared, there is still a significant association between approval code 

and total number of positive Campylobacter chicken neck skin samples (Fisher’s Exact Test: 

p<0.001), number of chicken neck skin samples with the highest level of contamination 

(>1000 cfu/g) (Fisher’s Exact Test: p<0.001) and level of Campylobacter contamination 

(Fisher’s Exact Test: p<0.001). When chickens from the remaining five approval codes (AC1, 

AC3, AC4, AC5, AC9) and chickens with unknown codes were combined into a fifth category 

of ‘Others’, there was also a significant association between approval code and total number 

of positive Campylobacter chicken neck skin samples (Fisher’s Exact Test: p<0.001), number 

of chicken neck skin samples with the highest level of contamination (>1000 cfu/g) (Fisher’s 

Exact Test: p<0.001) and level of Campylobacter contamination (Fisher’s Exact Test: 

p<0.001).  
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Table 30: Number and percentage of positive chicken neck skin samples and number and 
percentage of chicken neck skin samples with each level of Campylobacter contamination 
(cfu/g) in relation to approval code, from 405 Halal chickens sampled from retailers between 
February and May 2017. ‘Others’ includes chickens from ‘Unknown’ approval codes and 
approval codes only sampled on one occasion (AC1, AC3, AC4, AC5, AC9) and was used for 
comparisons with codes that had been sampled on more than one occasion (AC2, AC6, AC7 
and AC8). 

Anonymised 
Approval 

Code 
Total 

Overall Culture 
Positive for 

Campylobacter 

cfu of Campylobacter spp. per g chicken neck skin 
sample 

<10 10-99 100-1000 >1000 

n %  
(95% CI) n 

% 
(95% 

CI) 
n 

%  
(95% 

CI) 
n 

%  
(95% 

CI) 
n 

%  
(95% 

CI) 

AC1 10 10 100 3 
30.0 

 (1.60-
58.4) 

3 
30.0  

(1.60-
58.4) 

3 
30.0  

(1.60-
58.4) 

1 
10.0  

(0-
28.6) 

AC2 11 7 
63.6 

 (35.2-
92.1) 

5 
45.5 

 (16.0-
74.9) 

0 0 3 
27.3  

(0.954-
53.6) 

3 
27.3  

(0.95-
53.6) 

AC3 13 7 
53.8 

 (26.7-
80.9) 

9 
69.2 

 (44.1-
94.3) 

1 
7.69  

(0-
22.2) 

1 
7.69  

(0-
22.2) 

2 
15.4  

(0-
35.0) 

AC4 12 0 0 12 100 0 0 0 0 0 0 

AC5 10 10 100 2 
20  
(0-

44.8) 
3 

30.0  
(1.60-
58.4) 

3 
30.0  

(1.60-
58.4) 

2 
20.0  

(0-
44.8) 

AC6 129 114 
88.4 

 (82.8-
93.9) 

22 
17.1  

(10.6-
23.5) 

17 
13.2  

(7.34-
19.0) 

53 
41.1  

(32.6-
49.6) 

37 
28.7  

(20.9-
36.5) 

AC7 97 44 
45.4 

 (35.5-
55.3) 

73 
75.3  

(66.7-
83.8) 

12 
12.4  

(5.82-
18.9) 

8 
8.25  

(2.77-
13.7) 

4 
4.12  

(0.17-
8.08) 

AC8 53 40 
75.5 

 (63.9-
87.1) 

23 
43.4  

(30.1-
56.7) 

11 
20.8  

(9.84-
31.7) 

12 
22.6  

(11.4-
33.9) 

7 
13.2  

(4.09-
22.3) 

AC9 12 6 
50.0  

(21.7-
78.3) 

7 
58.3  

(30.4-
86.2) 

3 
25.0  

(0.50-
49.5) 

2 
16.7  

(0-
37.8) 

0 0 

Unknown 58 27 
46.6 

 (33.7-
59.4) 

45 
77.6  

(66.9-
88.3) 

7 
12.1  

(3.69-
20.5) 

6 
10.3  

(2.51-
18.2) 

0 0 

Others 115 60 
52.2 

 (43.0-
61.3) 

78 
67.8  

(59.3-
76.4) 

17 
14.8  

(8.30-
21.3) 

15 
13.0  

(6.89-
19.2) 

5 
4.35  

(0.62-
8.08) 
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Figure 12: Percentage of positive chicken neck skin samples and percentage of chicken neck skin samples with each level of Campylobacter contamination 

(cfu/g) from each of the sampled approval codes, from 405 Halal chickens sampled from retailers between February and May 2017. 
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Number of Campylobacter spp. in chicken neck skin samples in relation to visible liquid in 

the packaging 

When the presence of visible liquid was scored on a scale of 0-3, with 0 being no visible liquid 

present, there was a significant association between level of visible liquid in the packaging 

and total number of Campylobacter-positive chicken neck skin samples (C2=23.3, df=3, 

p<0.001), detection of >1000 cfu/g (C2=10.1, df=3, p=0.02) and level of Campylobacter 

contamination (C2=23.8, df=9, p=0.005). There was also a significant trend that as more 

visible liquid was present, the likelihood of total number of positive Campylobacter chicken 

neck skin samples (C2 for Trend=17.4, df=3, p<0.001) and detection of >1000 cfu/g (C2 for 

Trend=8.9, df=3, p=0.003) decreased (Table 31). When the presence of visible liquid was 

classed as a binary (yes/no) outcome, there was a statistically significant difference between 

the presence of visible liquid in the packaging and the total number of Campylobacter-

positive chicken neck skin samples (C2=16.3, df=1, p<0.001) and detection of >1000 cfu/g 

(C2=5.3, df=1, p=0.02) (Table 32). Chicken neck skin samples with visible liquid in the 

packaging were significantly less likely to be Campylobacter-positive than those without 

visible liquid in the packaging. There was a significant difference between the level of visible 

liquid in the packaging and whether the chicken neck skin samples were from chickens sold 

in packaging or chickens retailed loose (C2=83.7, df=1, p<0.001) (Table 33), with more visible 

liquid present in the packaging of chickens sold in packaging than that of the chickens retailed 

loose.  
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Table 31: Number and percentage of positive chicken neck skin samples and number and 
percentage of chicken neck skin samples with each level of Campylobacter contamination 
(cfu/g) in relation to visible liquid present (score 0-3), from 405 Halal chickens sampled from 
retailers between February and May 2017. 

Category 
of 

Visible 
Liquid 

Total 

Overall Culture 
Positive for 

Campylobacter 

cfu of Campylobacter spp. per g chicken neck skin sample 

<10 10-99 100-1000 >1000 

n % (95% 
CI) n % (95% 

CI) n % (95% 
CI) n % (95% 

CI) n % (95% 
CI) 

0 41 39 
95.1  

(88.5-
100) 

10 
24.4  

(11.2-
37.5) 

6 
14.6  

(3.82-
25.5) 

14 
34.1  

(19.6-
48.7) 

11 
26.8  

(13.3-
40.4) 

1 202 136 
67.3  

(60.9-
73.8) 

98 
48.5  

(41.6-
55.4) 

23 
11.4  

(7.01-
15.8) 

50 
24.8  

(18.8-
30.7) 

31 
15.3  

(10.4-
20.3) 

2 117 65 
55.6  

(46.6-
64.6) 

66 
56.4  

(47.4-
65.4) 

21 
17.9 

(11.0-
24.9) 

19 
16.2  

(9.56-
22.9) 

11 
9.40  

(4.11-
14.7) 

3 45 25 
55.6  

(41.0-
70.1) 

27 
60.0  

(45.7-
74.3) 

7 
15.6  

(4.97-
26.1) 

8 
17.8  

(6.61-
28.9) 

3 
6.67  

(0-
14.0) 

Table 32: Number and percentage of positive chicken neck skin samples and percentage of 
chicken neck skin samples with each level of Campylobacter contamination (cfu/g) in relation 
to the presence of visible liquid in the packaging, from 405 Halal chickens sampled from 
retailers between February and May 2017. 

Presence of 
Visible Liquid Total 

Overall Culture Positive for 
Campylobacter >1000 cfu/g 

n % (95% CI) n % (95% CI) 

No 41 39 95.1 
(88.5-100) 11 26.8 

(13.3-40.4) 

Yes 364 226 62.1 
(57.1-67.1) 45 12.4 

(8.98-15.7) 

Table 33: Number and percentage of chickens sold in packaging and chickens retailed loose 
and the score of visible liquid in the packaging of those chickens, from 405 Halal chickens 
sampled from retailers between February and May 2017. 

Category of Visible Liquid Packaged Chicken(s) 
(n (%)) 

Chickens Retailed Loose 
(n (%)) 

0 9 (9) 32 (10.5) 

1 19 (19) 183 (60) 

2 40 (40) 77 (25.2) 

3 32 (32) 13 (4.26) 

Total 100 305 
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Comparison of Enumeration of Campylobacter spp. in chicken neck skin samples by culture 

and qPCR 

Table 34 shows the levels of Campylobacter contamination detected by enumeration by 

traditional culture methods and enumeration by qPCR of 283 chicken skin homogenates. The 

percentages of Campylobacter-positive and chicken neck skin samples with the different 

levels of Campylobacter contamination detected by culture and enumeration for the 

packaged and loose chickens differ to the values reported in Table 27 because only 283 

samples are included. Chicken skin homogenates from the first 122 samples were not stored 

and differences in the reported values may reflect differences in the Campylobacter-status 

of chickens sampled on earlier purchase dates and/or from certain approval codes sampled 

on these dates. Table 35 shows the chicken neck skin samples broken down into packaged 

chickens and chickens retailed loose. There was a statistically significant difference between 

the level of Campylobacter contamination detected by culture and by qPCR for all chickens 

(C2=6.7, df=1, p=0.009) and for the packaged chickens (C2=6.5, df=1, p=0.01) but not for the 

chickens retailed loose (C2=1.7, df=1, p=0.02). Therefore, overall, enumeration by qPCR was 

a more sensitive method of detection and detected more chicken neck skin samples with the 

highest level of Campylobacter contamination (>1000 cfu/g) than enumeration by culture. 

Table 36 shows that 94 samples were enumerated to the same log level of Campylobacter by 

the two different methods, 37 were enumerated to a lower level and 152 were enumerated 

to a higher level.  
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Table 34: Comparison of enumeration of Campylobacter spp. of 283 chicken skin sample 
homogenates by traditional culture methods and qPCR of Chelex DNA Extraction. Left column 
divides samples into five bands of contamination and right column divides samples into four 
bands of contamination following the bands set by the FSA in their retail surveys (FSA, 2017b; 
FSA, 2017c; FSA, 2015b). 

 

Halal Retail Survey: Feb-May 
2017 

283 Chickens 
Culture/Enumeration 

Halal Retail Survey: Feb-May 
2017 

283 Chickens 
qPCR 

Percentage of 
Chicken Neck 
Skin Samples 
with Each 
Level of 
Campylobacter 
Contamination 
(cfu/g)  
(% (95% CI; n)) 

0 
58.0  

(52.2-63.7; 
164) 

63.3  
(57.6-68.9; 

179) 

24.0  
(19.1-29.0; 68) 31.8  

(26.4-37.2; 90) 
1-10 5.30  

(2.69-7.91; 15) 
7.77  

(4.65-10.9; 22) 

10-99 15.5  
(11.3-19.8; 44) 

15.5  
(11.3-19.8; 44) 

26.9  
(21.7-32.0; 76) 

26.9  
(21.7-32.0; 76) 

100-1000 14.1  
(10.1-18.2; 40) 

14.1  
(10.1-18.2; 40) 

27.2  
(22.0-32.4; 77) 

27.2  
(22.0-32.4; 77) 

>1000 7.07  
(4.08-10.1; 20) 

7.07  
(4.08-10.1; 20) 

14.1  
(10.1-18.2; 40) 

14.1  
(10.1-18.2; 40) 

Table 35: Comparison of enumeration of Campylobacter spp. of 283 chicken skin sample 
homogenates by traditional culture methods and qPCR of Chelex DNA Extraction, comparing 
packaged chicken with chicken retailed loose. Samples are divided into five bands of 
contamination. 

 

Halal Retail Survey: Feb-May 
2017 – 283 Chickens 

Culture/Enumeration 

Halal Retail Survey: Feb-May 
2017 – 283 Chickens 

qPCR 
Packaged 
Chickens 
(N=84) 

Chicken 
Retailed 

Loose (N=199) 

Packaged 
Chickens 
(N=84) 

Chicken 
Retailed 

Loose (N=199) 

Percentage of 
Chicken Neck 
Skin Samples 
with Each 
Level of 
Campylobacter 
Contamination 
(cfu/g)  
(% (95% CI; n)) 

0 64.3  
(54.0-74.5; 54) 

55.3  
(48.4-62.2; 

110) 

27.4  
(17.8-36.9; 23) 

22.6  
(16.8-28.4; 45) 

1-10 4.76  
(0.21-9.32; 4) 

5.53  
(2.35-8.70; 11) 

8.33  
(2.42-14.2; 7) 

7.54  
(3.87-11.2; 15) 

10-99 14.3  
(6.80-21.8; 12) 

16.1  
(11.0-21.2; 32) 

16.7  
(8.70-24.6; 14) 

31.2  
(24.7-37.6; 62) 

100-1000 13.1  
(5.88-20.3; 11) 

14.6  
(9.67-19.5; 29) 

31.0  
(21.1-40.8; 26) 

25.6  
(19.6-31.7; 51) 

>1000 3.57  
(0-7.54; 3) 

8.54  
(4.66-12.4; 17) 

16.7  
(8.70-24.6; 14) 

13.1  
(8.38-17.7; 26) 
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Table 36: Differences and similarities between levels of Campylobacter contamination 
detected by traditional culture-based enumeration and qPCR for 283 chicken skin 
homogenates. Blue shading denotes where qPCR detected lower levels of Campylobacter 
contamination than culture, green where culture and qPCR agreed and orange where qPCR 
detected higher levels of Campylobacter contamination than culture methods. 

  qPCR: Levels of Campylobacter Contamination 

 cfu/g 0 1-10 10-99 100-1000 >1000 Total 

Enumeration 
by Culture: 
Levels of 
Campylobacter 
Contamination 

0 51 17 52 32 12 164 
1-10 5 2 4 3 1 15 

10-99 5 3 11 16 9 44 
100-1000 7 0 9 18 6 40 

>1000 0 0 0 8 12 20 
 Total 68 22 76 77 40 283 

Packaging 

Campylobacter in Outer Packaging Samples 

Chickens were packaged by retailers individually and in batches and 164 packaging sample 

swabs were collected from the packaging containing the 405 sampled chickens (Appendix 4: 

Table 92). C. jejuni was isolated and confirmed by PCR from 28 packaging swabs (17.1%; 95% 

CI: 11.3-22.8%) (Table 37), which contained a total of 99 chickens. No other Campylobacter 

spp. were identified from packaging swabs.  

There was a statistically significant difference in packaging testing positive for Campylobacter 

between the different retail categories: packaging from chickens retailed loose was more 

likely to be positive than packaged birds (C2=9.1, df=1, p=0.003), packaging from chickens 

supplied in batches was more likely to be positive than packaging from chickens supplied 

individually (C2=18.9, df=1, p<0.001). There was no significant difference between the 

packaging of chickens purchased from supermarkets and specialist Halal retailers (C2=3.2, 

df=1, p=0.08). However, chickens purchased from Halal butchers were significantly more 

likely to be positive than chickens purchased from online Halal retailers (C2=4.3, df=1, 

p=0.04).  
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Table 37: Total number of packaging samples and number of Campylobacter-positive outer 
packaging samples confirmed by PCR, from 164 packaging swabs collected from the 
packaging of 405 Halal chickens sampled from retailers between February and May 2017 
(blue column). Samples have been categorised in three different ways: (i) Chickens Sold in 
Packaging and Chickens Retailed Loose (orange columns), (ii) Individually-Supplied Chickens 
and Batches of Chickens (yellow columns), and (iii) Chickens Purchased from a Supermarket 
and Chickens Purchased from a Specialist Halal Retailer (darker green columns). ‘Specialist 
Halal Retailers’ are categorised further as Halal Butchers or Online Halal Retailers (lighter 
green columns). 
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Total 
Number of 
Packaging 
Samples 

164 92 72 93 71 56 108 72 36 

Overall 
Percentage 
of 
Campylobact
er Positive 
Samples  
(% (95% CI; 
n))  

17.1 
(11.3

-
22.8; 

28) 

8.70 
(2.94-
14.5; 

8) 

27.8 
(17.4-
38.1; 

20) 

5.38 
(0.79-
9.96; 

5) 

32.4 
(21.5-
43.3; 

23) 

8.93 
(1.46-
16.4; 

5) 

21.3 
(13.6-
29.0, 

23) 

27.8 
(17.4-
38.1; 

20) 

8.33 
(0-

17.4; 
3) 

The Relationship Between Campylobacter-Status of Chicken Neck Skin 
Samples and the Campylobacter-status of the Packaging Unit 

The Likelihood of a Halal Chicken Packaging Unit Containing Campylobacter-Positive Chicken 

Table 38 displays the Campylobacter-status of chickens within 164 packaging units as either 

all positive, all negative or both positive and negative. There was a statistically significant 

difference in testing positive for Campylobacter between packaged birds and birds retailed 

loose (Positive: C2=11.4, df=1, p=0.003), individually-supplied birds and birds supplied in 

batches (Positive: C2=25.0, df=1, p<0.001), and birds purchased from a supermarket and 

birds purchased from a specialist Halal retailer (Positive: C2=8.3, df=1, p=0.02), including a 

significant difference between birds purchased from an online Halal retailer and those 

purchased from a Halal butcher (Positive: C2=12.3, df=1, p=0.002). However, considerably 

fewer birds were purchased from online Halal retailers than from Halal butchers. Table 39 

displays the Campylobacter-status of chickens within 164 packaging units as either positive 

(with ≥1 positive chicken neck skin sample) or all negative. There was a statistically significant 

difference in testing positive for Campylobacter between supermarket and birds purchased 
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from a specialist Halal retailer (Positive: C2=4.2, df=1, p=0.04), including a significant 

difference between birds purchased from an online Halal retailer and those purchased from 

a Halal butcher (Positive: C2=7.9, df=1, p=0.005).
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Table 38: Comparison of number of Campylobacter-positive and Campylobacter-negative chickens within each packaging unit of chicken(s) confirmed by PCR 

from 405 Halal chicken neck skin samples grouped into the 164 packaging units in which they were supplied (blue column). Samples have been categorised in 

three different ways; (i) Chickens Sold in Packaging and Chickens Retailed Loose (orange columns), (ii) Individually-Supplied Chickens and Batches of Chickens 

(yellow columns), and (iii) Chickens Purchased from a Supermarket and Chickens Purchased from a Specialist Halal Retailer (darker green columns). ‘Specialist 

Halal Retailers’ are categorised further as Halal Butchers or Online Halal Retailers (lighter green columns). 

Campylobacter-Status of Chickens within 
Packaging Unit Overall 

Packaged 
Chickens 

Retailed 
Loose 

Individuall
y Supplied 
Chickens 

Batches of 
Chickens 

Supermark
et-Bought 
Chickens 

Specialist 
Halal 
Retailer 

Halal 
Butcher 

Online 
Halal 
Retailer 

Packaging with Positive Chicken Neck Skin 
Samples 
(% (95% CI; n)) 

57.9 (50.4-
65.5; 95) 

62.0 (52.0-
71.9; 57) 

52.8 (41.2-
64.3; 38) 

63.4 (53.7-
73.2; 59) 

50.7 (39.1-
62.3; 36) 

73.2 (61.6-
84.8; 41) 

50.0 (40.6-
59.4; 54) 

52.8 (41.2-
64.3; 38) 

44.4 (28.2-
60.7; 16) 

Packaging with Negative Chicken Neck 
Skin Samples 
(% (95% CI; n)) 

31.7 (24.6-
38.8; 52) 

34.8 (25.1-
44.5; 32) 

27.8 (17.4-
38.1; 20)  

36.6 (26.8-
46.3; 34) 

25.4 (15.2-
35.5; 18) 

21.4 (10.7-
32.212) 

37.0 (27.9-
46.1; 40) 

27.8 (17.4-
38.1; 20) 

55.6 (39.3-
71.8; 20) 

Packaging with Both Positive and 
Negative Chicken Neck Skin Samples 
(% (95% CI; n)) 

10.4 (5.44-
15.3; 17) 

3.26 (0-
6.95; 3) 

19.4 (9.26-
29.6; 14) n/a 

23.9 (12.6-
35.3; 17) 

5.36 (0-
11.4; 3) 

13.0 (6.17-
19.8; 14) 

19.4 (9.26-
29.6; 14)  n/a 

Total 164 92 72 93 71 56 108 72 36 
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Table 39: Comparison of number of Campylobacter-positive and Campylobacter-negative chickens within each packaging unit of chicken(s) confirmed by PCR 

from 405 Halal chicken neck skin samples grouped into the 164 packaging units in which they were supplied (blue column). Samples have been categorised in 

three different ways; (i) Chickens Sold in Packaging and Chickens Retailed Loose (orange columns), (ii) Individually-Supplied Chickens and Batches of Chickens 

(yellow columns), and (iii) Chickens Purchased from a Supermarket and Chickens Purchased from a Specialist Halal Retailer (darker green columns). ‘Specialist 

Halal Retailers’ are categorised further as Halal Butchers or Online Halal Retailers (lighter green columns). 

Campylobacter-Status of Chickens 
within Packaging Unit Overall 

Packaged 
Chickens 

Retailed 
Loose 

Individually 
Supplied 
Chickens 

Batches of 
Chickens 

Supermark
et-Bought 
Chickens 

Specialist 
Halal 
Retailer 

Halal 
Butcher 

Online 
Halal 
Retailer 

Packaging with ≥1 
Positive Chicken Neck Skin Sample 
(% (95% CI; n)) 

68.3 (61.2-
75.4; 112) 

65.2 (53.7-
73.2; 60) 

72.2 (61.9-
82.6; 52) 

63.4 (53.7-
73.2; 59) 

74.6 (55.5-
74.9; 53) 

78.6 (67.8-
89.3; 44) 

63.0 (53.9-
72.1; 68) 

72.2 (61.9-
82.6; 52) 

44.4 (28.2-
60.7; 16 

Packaging with Negative Chicken 
Neck Skin Sample(s) 
(% (95% CI; n)) 

31.7 (24.6-
38.8; 52) 

34.8 (25.1-
44.5; 32) 

27.8 (17.4-
38.1; 20)  

36.6 (26.8-
46.3; 34) 

25.4 (15.2-
35.5; 18) 

21.4 (10.7-
32.212) 

37.0 (27.9-
46.1; 40) 

27.8 (17.4-
38.1; 20) 

55.6 (39.3-
71.8; 20) 

Total 164 92 72 93 71 56 108 72 36 
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The Likelihood of Campylobacter-Positive Packaging Containing Campylobacter-Positive 

Chicken(s) 

The chickens within each packaging unit were classified in one of three categories: all 

positive, all negative or both positive and negative (Table 40). In order to test whether there 

was a statistically significant relationship between the Campylobacter-status of packaging 

and the Campylobacter-status of the chickens, the chickens were classified in two categories 

(either positive or negative within the packaging unit); McNemar’s C2=78.3, df=1, p<0.001 

(Table 41). Additionally, there was a significant difference (W=1444, p=0.02) between the 

proportion of Campylobacter-positive chickens and whether or not the packaging was 

positive. The non-parametric Mann-Whitney U test was used for analysis as the data were 

not normally distributed (Appendix 4: Figure 35). Thus, Campylobacter-positive packaging 

was more likely to contain Campylobacter-positive chicken than Campylobacter-negative 

packaging, and vice versa. 

Table 40: Campylobacter-status of chicken neck skin samples of 405 Halal chickens packaged 

in relation to the Campylobacter-status of 164 packaging units (% (95% CI; n)). 

 
Packaging with 

All Positive 
Chicken Neck 
Skin Samples 

Packaging with 
Both Positive 
and Negative 
Chicken Neck 
Skin Samples 

Packaging with 
All Negative 

Chicken Neck 
Skin Samples Total 

Positive 
Packaging 

71.4  
(54.7-88.2; 20) 

21.4  
(6.23-36.6; 6) 

7.14  
(0-16.7; 2) 

28 

Negative 
Packaging 

55.1  
(46.8-63.5; 75) 

8.09  
(3.51-12.7; 11) 

36.8  
(28.7-44.9; 50) 

136 

 95 17 52 164 

Table 41: Campylobacter-status of chicken neck skin samples of 405 Halal chickens packaged 

in relation to the Campylobacter-status of 164 packaging units (% (95% CI; n)). 

 

Packaging with at 
least one positive 
Chicken Neck Skin 

Samples 

Packaging with All 
Negative Chicken 

Neck Skin Samples Total 

Positive Packaging 
92.9 

(83.3-100; 26) 
7.14 

(0-16.7; 2) 
28 

Negative Packaging 
63.2 

(55.1-71.3; 86) 
36.8 

(28.7-44.9; 50) 
136 

 112 52 164 
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The Likelihood of a Campylobacter-Positive Chicken Being Packaged in Campylobacter-Positive 

Packaging 

There was a statistically significant relationship between Campylobacter-status of chickens 

and Campylobacter-status of packaging (McNemar’s C2=140.34, df=1, p<0.001 (Table 42)); 

thus, a Campylobacter-positive chicken was more likely to be packaged in Campylobacter-

positive packaging than a Campylobacter-negative chicken, and vice versa. 

Table 42: Campylobacter-status of packaging of 405 Halal chickens sampled between 

February and May 2017 (% (95% CI; n)). 

 Positive Packaging Negative Packaging Total 

Positive Chicken 32.1 (26.5-37.7; 85) 67.9 (62.3-73.5; 180) 265 

Negative Chicken 10.0 (5.03-15.0; 14) 90.0 (85.0-95.0; 126) 140 

Total 99 306 405 

Campylobacter-Status of Packaging in Relation to Visible Liquid in the 
Packaging 

There was no statistically significant difference between whether or not visible liquid was 

observed inside the packaging and the Campylobacter-status of packaging (Fisher’s Exact 

Test: p=0.6) (Table 43). Whilst there was a statistically significant association with the level 

of visible liquid present in the packaging and the Campylobacter-status of packaging (C2=9.5, 

df=3, p=0.02), there was no significant trend between level of visible liquid and 

Campylobacter-status of the packaging (C2 for Trend=2.3, df=3, p=0.1) (Table 44).  
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Table 43: Number and percentage of positive packaging samples in relation to the presence 

of visible liquid, from 164 packaging samples sampled from retailers between February and 

May 2017. 

Visible Liquid in Packaging Total 
Campylobacter-Positive 
n % (95% CI) 

Yes 140 23 16.4 (10.3-22.6) 

No 24 5 20.8 (4.59-37.1) 

 164 28 17.1 (11.3-22.8) 

Table 44: Number and percentage of positive packaging samples in relation to level of visible 

liquid present, from 164 packaging samples sampled from retailers between February and 

May 2017. 

Visible Liquid in Packaging Total 
Campylobacter-Positive 
n % (95% CI) 

0 43 13 30.2 (16.5-44.0) 

1 77 8 10.4 (3.57-17.2) 
2 42 6 14.3 (3.70-24.9) 

3 2 1 50.0 (0-100) 

 164 28 17.1 (11.3-22.8) 

Comparisons to FSA Surveys 

There was a statistically significant difference in the number of Campylobacter-positive 

samples between this retail survey and Quarters 2-3 of the third year of the FSA’s retail 

survey (C2=19.6, df=1, p<0.01) and this survey and the whole of the third year of the FSA’s 

retail survey (C2=19.0, df=1, p<0.001) (Table 45). There was also a statistically significant 

difference in the number of samples with the highest level of contamination (>1000 cfu/g) 

between this retail survey and Quarters 2-3 of the third year of the FSA’s retail survey 

(C2=31.8, df=1, p<0.001) and this survey and the whole of the third year of the FSA’s retail 

survey (C2=28.5, df=1, p<0.001). 

A comparison of total number of samples, number of Campylobacter-positive chicken neck 

skin samples and outer packaging samples and percentage of chicken neck skin samples with 

each level of Campylobacter contamination from this study and the FSA Retail Surveys 2014-

2017 is available in Appendix 4: Table 93. Comparisons have been made with both the results 

for each year of the survey and the relevant quarters of each of the three surveys where 

months overlap with this survey for seasonal comparisons in prevalence and levels of 

Campylobacter.  
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Table 45: Comparison of the total number of Campylobacter-positive samples and samples 

with the highest level of contamination (>1000 cfu/g) from this study, Year 3 of the FSA’s 

Retail Survey, Quarters 2-3 of the third year of the FSA’s retail survey and standard-reared 

birds (not free-range nor organic) from Year 2 of the FSA’s Retail Survey. 

 

Halal Retail Survey: 
Feb-May 2017 – All 

Chickens 

FSA: August 2016-July 
2017 (Year 3)  
(FSA, 2017b) 

FSA: Jan-March 2017 
(Quarters 2-3, Year 3) 

(FSA, 2017b; FSA, 
2017a) 

Campylobacter-
Positive 

265 2149 1331 

Campylobacter-
Negative 

140 1831 1157 

<1000 cfu/g 349 3721 2340 

>1000 cfu/g 56 259 148 

Risk Factors for Campylobacter-Positive Chicken Neck Skin Samples and Samples with the 

Highest Level of Campylobacter Contamination (>1000 cfu/g) 

Univariable logistic regression analysis (Table 46 and Appendix 4: Table 94) revealed that 

weight was a significant risk factor for Campylobacter-positive neck skin samples (p=0.004) 

and samples with the highest level of Campylobacter contamination (p=0.002). The presence 

of visible liquid (Y/N) was a significant protective factor against Campylobacter-positive neck 

skin samples (OR=0.08 (95% CI:0.01-0.3); p<0.001) and visible liquid (scored 0-3) was a 

significant protective factor against the highest level of Campylobacter contamination 

(p=0.02). Date of purchase was also a significant risk factor for both outcomes (Positive: 

p<0.001; >1000 cfu/g: p<0.001).  

All predictor variables with p-values <0.25, as determined by the LRT statistic, were included 

in an initial mixed-effects logistic regression model, which was then subjected to deletion 

testing where variables with a LRT p-value <0.05 were retained in order to produce the final 

most parsimonious model. The predictor variables weight, cost (£/chicken) and cost (p/kg) 

were highly correlated; only weight was included in the initial mixed-effects logistic 

regression models because it was considered a better proxy for bird age than cost. As birds 

were purchased in multipacks, in boxes and as part of money-saving deals, weight was also 

the most accurately measured variable of these. 

A mixed-effects logistic regression model was made for the outcome Campylobacter-

positive. The weight of the chicken and the absence of visible liquid in the packaging were 

associated with chicken neck skin samples being positive for Campylobacter (Table 47). For 

every kilogram increase in chicken weight, the chicken neck skin sample was significantly 
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more likely (OR=8.3; 95% CI: 6.7-10.0; p=0.01) to be Campylobacter-positive. The presence 

of visible liquid in the packaging was protective against the chicken being positive for 

Campylobacter (OR=0.03; 95% CI: 0.02-0.4). The estimated ICC suggested that 28.7% of the 

variation in the risk of a sample being Campylobacter-positive was due to packaging-level 

effects, 35.7% was due to shop-level effects, 10.2% was due to slaughterhouse-level effects 

and 25.4% was due to other effects. The fixed effects in the final model explained very little 

of the variation; only 1.4% of the sample-level variation, 4.3% of the packaging-level 

variation, 2.6% of the shop-level variation and 11.7% of the slaughterhouse-variation were 

explained by the fixed-effects. 

Following deletion testing, only weight remained in the mixed-effects logistic regression 

model for chickens with the highest level of Campylobacter contamination (>1000 cfu/g) 

(Table 47). For every kilogram increase in chicken weight, the chicken neck skin sample was 

significantly more likely (OR=6.8; 95% CI: 5.9-7.8; p<0.001) to have the highest level of 

Campylobacter contamination. The estimated ICC suggested that none of the variation in the 

risk of a sample being Campylobacter-positive was due to packaging-level effects, 14.8% was 

due to shop-level effects, 7.1% was due to slaughterhouse-level effects and 78% was due to 

other effects. The fixed effects in the final model explained very little of the variation; only 

8.7% of the sample-level variation, 0% of the packaging-level variation, 1.7% of the shop-

level variation and 1.1% of the slaughterhouse-variation were explained by the fixed-effects. 
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Table 46: Univariable Analysis for twelve independent, binomial, continuous and categorical 

predictor variables for 405 Halal chickens sampled from retailers between February and May 

2017. Blue highlighted cells are those with a LRT P-value <0.25, green highlighted cells are 

those with a LRT P-value <0.05. Further analysis is provided in Appendix 4: Table 94. OR = 

Odds Ratio; CI = Confidence Interval. 

Variable Campylobacter-Positive Chicken >1000 cfu/g 

 OR 95% CI P-Value OR 95% CI P-Value 

Weight    1 1.00-1.00 0.002 

Weight^3   0.004    

Weight 1.02 1.01-1.03 0.008    

Weight^2 1.00 1.00-1.00 0.02    

Weight^3 1.00 1.00-1.00 0.03    

Cost (£/Chicken)    1.17 0.93-1.44 0.2 

Cost 
(£/Chicken)^3   0.06    

Cost 36.40 
2.29-

771.66 0.01    
Cost 

(£/Chicken)^2 0.43 0.19-0.85 0.02    
Cost 

(£/Chicken)^3 1.06 1.01-1.13 0.03    

Cost (p/kg)    1.00 0.99-1.00 0.1 

Cost (p/kg)^3   <0.001    

Cost (p/kg) 0.82 0.73-0.91 <0.001    

Cost (p/kg)^2 1.00 1.00-1.00 0.002    

Cost (p/kg)^3 1.00 1.00-1.00 0.004    

Date Purchased   <0.001   <0.001 

March REF REF REF REF REF REF 

April 0.07 0.03-0.15 <0.001 0.19 0.09-0.40 <0.001 

May 0.14 0.06-0.28 <0.001 0.24 0.12-0.47 <0.001 

Visible Liquid   <0.001   0.02 

0 REF REF REF REF REF REF 

1 0.11 0.02-0.36 0.002 0.49 0.23-1.12 0.08 

2 0.06 0.01-0.22 <0.001 0.28 0.11-0.72 0.008 

3 0.06 0.01-0.25 <0.001 0.19 0.04-0.69 0.02 

Visible Liquid 
(Y/N)       

Visible Liquid 
Absent REF REF REF REF REF REF 

Visible Liquid 
Present 0.08 0.01-0.28 <0.001 0.38 0.18-0.85 0.2 

Positive 
Packaging       
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Negative 
Packaging REF REF REF REF REF REF 

Positive Packaging 4.25 2.38-8.11 <0.001 3.58 1.99-6.44 <0.001 

Approval Code   <0.001   <0.001 

Others1 REF REF REF REF REF REF 

AC2, AC6, AC7, 
AC8 2.21 1.42-3.45 <0.001 4.69 

2.00-
13.78 0.001 

Approval Code   <0.001   <0.001 

Others1 REF REF REF REF REF REF 

AC2 1.60 0.46-6.40 0.5 8.25 
1.49-
40.57 0.01 

AC6 6.97 
3.71-
13.75 <0.001 8.85 

3.64-
26.54 <0.001 

AC7 0.76 0.44-1.31 0.3 0.95 0.23-3.68 0.9 

AC8 2.82 1.39-6.00 0.005 3.35 
1.02-
11.83 0.05 

Approval Code   <0.001   <0.001 

Others1 REF REF REF REF REF REF 

AC6 6.29 
3.59-
11.73 <0.001 5.44 

3.01-
10.11 <0.001 

Type of Retailer       

Halal Butcher or 
Online Retailer REF REF REF REF REF REF 

Supermarket 1.56 0.87-2.90 0.1 1.19 0.54-2.41 0.7 

Type of Retailer   0.01   0.004 

Supermarket REF REF REF REF REF REF 

Halal Butcher 0.71 0.38-1.28 0.3 0.96 0.47-2.12 0.9 

Online Halal 0.29 0.12-0.68 0.005 0.00 
0-

66342.24 1.0 

Type of Retailer   0.01   0.004 

Supermarket 1.41 0.78-2.64 0.3 0.18 0.13-0.24 <0.001 

Halal Butcher REF REF REF REF REF REF 

Online Halal 0.41 0.20-0.82 0.01 0.00 

0-
2069683.2

5 1.0 

Individually-
Supplied       

Supplied in a 
Batch REF REF REF REF REF REF 

Individually-
Supplied 0.89 0.55-1.46 0.6 0.70 0.32-1.39 0.3 

Packaged Chicken       

Retailed Loose REF REF REF REF REF REF 

Packaged Chicken 0.87 0.54-1.40 0.6 0.63 0.29-1.24 0.2 

1 For Approval Code, ‘Others’ includes chickens from ‘Unknown’ approval codes and approval codes 
only sampled on one occasion (AC1, AC3, AC4, AC5, AC9) and was used for comparisons with codes 
that had been sampled on more than one occasion (AC2, AC6, AC7 and AC8).  
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Table 47: Final multi-level logistic regression model for the binomial outcome, 

Campylobacter-positive and the highest level of Campylobacter contamination (>1000 cfu/g), 

for 405 Halal chickens sampled from retailers between February and May 2017. Further 

analysis is provided in Appendix 4: Table 95. B = Estimate (b); SE = Standard Error; OR = Odds 

Ratio; CI = Confidence Interval. 

Outcome Covariates* B SE OR Lower CI Upper CI z-value P-Value 

Campylobacter-
Positive 

Weight (kg) 2.12 0.85 8.34 6.68 10.00 2.50 0.01 

Visible Liquid (Y/N) -3.60 1.34 0.027 0.002 0.38 -2.69 0.007 

>1000 cfu/g Weight (kg) 1.92 -0.49 6.83 5.86 7.79 3.89 <0.001 

* The continuous variable ‘Weight (g)’ was scaled to aid model convergence and then converted to 
‘Weight (kg)’ to aid interpretation. The OR and 95% CI for the unscaled covariate were calculated by 

dividing the scaled OR and 95% CI by the standard deviation of the unscaled covariate. Further 
analysis is provided in Appendix 4: Table 95. 

Discussion 

This study estimates the prevalence of Campylobacter in UK Halal chicken to be 65.4% (95% 

CI: 60.8-70.1%). This study provides the most recent prevalence estimate of Campylobacter 

in UK Halal chicken with a much larger sample size than a previous UK retail survey of Halal 

chicken meat conducted two decades prior to this study. In 1999, Little et al. (1999) sampled 

raw prepared meats from 105 Halal butchers’ premises and found 50% (21/42) of raw 

chicken samples were positive for Campylobacter. 

In 2010, the Food Standards Agency (FSA) and the UK poultry industry set up a joint target to 

reduce Campylobacter in UK-produced chicken, focussing on reducing the prevalence of the 

most contaminated chickens, which are most likely to infect consumers (Nauta et al., 2009; 

FSA, 2010). The target was to reduce the prevalence of these most contaminated chickens 

(>1000 cfu/g) to below 10% at the end of the slaughter process by the end of 2015. The FSA 

has conducted three annual retail surveys since 2014, estimating a reduction in the 

prevalence of Campylobacter in raw chicken meat over this time from 73.2% to 54% and a 

significant decrease in the percentage of chickens with the highest levels of Campylobacter 

(>1000 cfu/g) from 19.7% to 6.5% (FSA, 2017b). 

The third year of the FSA’s retail survey (August 2017-July 2017) coincided with the sampling 

time-frame of this study. In the design of this study, the same sampling technique and 

laboratory methodology was used as in the FSA retail surveys to allow comparisons of the 

prevalence and levels of Campylobacter contamination between Halal and non-Halal 

chickens. This study found a 65.4% prevalence of Campylobacter-positive chicken neck skin 
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samples and the 13.8% of samples had the highest level of contamination (>1000 cfu/g). Both 

of these values are significantly higher (p<0.001) than the FSA’s findings of 54% and 6.5% 

(FSA, 2017b). The last two quarters of the third year of the FSA’s retail survey (January-March 

2017 and April-July 2017) found prevalences of 48.8% (FSA, 2017a) and 56.9% (FSA, 2017b) 

with the highest level of Campylobacter contamination in 6.5% and 5.9%, samples, 

respectively. When compared with these last two quarters to account for possible seasonal 

variation, this study still found significantly higher (p<0.001) prevalences and levels of 

Campylobacter contamination (Appendix 4: Table 93). In the first two years of the FSA’s retail 

survey, packaging samples were also tested for Campylobacter (Appendix 4: Table 93). In the 

first year, 6.8% of packaging samples were Campylobacter-positive (FSA, 2015b), decreasing 

to 5.5% (N=3002) in the second year (FSA, 2017c). These prevalences are lower than the 

17.1% of Campylobacter-positive packaging samples found in this survey. It should be noted 

that it was not possible to sample the same geographical area as the FSA in this study. 

Sampling for the FSA surveys was stratified with retail outlets sampled based on market share 

data and spread across the entirety of the UK to reflect population sizes. Due to funding 

limitations, this study focussed sampling to the local region in areas with high density of 

Muslim residents and utilised online shopping resources. As sample collection was not 

identical between this study and those of the FSA, this may have introduced a level of 

sampling bias and should be taken into consideration when comparing the studies’ 

prevalence estimates. 

A number of recent European retail surveys have been conducted and found similar 

Campylobacter prevalence rates ranging from 76% in France (Guyard-Nicodeme et al., 2015), 

39.4% in Spain (García-Sánchez et al., 2018), 45.7-66.7% in Italy (Nobile et al., 2013; Stella et 

al., 2017; Menchetti et al., 2018) and 41.6-54.4% in Poland (Andrzejewska et al., 2015; Korsak 

et al., 2015; Wieczorek and Osek, 2015). Worldwide, prevalence rates vary, with reported 

rates of 17.2-51.3%% in China (Bai et al., 2014; Ma et al., 2014; Huang et al., 2016; Ma et al., 

2017; Zhu et al., 2017;), 10.8-39% in the USA (Mollenkopf et al., 2014; Noormohamed and 

Fakhr, 2014; Berrang, Oakley and Meinersmann, 2016; Whitehouse et al., 2018) and 14.2-

83% in South America (Signorini et al., 2014; Hungaro et al., 2017; Ristori et al., 2017; Lopes, 

Landgraf and Destro, 2018). These studies varied in the portion of meat tested (for example, 

chicken breast, chicken legs/thighs/wings and/or chicken mince) and in their methodology. 

Therefore, comparisons to this study’s reported prevalence rate should be made with care. 
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This study aimed to investigate if the way that Halal broiler chickens (‘broilers’) are reared, 

packaged and retailed affected the prevalence and levels of Campylobacter. Hypotheses for 

any differences between Halal and non-Halal chicken meat included an increased number of 

partial flock depopulation (or ‘thinning’) events, and therefore biosecurity breaches, on 

broiler farms rearing Halal broilers, and differences in the way meat was retailed, including 

less plastic packaging, which may decrease Campylobacter survival in chicken meat but 

increase cross-contamination between chickens. In the UK, Halal consumers have two main 

options for purchasing Halal meat; major supermarkets and independent Halal butchers 

(EBLEX, 2010). However, the value chains of the Halal meat market in the UK are not well 

described. Thus, it was initially intended that chickens purchased from supermarkets would 

be compared with chickens purchased from independent Halal butchers to assess differences 

in the rearing, packaging and supply of Halal chicken meat. 

Halal chickens purchased from major supermarkets (defined as shops belonging to the 

supermarkets with the nine largest market shares) and specialist Halal retailers (both 

independent Halal butchers and online Halal retailers) were investigated. There was no 

statistically significant difference between the number of Campylobacter-positive chickens 

(p=0.2) or the number of chickens with the highest level of contamination (p=0.8) purchased 

from a supermarket and those purchased from a specialist Halal retailer. However, there was 

a significant difference between the number of Campylobacter-positive chickens (p=0.02) 

and the number of chickens with the highest levels of Campylobacter contamination 

(p=0.008) purchased from a Halal butcher compared to an online Halal retailer. 

From anecdotal evidence, it was initially hypothesised that Halal chicken retailed in major 

supermarkets would be more likely to be produced on farms assured under farm assurance 

schemes, such as the Red Tractor assurance scheme (Red Tractor, 2017). Assurance schemes, 

such as Red Tractor, have stipulations regarding on-farm biosecurity measures and thinning 

and require at least a reversible stun at slaughter. Therefore, these supermarket chickens 

will typically be associated with large slaughterhouses, which are more likely to package meat 

in sealed plastic packaging and supply major supermarkets. It was hypothesised that Red 

Tractor birds would be less likely to be infected with Campylobacter at slaughter due to the 

focus on farm biosecurity, and because the packaging would be less likely to be contaminated 

with Campylobacter due to the automated packaging lines and interventions to reduce 

contamination that exist within large slaughterhouse operations. Conversely, it was 

hypothesised that Halal chicken sold by Halal butchers would be produced on farms not 



Chapter 5 

 
204 

under assurance schemes, processed in small- to medium-sized slaughterhouses and then 

transported in cardboard boxes to wholesalers, before being sold to butchers’ shops where 

chicken is sold loose from a butcher’s counter. In addition, any purchased meat certified by 

the Halal Monitoring Committee (HMC), would not be assured by the Red Tractor scheme. 

Red Tractor requires pre-slaughter stunning, whereas the HMC does not permit stunning. 

However, it was difficult to distinguish for every purchase which Halal certification scheme 

chickens were accredited by, if any. Additionally, purchased chickens were labelled with 

slaughterhouse approval codes that are associated with poultry integrators who own or 

contract farms which require their suppliers to meet Red Tractor certifications on farm. 

Ultimately, none of the purchased chickens, whether purchased from supermarkets or 

specialist Halal retailers, were labelled with the logo of the Red Tractor or any other 

recognised farm assurance scheme. For example, it was reported in 2013, that 60% of farms 

supplying 80% of Gafoor’s (a Halal poultry integrator) chicken meat were Red Tractor assured 

(Davies, 2013). However, none of the purchased chickens labelled with the Gafoor approval 

code were labelled as Red Tractor. Thus, it can be assumed that some of the chickens 

purchased from Halal butchers were farmed under assurance schemes and comparisons of 

chickens purchased from supermarkets and independent Halal butchers to assess farming 

methods would be flawed. 

In addition, comparison of the type of retailer did not effectively separate the types of 

packaging in which chickens were supplied to consumers. Whilst the majority of individually 

packaged chickens for this study were purchased from major supermarkets, specifying type 

of retailer did not take into account chickens sold by online Halal retailers which were 

packaged in sealed plastic packaging, which would reduce Campylobacter contamination 

(Burgess et al., 2005). Whereas all of the chickens purchased from independent Halal 

butchers were sold loose from a butcher’s counter and when more than one chicken was 

sampled from an individual retailer, these were supplied in cardboard boxes or in carrier bags 

of multiple chickens. The significant difference in Campylobacter-positivity and levels of 

Campylobacter contamination observed between chickens purchased from Halal butchers 

and those purchased from online Halal retailers may be due to these differences in 

packaging. Overall, this study identified 13 different variations in packaging, as described in 

Table 26. As described above and found in previous retail surveys (FSA, 2015b; 2017c), type 

of packaging was highly correlated with retailer type and it was not possible to differentiate 

between the 13 packaging variations in the analysis due to confounding. 
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Therefore, comparisons were made by categorising chickens as ‘individually-supplied’ and 

‘batches of chickens’. There were no statistically significant differences in testing positive for 

Campylobacter or in detection of >1000 cfu/g between individually-supplied chickens and 

chickens supplied in batches (Positive: p=0.7; >1000 cfu/g: p=0.4). However, the 

categorisation of ‘individually-supplied’ included chickens sold from a butcher’s counter in a 

Halal butcher’s shop but supplied to the consumer individually in one or more carrier bag(s), 

which does not account for the risk of cross-contamination prior to purchase. Additionally, 

‘batches of chickens’ included batches of chickens from supermarkets and online Halal 

retailers where small-sized or ‘baby’ chickens were sold together in one individual sealed 

plastic package, where although cross-contamination could occur between the birds, the 

overall risk of Campylobacter to the consumer was decreased due to the plastic packaging 

(Burgess et al., 2005). 

The best comparisons were made by categorising chickens as ‘packaged’ and ‘retailed loose’. 

It was observed that major supermarkets and online Halal retailers only supplied chickens in 

plastic packaging and chickens purchased from a butcher’s counter in a Halal butcher’s shop 

were supplied to the consumer in plastic carrier bags and/or cardboard boxes (Appendix 4: 

Table 92). Loose chickens are at risk of cross-contamination during transport to the retailer 

and whilst on sale; for example, during close-contact on the butcher’s counter. During 

handling, preparation and sale of the meat, cross-contamination of the chicken or packaging 

may occur from the butcher’s hands, utensils or work surfaces, particularly if the meat is 

prepared or portioned for the customer. Further cross-contamination can occur during 

transport if the chicken is in contact with other purchased raw chicken or meat products and 

during storage in the consumer’s home. Additionally, packaging of loose chickens is often in 

used cardboard boxes, which may be contaminated, or carrier bags, which are not sterile. 

During sampling for this study, chickens were supplied in carrier bags that were branded with 

the logos of other retailers, such as pharmacies, indicating that these bags were being re-

used and may not be sanitary. However, there is much less risk of cross-contamination 

between packaged chickens purchased in supermarkets and from online retailers provided 

the process by which they are packaged minimises cross-contamination.  

Other studies comparing the Campylobacter contamination of chicken meat from different 

retailers have found varying levels of difference. Meldrum and Wilson (2007) did not find a 

statistically significant difference between the prevalence of Campylobacter in chicken 

purchased from supermarkets and butchers in the UK. However, Harrison et al. (2001) found 
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a significantly (p<0.05) higher prevalence of Campylobacter in three supermarkets’ chicken 

compared to chicken purchased from three local butchers’ shops. Most notably, in the third 

year of the FSA’s retail survey (FSA, 2017b), the group of ‘Others’, consisting of smaller 

retailers and butchers, had significantly more samples with levels of Campylobacter >1000 

cfu/g (17.1%) than the average among the nine named supermarkets (5.6%). Furthermore, 

García-Sánchez et al. (2018) found that 45.3% of unpackaged chicken was Campylobacter-

positive compared to 33.6% of packaged chicken in Spain. 

In this study, there was no statistically significant difference in Campylobacter-positive 

chickens or in detection of >1000 cfu/g between packaged birds and birds retailed loose 

(Positive: p=0.6; >1000 cfu/g: p=0.3). However, packaging from chickens retailed loose was 

more likely to test positive for Campylobacter than packaged chickens (p=0.003) and 8.7% of 

packaging samples from packaged chickens were contaminated with Campylobacter, 

whereas 27.8% of chickens retailed loose were Campylobacter-positive.  

The sample size of the packaging samples in this study was smaller than the second year of 

the FSA’s retail survey. Also, the number of packaging samples collected in this study was 

smaller than the number of chicken neck skin samples because many chickens purchased 

from Halal butchers were supplied in batches; from 405 Halal chickens, 164 packaging 

samples were collected, 92 from the packaging of packaged chickens and 72 from chickens 

retailed loose. However, the number of samples from these two categories are comparable 

and the difference in Campylobacter-positive packaging samples is notable (8.7% vs. 27.8%) 

and significant (p=0.003). The second FSA survey found 5.5% positive packaging samples 

(FSA, 2017c). However, only 284 out of a total of 3002 packaging samples in this FSA survey 

were collected from retailers who are not a major supermarket and some of which only sell 

packaged chicken. Thus, the prevalence estimate of packaging samples from packaged 

chickens in this survey is very similar to the FSA’s estimate. 

As in this survey, studies comparing the Campylobacter contamination of the external 

packaging of chicken meat from different retailers have found varying levels of difference. 

Harrison et al. (2001) also sampled external packaging and found 3% contamination overall; 

4% of packaging samples from supermarkets and 2% from butchers. Moreover, a significant 

difference in the Campylobacter prevalence (p=0.006) and levels (p<0.0001) between 

supermarkets (35.8%; 152.3 cfu/g) and wet markets (66.7%; 2183.6 cfu/g) was found in a 

study in China (p=0.006) (Huang et al., 2016). 
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Other studies investigating Campylobacter contamination of external packaging samples 

have focussed more on different packaging types than retailer type. Burgess et al. (2005) 

found Campylobacter on 3% of raw chicken external packaging samples and noted that the 

external packaging of whole chicken was contaminated more frequently with Campylobacter 

(8%) than that of chicken portions (2.3%). Burgess et al. commented that the external 

packaging from samples that were supplied in trays with a heat-sealed plastic lid, such as for 

chicken portions, were much less likely to be Campylobacter-contaminated compared with 

other packaging types, such as a plastic or polystyrene tray with plastic wrapping, such as 

those for whole chickens. Birk et al. (2004) demonstrated that C. jejuni has prolonged survival 

(>30 days) at refrigeration temperatures and concluded that Campylobacter-contaminated 

chicken juice will remain a long-term significant risk for cross-contamination if not 

disinfected. Jørgensen et al. (2002) reported that the likelihood of detecting Campylobacter 

spp. in a raw chicken appeared not to be significantly influenced by sample type, but 

examination of samples containing carcass rinse fluid and neck-skin detected a higher 

Campylobacter count than examination of the neck-skin sample alone. The environment 

created in a pre-packaged chicken permits the survival of Campylobacter for several weeks 

at low temperatures (Griffiths and Park, 1990). Thus, the integrity of seals on food packaging 

is of critical importance to preventing leakage of meat juices and subsequent cross-

contamination of other foods and surfaces (Cogan et al., 2002; Burgess et al., 2005). Berrang, 

Oakley and Meinersmann (2016) sampled external packaging of chicken meat and the only 

positive sample (1/105) was from packaging with a leaky seal. In this survey, 24 chickens 

purchased from online Halal retailers were provided on plastic or polystyrene trays and 

wrapped with cling film, which are more likely to leak and cause cross-contamination than 

the chickens provided on trays with heat-sealed plastic overwrapping (N=53) and vacuum-

packed chickens (N=23). 

During sampling, the level of liquid present in the packaging was given one of four scores (0-

3; 0 = no liquid, 3 = large amount of liquid) to investigate if the presence of liquid in the 

packaging promotes Campylobacter survival. Campylobacter spp. survive best in wet 

conditions and at low temperatures (Cook and Bolster, 2001) with survival being extremely 

poor in dry conditions (Jones, 2001). Campylobacter does not normally multiply on food 

products because growth only occurs in a narrow temperature interval (31–45°C) and 

requires 5–7% oxygen and 10% carbon dioxide (Notermans and Hoogenboom-Verdegaal, 

1992; Birk et al., 2004). Raw chicken sampled at retail may on average have lower levels of 

Campylobacter spp. compared to those present immediately after slaughter, as 
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Campylobacter spp. levels are known to reduce during the shelf-life of the chicken at retail-

sale (Purnell, Mattick and Humphrey, 2003). However, in the first two years of the FSA’s retail 

surveys no association was found between the highest levels of contamination and the length 

of shelf-life remaining in days, i.e. with those birds that are closer to their production date 

(FSA, 2015b; 2017c). In this study, it was not possible to investigate the effect of time of test 

in relation to shelf-life as use-by dates were not provided for the majority of chickens 

purchased from specialist Halal retailers. Modified atmosphere packaging (MAP) alters the 

ratio of gases (typically nitrogen, carbon dioxide and oxygen) within food packaging, thereby 

increasing the shelf-life of foodstuffs by reducing the growth of the microbes which cause 

food spoilage (Rouger et al., 2018). This survey only purchased chickens packaged in MAP in 

major supermarkets. To create a modified atmosphere, typically the level of oxygen is 

decreased, and carbon dioxide increased to 30-50%. Campylobacter spp. are obligate 

microaerophilic bacteria and do not tolerate atmospheric oxygen levels as well as aerobic 

organisms. Thus, the effect of package atmosphere on Campylobacter survival is unclear 

(Luber and Bartelt, 2007). Whilst Luber and Bartelt (2007) found that the prevalence of 

external Campylobacter-contamination was lowest on chicken fillets packed under modified 

atmosphere and MAP prevented the growth of Campylobacter better than vacuum packing, 

other studies have shown decreased survival in higher levels of oxygen (Koidis and Doyle, 

1983; Grigoriadis et al., 1997). In this survey, there was a significant association between the 

level of visible liquid in the packaging and the total number of positive Campylobacter 

chicken neck skin samples (p<0.001), detection of >1000 cfu/g (p=0.02) and level of 

Campylobacter contamination (p=0.005). There was also a significant trend that as more 

visible liquid was present, the likelihood of total number of positive Campylobacter chicken 

neck skin samples (p<0.001) and detection of >1000 cfu/g (p=0.003) decreased. There was a 

statistically significant difference between whether or not visible liquid was observed inside 

the packaging and total number of Campylobacter-positive chicken neck skin samples 

(C2=16.3, df=1, p<0.001) and detection of >1000 cfu/g (C2=5.3, df=1, p=0.02). This indicated 

that visible liquid in the packaging was protective against Campylobacter contamination of 

the meat. However, whilst there was no statistically significant difference between whether 

or not visible liquid was observed inside the packaging and the positivity of packaging, there 

was a statistically significant association with the level of visible liquid present in the 

packaging and the positivity of packaging (p=0.024). This indicates that the presence of liquid 

in the packaging promotes the survival of Campylobacter and presents a risk of cross-

contamination of which consumers should be aware. Moreover, it was revealed that there is 
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a significant relationship between the Campylobacter-status of chicken and the packaging it 

is packaged within. Not only was a Campylobacter-positive chicken more likely to be 

packaged in Campylobacter-positive packaging (p<0.001) but Campylobacter-positive 

packaging was more likely to contain Campylobacter-positive chicken (p=0.004), confirming 

the risk of cross-contamination from chickens to their packaging and the risk this presents to 

consumers. In the mixed-effects models for Campylobacter-positive chicken neck skin 

samples, the presence of visible liquid in the packaging was protective against Campylobacter 

positive chicken. However, this protective effect needs to be interpreted with care, as the 

presence of visible liquid in the packaging may be confounded by the type of packaging. For 

example, there was significantly more visible liquid present in the packaging of chickens sold 

in packaging than that of the chickens retailed loose, due to the sealed plastic packaging 

retaining liquid within the packaging. 

This retail survey did not find a statistically significant difference between packaged chickens 

and chickens retailed loose. Therefore, the higher prevalence and levels of Campylobacter in 

this study compared to other UK retail surveys is unlikely to be due to differences in the way 

Halal meat is supplied to consumers in the UK. The UK poultry industry is highly integrated, 

with the top four integrator companies, who supply the major supermarket retailers, 

accounting for over 80% of total UK production2 (Linden, 2015; Davies and Wasley, 2017). 

The remaining 20% of production is supplied by independent companies, one of whose main 

markets is the Halal sector (Linden, 2015). Recently, due to retailer pressure and responding 

to the FSA’s target to reduce Campylobacter in chicken, the top integrator companies have 

overhauled their approach to biosecurity along the whole farm to fork chain. This has 

included reducing the number of thinning events on broiler farms to usually no more than 

one per flock and improving adherence to biosecurity protocols. Whilst this behaviour 

change has been widely seen within the main integrator companies, and is discussed in depth 

in Chapter 2, the pressure to change may not have been felt as widely on farms producing 

chicken for the Halal market. This may contribute to why this survey has found a higher 

prevalence of Campylobacter-positive chicken samples and more samples with the highest 

                                                             

2 Since the publication of the articles supplying these data (Linden, 2015; Davies and Wasley, 2017), 
two of the UK’s largest poultry integrators, Faccenda and Cargill, merged to form avara foods in 
December 2017 (Black, 2018). 
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level of contamination than the corresponding FSA survey (FSA, 2017b) which predominantly 

surveyed those retailers supplied by the largest integrators. 

There was a significantly higher number of positive chicken samples in March compared to 

April and May (p<0.001) and date of purchase was also a significant risk factor for both 

outcomes in the univariable logistic regression analysis (Campylobacter-Positive: p<0.001; 

>1000 cfu/g: p<0.001). However, these monthly breakdown results should be interpreted 

with care. The convenience sampling of the chickens was not structured, and may be biased 

as certain retailers, geographical areas and some slaughterhouse approval codes featured 

more heavily in some months than others. Additionally, some of the confidence intervals for 

levels of Campylobacter contamination are large, which may be due to small sample numbers 

once assigned to a month. 

The slaughterhouse approval code can be used to investigate the source of the chickens. 

There was a significant association between approval code and total number of 

Campylobacter-positive chicken neck skin samples (p<0.001), detection of >1000 cfu/g 

(p<0.001) and level of Campylobacter contamination (p<0.001). This may indicate differences 

in hygiene between slaughterhouses. Interventions along the processing line have been 

shown to reduce the levels of Campylobacter contamination on broiler carcasses (BIOHAZ, 

2011; Hansson et al., 2018). Thus, some slaughterhouses may need to improve hygiene 

within their plants or introduce interventions to reduce carcass contamination. It was found 

that there were some large slaughterhouses whose products were sampled more than other 

smaller slaughterhouses who were only sampled in small numbers. As in previous surveys 

(Meldrum, Smith and Wilson, 2006), this was an expected part of the survey, and is 

considered to reflect the choices that consumers are given. However, some approval codes 

were only sampled on one day, and in some cases only from one shop on one day, which may 

reflect the Campylobacter status of one flock of chickens, or batches of chickens, being 

processed in the slaughterhouse on the same day, and would not be representative of the 

approval code from which they originate. Approval Codes AC2, AC6, AC7 and AC8 were 

sampled on more than one day. When these approval codes were compared, there was still 

a significant association between approval code and total number of positive Campylobacter 

chicken neck skin samples (p<0.001), number of chicken neck skin samples with >1000 cfu/g 

(p<0.001) and level of Campylobacter contamination (p<0.001). If chickens from the 

remaining five approval codes (AC1, AC3, AC4, AC5, AC9) and chickens with unknown codes 

are combined into a fifth category of ‘Others’, there is also a significant association between 
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approval code and total number of positive Campylobacter chicken neck skin samples 

(p<0.001), number of chicken neck skin samples with the highest level of contamination 

(>1000 cfu/g) (p<0.001) and level of Campylobacter contamination (p<0.001). Other retail 

surveys have also found that prevalence and counts are producer-dependent (Kudirkiene et 

al., 2013; Abu-Madi et al., 2016), including the first two years of the FSA’s retail survey (the 

third year did not analyse variations in results for approval codes), which found a statistically 

significant difference between approval codes (p<0.0001). 

As previously mentioned, the slaughterhouse approval code was used to investigate the 

source of the chickens. The value chains of the Halal meat market in the UK are not well 

described and the source of the purchased Halal chicken meat was difficult to track 

throughout the survey. In this study, it was not possible to find an approval code on the 

packaging of 14.3% (n=58) of the chickens and a further 5.7% (n=23) could only be traced 

back to a cutting plant and not the originating slaughterhouse. Consistent traceability is vital 

for food safety and to ensure consumer confidence in the industry. Furthermore, it was not 

possible to document the percentage of the meat that was stunned before slaughter. The 

only reliable method available to consumers to identify whether or not meat has been 

stunned is utilisation of an accreditation mark by either the HMC or Halal Food Authority 

(HFA), who do and do not insist upon stunning before slaughter, respectively. Moreover, 

none of the Halal chicken meat purchased from major supermarket retailers in this study was 

labelled as to its pre-slaughter stunning status. This is particularly important within consumer 

demographics such as the Halal market where consumers make purchasing decisions based 

upon whether the meat has or has not been stunned. If the source or nature of the meat is 

not transparent, consumers are not able to make informed purchasing decisions, which is of 

paramount importance particularly for those governed by specific religious doctrines. Future 

work should endeavour to map the value chains of the UK Halal chicken industry, gain 

accurate figures of the proportion of stunned and non-stunned meat and investigate the 

need for more informative product labelling for both Muslim and non-Muslim consumers 

purchasing stunned and non-stunned Halal meat. 

Chickens were assigned into the three weight categories used by the FSA in their recent retail 

surveys 2017 (FSA, 2015b; 2017b; 2017c). This enabled analysis to determine whether size, 

which may be linked to the age of the chicken at slaughter and whether the flock had been 

thinned, is associated with the level of Campylobacter present. There are a small number of 

fast-growing broiler breeds that are farmed on UK broiler farms. These breeds grow at similar 
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rates to reach a final slaughter weight of 2.5kg by ~42 days. Thus, heavier birds are older and 

weight can be used a proxy for age in statistical tests. As Halal farms are thinned more often, 

older birds will have been exposed to these multiple breaches in biosecurity over the course 

of their lives, exposing the birds to Campylobacter and posing an infection risk. Additionally, 

at slaughter there will be more variation in the size of older birds. This increases the risk of 

gut spillage and cross-contamination of other carcasses on the automated slaughter line. 

Thus, it can be hypothesised that heavier birds are more likely to be Campylobacter-positive. 

In this study, large birds were not significantly more likely to be Campylobacter-positive. 

However, large birds were significantly more likely to be contaminated with the highest levels 

of Campylobacter contamination (>1000 cfu/g) (p<0.001). Moreover, there was a trend that 

as bird size increases, the likelihood of samples being contaminated with the highest levels 

of contamination also increased (p=0.003). When weight was investigated as a continuous 

variable, it was still found that as bird weight increased, birds were statistically more likely to 

be Campylobacter-positive (p=0.02) and to be contaminated with >1000 cfu/g (p=0.01). 

Mixed-effects logistic regression analysis also found a relationship between weight and a 

sample being Campylobacter-positive (OR=8.3 (95% CI: 6.7-10.0); p=0.01) and having the 

highest level of Campylobacter contamination (OR=6.8 (95% CI: 5.9-7.8); p<0.001). This 

supports the hypothesis that heavier, and therefore older, birds pose a greater risk of 

Campylobacter contamination. These findings are similar to the first two years of the FSA’s 

retail survey, which found that medium and large birds had a significantly higher number of 

samples with >1000 cfu/g (FSA, 2015b; 2017c).  

Cost can also be used as a proxy for age, as heavier, and therefore older, birds are more 

expensive. Birds that are more expensive to produce because they are from farms producing 

assured meat or processed in slaughterhouses charging a premium for higher standards, such 

as Campylobacter control, will also have this extra expense passed onto the consumer (ABM, 

2005). The cost per kilogram of chicken meat (p/kg) was significantly associated with the 

Campylobacter status of chicken (p=0.03), with detection of >1000 cfu/g (p=0.04) and with 

the level of Campylobacter contamination (p=0.002). The cost of an individual chicken 

(£/chicken) was also investigated but was not associated with Campylobacter status or level 

of Campylobacter contamination of chicken. However, due to differences in type of retailer, 

location and available discounts, cost is not as accurate a proxy for age as weight. 

Quantitative real-time PCR (qPCR) was used as another method to enumerate the levels of 

Campylobacter contamination on chicken neck skin samples. There was a significant 
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difference between the level of contamination detected by culture and by qPCR (p=0.01), 

with qPCR detecting more Campylobacter-positive samples than enumeration by culture, 

indicating that qPCR was a more sensitive method of detection. However, the Campylobacter 

detected by qPCR may be viable but non-culturable (VBNC) but could still pose a public health 

risk. qPCR can also detect non-viable and dead bacteria which do not pose a risk to public 

health. Even if the Campylobacter detected by the qPCR are non-culturable, the presence of 

the bacteria indicates that the chicken has either been infected with Campylobacter prior to 

slaughter or contaminated during processing. However, this does not provide an accurate 

representation of the risk to public health. qPCR detected lower levels of Campylobacter than 

enumeration by culture in 37 samples. This may be due to storage of the chicken skin 

homogenate at -20°C after sampling and prior to qPCR, or due to inaccuracies in counting 

the enumeration plates due to the presence of colonies that resembled the typical colony 

morphology of Campylobacter. Interestingly, it was possible to enumerate Campylobacter by 

culture from 13 chicken neck skin samples which were Campylobacter-culture-negative post-

enrichment. This may be due to antibiotics from the enrichment broth either killing the 

Campylobacter or making it unculturable. 

This research has contributed to our understanding of Campylobacter transmission on broiler 

chicken farms within the Halal sector and allowed us to compare the risk of 

campylobacteriosis to different consumer demographics. This will be used to investigate 

ways that will reduce Campylobacter in broiler chickens, improving food safety and 

benefitting public health. This study has demonstrated that Halal chicken has a higher 

prevalence of Campylobacter than chicken not produced for the Halal market. In addition, 

the packaging of chicken that is retailed loose, such as from a butcher’s counter is more likely 

to be contaminated with Campylobacter than chicken packaged in plastic packaging. 

Consumers should be aware of this increased risk and interventions should be introduced to 

improve the food safety of Halal chicken to reduce this risk to public health. 
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Chapter 6 

Campylobacter Contamination of UK-Produced Halal 
Chicken at Retail: Part II – Antimicrobial Resistance of 
Campylobacter Isolates 

Introduction 

The global challenge of antimicrobial resistance (AMR) presents a growing threat to both 

human and veterinary public health. The increasing prevalence of AMR is already clinically 

apparent, with rising numbers of treatment failures and infections increasingly non-

responsive to first-line antibiotic treatments (Livermore, 2009; Marshall and Levy, 2011; 

WHO, 2014). Whilst AMR is an evolutionary response to the selective pressure of exposure 

to antimicrobial compounds (Wright, 2010), the over-reliance on antimicrobials in human 

and veterinary medicine has exerted significant selective pressure on microbes, resulting in 

the selection and spread of resistant clones and resistance genes (BIOHAZ, 2011). It is difficult 

to quantify the worldwide economic impact of AMR infections. However, a failure to address 

the problem of antibiotic resistance is projected to cause a 3.1% decrease in global GDP 

(Taylor et al., 2014) and an estimated 10 million deaths every year globally by 2050 (PHE, 

2015a). The true societal and economic impact is immeasurable when quantified in increased 

rates of post-operative infection and other indirect costs. We are unquestionably threatened 

by a ‘post-antibiotic era’ (WHO, 2014). Advanced surgical procedures and cancer 

chemotherapies are at risk of losing effectiveness as associated infections increase and 

become incurable (Smith and Coast, 2013; EC, 2011). Patients may refuse to undergo medical 

treatment due to the increased risks resulting from AMR (Taylor et al., 2014). Particular 

antimicrobials have been deemed critically important for human and/or veterinary medicine, 

with the highest priority given to third- and fourth-generation cephalosporins, 

fluoroquinolones, macrolides and ketolides, glycopeptides and polymixins (WHO, 2011; OIE, 

2014; WHO, 2017b). In addition, specific types of resistant bacteria have been prioritised, 

with fluoroquinolone- and macrolide-resistant Campylobacter spp. identified as serious 

threats (CDC, 2013; WHO, 2017a). 

In humans, Campylobacter usually causes a self-limiting gastrointestinal disease which 

resolves without treatment in three to five days (Bolinger and Kathariou, 2017). High-risk 

patients or severe or prolonged cases may require antimicrobial treatment. Human 
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campylobacteriosis is usually treated with antimicrobials from the macrolide and 

fluoroquinolone classes (Ruiz, 2007). However, the fluoroquinolone ciprofloxacin can no 

longer be considered a susceptible choice due to increasing resistance (Cody et al., 2010) and 

the macrolides, erythromycin and azithromycin, are the drugs of choice (Bolinger and 

Kathariou, 2017).  

From 1989 to 2009, there was an increase in the percentage of Campylobacter isolates from 

human cases in England and Wales that were resistant to ampicillin, nalidixic acid, 

ciprofloxacin, tetracycline and erythromycin (Nichols et al., 2012). Cody et al. (2010) also 

noted an increase of over 30% in ciprofloxacin-resistant human Campylobacter isolates from 

1995 (7%) (Bowler et al., 1996) to 2008 (37.5%). 

This trend for increasing resistance, particularly to the fluoroquinolones, in human C. jejuni 

isolates, has been associated with foreign travel. Nichols et al. (2012) found that the 

percentage of strains that were resistant to ciprofloxacin was higher in people who had 

recently travelled abroad, compared with those who had not. However, Cody et al. (2010) 

reported that foreign travel only accounted for 20.8% of ciprofloxacin-resistant 

Campylobacter isolates in 2009, a decrease from 51.6% in 1995. 

Usage of quinolones in the poultry industry has been linked to an increase in resistance in 

human isolates since the licensing of these drugs for poultry (Bowler et al., 1996). Poultry 

meat and products account for >70% of cases of human campylobacteriosis (Boysen et al., 

2014) and the use of antimicrobials in poultry flocks is associated with risk of resistant 

Campylobacter spp. in the farm environment (Taylor et al., 2016). A Scottish study comparing 

C. jejuni and C. coli from human infection (n=199) and retail chicken meat (n=105) in 2006 

found similar resistance profiles in chicken and human isolates and similar prevalences of 

ciprofloxacin resistance in human (14%) and chicken isolates (12%) (Gormley et al., 2010). 

In the UK poultry meat industry, there was a 71% reduction in the total use of antibiotics 

from 2012 to 2016. The UK Veterinary Antibiotic Resistance and Sales Surveillance (VARSS) 

Report for 2016 reported that 40.6% of C. jejuni isolates from broiler chickens (73/180) were 

resistant to ciprofloxacin and 0.6% (1/180) were resistant to erythromycin, which is stable 

from a previous report in 2014 (VMD, 2017). Subsequently in 2016, the UK poultry meat 

sector stopped the prophylactic use of antibiotics and the use of colistin and committed to 

the use of macrolides and fluoroquinolones only as a last resort (VMD, 2017). 
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The UK poultry industry is highly integrated, with the top four integrator companies, who 

supply the major supermarket retailers, accounting for over 80% of total UK production. The 

remaining 20% of production is supplied by independent companies, one of whose main 

markets is the Halal sector (Linden, 2015). Recently, due to retailer pressure to comply with 

the FSA’s target to reduce Campylobacter in chicken (FSA, 2010) and to reduce antimicrobial 

usage, there have been a number of changes in poultry production. The largest integrator 

companies have overhauled their approach to biosecurity along the whole farm to fork chain, 

in addition to massively reducing antimicrobial usage. However, it is not clear if such changes 

have filtered throughout the entire broiler chicken industry. Microbiological retail surveys 

have not investigated the differences in chicken meat produced for different consumer 

demographics, such as the Halal market. Furthermore, it is not known if the resistance 

profiles of isolates from chickens produced for the Halal market differ to those from chickens 

produced for the non-Halal market in the UK, which may indicate differences in antimicrobial 

usage on farms supplying different consumer demographics. 

To study the diversity of isolates from Halal chicken retail meat, we investigated the 

antimicrobial susceptibility of 1031 Campylobacter isolates collected at retail from 405 

chicken neck skin samples and 164 packaging swabs of UK-produced Halal chicken meat. As 

detailed in Chapter 5, these chickens had a Campylobacter-prevalence of 65.4% (95% 

confidence interval (CI): 60.8-70.1%) and the packaging of 17.1% (95% CI: 11.3-22.8%). A 

selection of 50 AMR variants was also investigated by whole genome sequencing. This 

allowed investigation of the diversity of isolates based on AMR phenotype and genotype and 

comparisons of the prevalence of resistance to clinically-relevant antimicrobials between the 

Halal and non-Halal chicken markets. 

Materials and Methods 

Sampling and Isolation of Campylobacter 

As detailed in Chapter 5, from February to May 2017, 405 Halal chickens were purchased 

from 44 individual independent and supermarket retail outlets in England. All chickens were 

whole, raw, chilled, intensively reared and slaughtered and retailed in the UK as Halal. 

Campylobacter was identified and enumerated from a 25g sample of chicken neck skin and 

the outer packaging was swabbed to identify Campylobacter contamination. Following 

culture, up to four colonies per chicken neck skin samples were selected based on typical 
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colony morphology for Campylobacter. Isolates were assigned to species via a multiplex C. 

jejuni and C. coli specific PCR assay (Klena et al., 2004) and stored at -80°C in Microbank™ 

vials (Pro-Lab, Bromborough, UK). The study protocol was approved by The University of 

Liverpool Veterinary Research Ethics Committee (Reference VREC478). 

Antimicrobial Susceptibility Testing 

Antimicrobial susceptibility disc diffusion testing was performed according to EUCAST 

guidelines (EUCAST; Version 7.1 March 2017) (EUCAST, 2017). Briefly, following growth on 

Columbia blood agar containing 5% (v/v) defibrinated horse blood for 48 hours under 

microaerobic conditions, a suspension of approximately McFarland 0.5 standard was 

prepared. The inoculum was spread for confluent growth on a Mueller Hinton agar plate 

supplemented with 5% (v/v) defibrinated horse blood and 20mg/L β-Nicotinamide adenine 

dinucleotide sodium salt (β-NAD, Sigma-Aldrich, Dorset, UK). Seven antimicrobial discs were 

applied to each plate: 30μg nalidixic acid, 5μg ciprofloxacin, 15μg erythromycin, 30μg 

tetracycline, 10μg gentamicin, 10μg ampicillin and 30μg clavulanate-amoxicillin (Mast Group 

Ltd, Bootle, UK). Plates were incubated microaerobically at 41°C for 24-48 hours. The 

inhibition zones were measured and interpreted according to Table 48. Briefly, inhibition 

zones for erythromycin, tetracycline and ciprofloxacin were interpreted using EUCAST 

human clinical breakpoint (CBPs) for C. jejuni and C. coli (EUCAST, 2017), nalidixic acid using 

BSAC human CBPs for Campylobacter spp. (BSAC, 2015), gentamicin using EUCAST 

epidemiological cut-off values (ECOFFs) for C. jejuni (EUCAST, 2018) and ampicillin and 

amoxicillin-clavulanate using EUCAST human CBPs for Enterobacteriaceae, as published 

break points for Campylobacter do not exist for b-lactam antimicrobials (EUCAST, 2017). 

All media in this study were obtained from Lab M Ltd (Bury, UK) and all blood from Southern 

Group Labs (Corby, UK).  
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Table 48: Details of breakpoints used to ascertain susceptibility of isolates following 

antimicrobial susceptibility disc diffusion testing. 

Antimicrobial 

Concentration 
of 

Antimicrobial 
Disc (µg) 

Antimicrobial 
Class 

Breakpoint (R≤ 
Diameter in mm) 

Reference 

Erythromycin 15 Macrolide 
C. jejuni: 19;  

C. coli: 23 
EUCAST 
CBPs 1 

Tetracycline 30 Tetracycline C. jejuni/C. coli: 29 
EUCAST 
CBPs 1 

Gentamicin 10 Aminoglycoside C. jejuni: 19 
EUCAST 
ECOFFs 2 

Amoxicillin-
Clavulanate 

20/10 b-lactam 
Enterobacteriaceae: 

14 
EUCAST 
CBPs 1 

Ampicillin 10 b-lactam 
Enterobacteriaceae: 

14 
EUCAST 
CBPs 1 

Nalidixic Acid 30 Quinolone 
Campylobacter 

spp.: 19 
BSAC CBPs 3 

Ciprofloxacin 5 Fluoroquinolone C. jejuni/C. coli: 25 
EUCAST 
CBPs 1 

1 EUCAST CBPs (EUCAST, 2017); 2 EUCAST ECOFFs (EUCAST, 2018); 3 BSAC CBPs (BSAC, 2015) 

Minimum Inhibitory Concentration (MIC) to Ciprofloxacin 

A selection of 150 C. jejuni isolates from chicken skin samples resistant to ciprofloxacin on 

antimicrobial susceptibility disc diffusion testing were selected to determine the minimum 

inhibitory concentration (MIC) of these isolates to ciprofloxacin. Isolates were selected to 

ensure they were not duplicated and as many chicken samples and batches were 

represented as possible with a variety of antimicrobial susceptibility profiles. A pre-

inoculated Mueller Hinton agar plate was prepared, supplemented as above, and a 

M.I.C.Evaluator (MICE) ciprofloxacin strip (Oxoid, Altrincham, UK) applied. Plates were 

incubated microaerobically at 41°C for 24-48 hours. The inhibition zones were measured, and 

the MIC interpreted according to EUCAST clinical breakpoint tables (EUCAST, 2017). 
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Risk Factor Analysis for Antimicrobial Resistance Outcomes 

Binary logistic regression analysis was used to assess risk factors for Halal chicken neck skin 

samples to contain at least one Campylobacter isolate resistant to: 

i) Erythromycin 

ii) Ciprofloxacin 

iii) At least one tested antimicrobial class (AMR) 

iv) At least three tested antimicrobial classes (MDR) 

These outcomes were chosen due to the importance of erythromycin and ciprofloxacin in 

the treatment of human campylobacteriosis and due to the poor clinical outcomes 

associated with AMR and MDR infections (Ruiz, 2007). Outcome data were collapsed to the 

sample level. Therefore, a chicken neck skin sample with at least one resistant 

Campylobacter isolate was classed as resistant for analysis. The following three independent, 

binomial or continuous predictor variables were created from data collected about each 

chicken neck skin sample: 

i) Weight 

ii) Presence of Visible Liquid in Packaging (Binomial Outcome: Yes/No) 

iii) Packaged Chicken or Chicken Retailed Loose 

Univariable logistic regression was used to assess the association between the three 

independent predictor variables and the four binomial (yes/no) resistance outcome 

variables. Each explanatory variable was explored, with a likelihood ratio chi-squared test 

(LRT) used to assess fit compared to a null model. Generalised additive models (GAM) were 

created and plotted to assess if the continuous explanatory variable ‘Weight’ had a linear 

relationship with the outcome. If not, polynomial terms were fitted to this explanatory 

variable as appropriate. To aid model convergence, the continuous explanatory variable 

‘Weight’ was rescaled using the scale() function in R, which subtracts the mean and 

divides by the standard deviation of the covariate. The reported odds ratios (ORs) and 95% 

CI for ‘Weight’ have been adjusted by dividing the output by the standard deviation of the 

variable. Due to clustering of chicken neck skin samples in a nested data structure (i.e. 

chicken neck skin sample within package within shop within slaughterhouse), explanatory 

variables were tested in an initial mixed-effects logistic regression model if the LRT p-value 

<0.25. The package, retail outlet and slaughterhouse were included as random variables 
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within the model. Final models were constructed by manual backwards stepwise procedures 

where variables with a LRT p-value <0.05 were retained in order to produce a model fit with 

the lowest Akaike Information Criterion (AIC) possible. The intra-class correlation coefficient 

(ICC) was estimated using the Binary Linear Model Method as described by Goldstein, 

Browne and Rasbash (2002). In this method, the outcome is assumed to be linear and the 

mixed-effects model is rerun as a linear mixed-effects model. The null and final models were 

re-run as linear mixed-effects models and the variation due to each random effect and the 

fixed effects overall estimated. Specific methods for model checking for mixed-effects logistic 

regression models are not well developed and were not undertaken (Christley and Diggle, 

2018). All statistical modelling was performed using R (R 3.5.1 for Mac OS X, R Foundation 

for Statistical Computing, Vienna, Austria) (R Core Team, 2015). 

Mixed Graphical Models of Antimicrobial Resistance Phenotypes 

Mixed graphical models (MGMs) were employed to visualise the relationships between 

carriage of phenotypic resistance to each of the seven antimicrobials that were included in 

disc-diffusion antimicrobial susceptibility testing. MGMs also allowed the investigation of any 

differences in antimicrobial resistance phenotypes between different subsets of data. For 

example, comparisons were possible between isolates from packaged chickens and chickens 

retailed loose. The antimicrobial resistance phenotypes of all 1031 Campylobacter spp. 

isolates were included in this analysis. The mgm()function within the mgm R package was 

employed to estimate the MGMs, which were then visualised using the qgraph package 

(Haslbeck and Waldorp, 2015). Estimation and visualisation of MGMs was performed using 

R 3.5.1 for Mac OS X (R Core Team, 2015). 

Whole Genome Sequencing (WGS) 

Fifty C. jejuni isolates, including ten packaging isolates and 40 chicken neck skin isolates, from 

fifty different samples, were selected for further investigation by WGS. Selected isolates 

displayed a multidrug-resistant (MDR; resistance to ≥3 of the tested antimicrobial classes) 

resistance profile and were selected to represent as many shops and slaughterhouses, with 

known approval codes, as possible. Isolates were not selected if the slaughterhouse or 

cutting plant of origin was unknown. 

 



Chapter 6 

 
221 

Briefly, following growth of 20 selected isolates on Columbia blood agar containing 5% (v/v) 

defibrinated horse blood for 48 hours under microaerobic conditions, DNA was extracted 

using the QIAamp® DNA Mini Kit (Qiagen, Manchester, UK). DNA was then quantified and 

assessed for purity using a Nanodrop spectrophotometer (Thermo Fisher Scientific, Cheshire, 

UK), quantified using a Qubit® 3.0 fluorometer, dsDNA Broad Range (BR) assay (Invitrogen 

Life Technologies, Cheshire, UK), and assessed for purity by gel electrophoresis, before being 

forwarded to the Centre for Genomic Research (CGR) at the University of Liverpool for WGS 

by HiSeq Illumina® next-generation sequencing (Illumina, San Diego, USA). 

At CGR, the libraries made by Dr Margaret Hughes and sequenced by Dr Anita Lucaci. Ninety-

six libraries were made from the submitted DNA samples using the TruSeq Nano DNA HT kit 

protocol from Illumina®. In brief, 2000ng/sample was sheared to an average of 550bp using 

a Picoruptor with predetermined settings. The sheared samples were checked for the extent 

of shearing. Samples were cleaned with Ampure beads and end repaired for 30 minutes at 

30°C. A bead-based size selection was performed to enrich for 550bp fragments. The 

products were A-tailed by incubation at 37°C for 30 minutes and ligated to dual ended 

adapters at 30°C for 10 minutes. The samples were cleaned twice with an equal volume of 

Ampure beads. The TruSeq Nano libraries were amplified for 8 cycles using the Enhanced 

PCR Mix available and the PCR products were cleaned with an equal volume of Ampure 

beads. The quantity and quality of each final library was assessed by Qubit® and Bioanalyzer 

or Fragment Analyzer and subsequently by qPCR using the Illumina® Library Quantification 

Kit from Kapa (KK4854) on a Roche LightCycler® LC48011 according to manufacturer's 

instructions (Roche Diagnostics Ltd, Burgess Hill, UK). Briefly, a 20µl PCR reaction (performed 

in triplicate for each pooled library) was prepared on ice with 12µl SYBR Green I Master Mix 

and 4µl diluted pooled DNA (1:1000 to 1:100,000 depending on the initial concentration 

determined by the Qubit® dsDNA HS Assay Kit). PCR thermal cycling conditions consisted of 

initial denaturation at 95°C for 5 minutes, 35 cycles of 95°C for 30 seconds (denaturation) 

and 60°C for 45 seconds (annealing and extension), melt curve analysis to 95°C (continuous) 

and cooling at 37°C (LightCycler® LC48011). Following calculation of the molarity using qPCR 

data, template DNA was diluted to 3nM and pooled in equimolar amounts. 5µl of the final 

pool were denatured for 8 minutes at room temperature using 5µl freshly diluted 0.1N 

sodium hydroxide (NaOH) and the reaction was subsequently terminated by the addition of 

5µl 0.1M TrisCl pH=8. The final loading concentration of 300pM was reached by adding 35µl 

exclusion amplification enzyme mix. The libraries were sequenced on two lanes of an 
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Illumina® HiSeq 4000 platform with version 1 chemistry using sequencing by synthesis (SBS) 

technology to generate 2 x 150bp paired-end reads.  

For an additional 30 isolates, a single colony was selected from 48h old cultures and mixed 

in 100μl 1X phosphate-buffered saline. The inoculum was streaked on a Mueller Hinton agar 

plate supplemented as above and incubated microaerobically at 41°C for 24-48 h. All of the 

bacterial culture was removed from each plate and placed into individual barcoded 

MicrobankTM tubes supplied by MicrobesNG (Birmingham, UK), who were subsequently sent 

the isolates for WGS by HiSeq Illumina® next-generation sequencing. 

All 50 isolates were analysed by Dr Sam Haldenby at the Centre for Genomic Research (CGR) 

at the University of Liverpool using the bioinformatic pipeline ‘Campype’. Briefly, sequence-

adaptor trimmed paired-end reads in FASTQ format were trimmed to remove low quality 

bases using Sickle 1.210 (Joshi and Fass, 2011) with a minimum window quality score of 25. 

Trimmed reads were then assembled into contigs and subsequently scaffolded using SPAdes 

v.3.6.0 (Kulikov et al., 2012). Samples were filtered by assembly quality, completeness and 

purity. Samples with an assembly size between 1.4 – 2.1 MB were retained. Assemblies were 

analysed with BUSCO v.2.0 (Simão et al., 2015) and excluded from further analysis if the 

frequency of duplicated single-copy core orthologues exceeded 5% or the estimated 

completeness was lower than 95%, to remove potentially mixed isolates, and incomplete 

assemblies, respectively. Finally, sample reads were analysed with MetaPhlAn2 v.2.6.0 

(Truong et al., 2015) and samples comprising over 5% of a species other than C. jejuni were 

removed. Following this, samples were carried forward for analysis along with the reference 

strains C. jejuni NCTC11168, obtained from NCBI. Quality control (QC) metrics for all 50 

sequenced isolates are available in Appendix 5: Section 4: Table 101. 

MLST types (using the 7 loci scheme: aspA, glnA, gltA, glyA, pgm, tkt, uncA) were determined 

for each isolate by aligning known alleles (obtained from https://pubmlst.org/) against 

assemblies using Bowtie2 v.2.3.0 (Langmead and Salzberg, 2012) and selecting perfect hits. 

In cases where no perfect hit to an allele was detected, a novel allele was recorded. 

The pan-genome of all remaining samples was calculated using LS-BSR (obtained November 

2017) (Sahl et al., 2014), and a core genome was extracted and aligned using the large-scale 

blast score ratio (LS-BSR) tool extract_core_genome.py, based on genes with a BLAST 

(v.2.6.0) (Altschul et al., 1990) score ratio of 0.8 or higher being classified as present in the 

genome. This yielded a core genome of 1387 genes, 1,401,623 bp. A phylogeny was 
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reconstructed based on the core genome sequences using RAxML v.8.2.9 (Stamatakis, A., 

2014) (model: GTRGAMMA, 100 bootstraps) and visualised with Interactive Tree of Life (iTOL) 

v3 (Letunic and Bork, 2016). The phylogenetic tree with associated metadata is available on 

iTOL at: http://itol.embl.de/tree/138253218159255561537277855.  

To obtain antimicrobial resistance genes for each isolate, predicted protein sequences for 

each sample were used as query sequences for hmmscan v.3.1b2 (Eddy, 2001) searched 

against the Resfams antimicrobial resistance database (obtained November 2017) (Gibson, 

Forsberg and Dantas, 2015). To obtain virulence factors for each isolate, protein sequences 

were predicted in each assembly using Prodigal v.2.6.3 (Hyatt et al., 2010) and used as BLAST 

(Altschul et al., 1990) query sequences against a database comprising proteins from the 

Virulence Factor Database (VFDB; obtained November 2017) (Chen et al., 2016). Blast scores 

were then compared with the maximal possible score for each target virulence factor in order 

to calculate BLAST score ratios (BSRs: bit score / maximum possible bit score). Hits which 

yielded a BSR of 0.8 or greater were retained as accepted hits.  

Results 

Phenotypic Antimicrobial Resistance 

Campylobacter spp. were isolated from 265 chicken neck skin samples (N=405; 65.4%; 95% 

CI: 60.8-70.1%); 232 samples (N=405; 57.3%; 95% CI: 52.5-62.1%) contained at least one AMR 

Campylobacter isolate and 156 samples (N=405; 38.5%; 95% CI: 33.8-43.3%) contained at 

least one MDR (resistance to ≥3 antimicrobial drug classes) Campylobacter. Of the 252 

samples positive for C. jejuni (N=405; 62.2%; 95% CI: 57.5-66.9%), 220 (N=405; 54.3%; 95% 

CI: 49.5-59.2%) contained at least one AMR C. jejuni and 141 (N=405; 34.8%; 95% CI: 30.2-

39.5%) contained at least one MDR C. jejuni. Thirty-six samples were positive for C. coli 

(N=405; 8.9%; 95% CI 6.1-11.7%), 30 (N=405; 7.4%; 95% CI: 4.9-10.0%) of these were positive 

for AMR C. coli and 23 (N=405; 5.7%; 95% CI: 3.4-7.9%) for MDR C. coli. 

The percentage of chicken neck skin samples containing at least one Campylobacter isolate 

resistant to each of the tested antimicrobials is shown in Figure 13. The highest prevalence 

of resistance was seen to tetracycline (205/405; 50.6%; 95% CI: 45.7-55.5%), with high 

prevalences of resistance to ampicillin (199/405; 49.1%; 95% CI: 44.3-54.0%) and 

ciprofloxacin (170/405; 42.0%; 95% CI: 37.3-46.8%). Figure 13 also shows the percentage of 
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chicken neck skin samples containing resistant C. jejuni and C. coli isolates. Figure 14 shows 

the percentage of Campylobacter-positive chicken neck skin samples containing at least one 

Campylobacter isolate resistant to each of the tested antimicrobials. Table 49 compares the 

levels of resistance between chickens sold in packaging and chickens retailed loose. For every 

resistance outcome investigated, a higher percentage of neck skin samples from chickens 

retailed loose were resistant to the tested antimicrobial(s) than the percentage of neck skin 

samples from chickens sold in packaging. Notably, 56.4% (172/305; 95% CI: 50.8-62.0) of neck 

skin samples from chickens retailed loose contained an isolate resistant to tetracycline 

compared to 33.0% (33/100; 95% CI: 23.8-42.2%) of samples from packaged chickens. In 

addition, 41.6% (127/305; 95% CI: 36.1-47.2%) of neck skin samples from chickens retailed 

loose contained a multi-drug resistant isolate compared to 29.0% (29/100; 95% CI: 20.1-

37.9%) of samples from packaged chickens.  

C. jejuni only was isolated from 28 packaging swabs (N=164; 17.1%; 95% CI: 11.3-22.8%); 20 

(N=164; 12.2%; 95% CI: 7.19-17.2%) contained at least one AMR C. jejuni isolate and 17 

(N=164; 10.4%; 95% CI: 5.70-15.0%) of these were MDR. The percentage of swabs containing 

at least one resistant C. jejuni is shown in Figure 13. The highest prevalences of resistance 

were seen to the quinolones, ciprofloxacin and nalidixic acid, (N=164; 11.6%; 95% CI: 6.69-

16.5%), tetracycline (N=164; 11.0%; 95% CI: 6.19-15.8%) and ampicillin (N=164; 11.0%; 95% 

CI: 6.19-15.8%). 

Table 96 in Appendix 5 compares the total number of samples containing at least one 

Campylobacter spp. isolate resistant to the tested antimicrobials and categorised in three 

different ways ((i) Chickens Sold in Packaging and Chickens Retailed Loose, (ii) Individually-

Supplied Chickens and Batches of Chickens, and (iii) Chickens Purchased from a Supermarket 

and Chickens Purchased from a Specialist-Halal Retailer. Specialist Halal Retailers were 

further categorised as Halal Butchers or Online Halal Retailers. Table 97 in Appendix 5 

compares the total number of samples containing at least one C. jejuni or C. coli isolate 

resistant to the tested antimicrobials and categorised in the same ways. 

 



Chapter 6 

 
225 

 

Figure 13: The percentage of samples from 405 chicken neck skin samples (95% confidence interval) containing at least one Campylobacter, C. jejuni or C. coli 
isolate resistant to the tested antimicrobials and the percentage of 164 packaging swabs (95% confidence interval) containing at least one C. jejuni isolate 
resistant to the tested antimicrobials. ERY-R = erythromycin resistance; TET-R = tetracycline resistance; GM-R = gentamicin resistance; AC-R = amoxicillin-
clavulanate resistance; AP-R = ampicillin resistance; CIP-R = ciprofloxacin resistance; NA-R = nalidixic acid resistance; AMR-1 = resistance to ≥1 tested 
antimicrobial class; AMR-2 = resistance to ≥2 tested antimicrobial classes; MDR-3 = resistance to ≥3 tested antimicrobial classes; MDR-4 = resistance to ≥4 
tested antimicrobial classes; MDR-5 = resistance to all five tested antimicrobial classes (macrolides, tetracyclines, aminoglycosides, b-lactams and quinolones).  
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Figure 14: The percentage of samples from 265 Campylobacter-positive chicken neck skin samples (95% confidence interval) containing at least one 
Campylobacter, C. jejuni or C. coli isolate and the percentage of 28 Campylobacter-positive packaging swabs (95% confidence interval) containing at least one 
C. jejuni isolate resistant to the tested antimicrobials. ERY-R = erythromycin resistance; TET-R = tetracycline resistance; GM-R = gentamicin resistance; AC-R = 
amoxicillin-clavulanate resistance; AP-R = ampicillin resistance; CIP-R = ciprofloxacin resistance; NA-R = nalidixic acid resistance; AMR-1 = resistance to ≥1 
tested antimicrobial class; AMR-2 = resistance to ≥2 tested antimicrobial classes; MDR-3 = resistance to ≥3 tested antimicrobial classes; MDR-4 = resistance to 
≥4 tested antimicrobial classes; MDR-5 = resistance to all five tested antimicrobial classes (macrolides, tetracyclines, aminoglycosides, b-lactams and 
quinolones).
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Table 49: Comparison of total number of samples, percentage of Campylobacter-positive 
chicken neck skin samples and outer packaging samples confirmed by PCR, and percentage 
of chicken neck skin samples and outer packaging samples containing at least one 
Campylobacter isolate demonstrating resistance to the tested antimicrobials, from 405 Halal 
chickens and 164 packaging swabs sampled from retailers between February and May 2017. 
Samples have been additionally categorised as either Chickens Sold in Packaging or Chickens 
Sold Loose. A = Percentage of resistant samples out of the total number of collected samples 
of that category; B = Percentage of resistant samples out of the total number of 
Campylobacter-positive samples of that category. 

 Overall Packaged 
Chickens 

Chicken 
Retailed 

Loose 
Total Number of 
Samples 

Chicken Neck Skin Samples 405 100 305 

Packaging Samples 164 92 72 

Overall Percentage 
of Campylobacter 
Positive Samples 
(%) 

Percentage of Positive 
Chicken Neck Skin Samples 
(95% CI; N) 

65.4 

(60.8-70.1; 

265) 

63.0 (53.5-

72.5; 63) 

66.2 (60.9-

71.5; 202) 

Percentage of Positive 
Packaging Samples (95% CI; 
N) 

17.1 

(11.3-22.8; 

28) 

8.70 (2.94-

14.5; 8) 

27.8 (17.4-

38.1; 20) 

Erythromycin 
Resistance 

Percentage of 
Resistant 
Chicken Neck 
Skin Samples 
(95% CI; N) 

A 2.47 (0.96-

3.98; 10) 

1.00 (0-

2.95; 1) 

2.95 (1.05-

4.85; 9) 

B 3.77 (1.48-

6.07; 10) 

1.59 (0-

4.67; 1) 

4.46 (1.61-

7.30; 9) 

Percentage of 
Resistant 
Packaging 
Samples (95% 
CI; N) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Tetracycline 
Resistance 

Percentage of 
Resistant 
Chicken Neck 
Skin Samples 
(95% CI; N) 

A 50.6 (45.7-

55.5; 205) 

33.0 (23.8-

42.2; 33) 

56.4 (50.8-

62.0; 172) 

B 77.4 (72.3-

82.4; 205) 

52.4 (40.0-

64.7; 33) 

85.1 (80.2-

90.1; 172) 

Percentage of 
Resistant 
Packaging 
Samples (95% 
CI; N) 

A 11.0 (6.19-

15.8; 18) 

3.26 (0-

6.89; 3) 

20.8 (11.5-

30.2; 15) 

B 64.3 (46.5-

82.0; 18) 

37.5 (3.95-

71.0; 3) 

75.0 (56.0-

94.0; 15) 

Gentamicin 
Resistance 

Percentage of 
Resistant 
Chicken Neck 
Skin Samples 
(95% CI; N) 

A 0.49 (0-

1.18; 2) 
0 (0-0; 0) 

0.66 (0-

1.56; 2) 

B 0.75 (0-

1.80; 2) 
0 (0-0; 0) 

0.99 (0-

2.36; 2) 

Percentage of 
Resistant 
Packaging 
Samples (95% 
CI; N) 

A 0.61 (0-

1.80; 1) 
0 (0-0; 0) 

1.39 (0-

4.09; 1) 

B 3.57 (0-

10.4; 1) 
0 (0-0; 0) 

5.00 (0-

14.6; 1) 

Percentage of 
Resistant A 0.49 (0-

1.18; 2) 
0 (0-0; 0) 

0.66 (0-

1.56; 2) 
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Amoxicillin-
Clavulanate 
Resistance 

Chicken Neck 
Skin Samples 
(95% CI; N) 

B 0.75 (0-

1.80; 2) 
0 (0-0; 0) 

0.99 (0-

2.36; 2) 

Percentage of 
Resistant 
Packaging 
Samples (95% 
CI; N) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Ampicillin 
Resistance 

Percentage of 
Resistant 
Chicken Neck 
Skin Samples 
(95% CI; N) 

A 49.1 (44.3-

54.0; 199) 

33.0 (23.8-

42.2; 33) 

54.4 (48.8-

60.0; 166) 

B 75.1 (69.9-

80.3; 199) 

52.4 (40.0-

64.7; 33) 

82.2 (76.9-

87.5; 166) 

Percentage of 
Resistant 
Packaging 
Samples (95% 
CI; N) 

A 11.0 (6.19-

15.8; 18) 

3.26 (0-

6.89; 3) 

20.8 (11.5-

30.2; 15) 

B 64.3 (46.5-

82.0; 18) 

37.5 (3.95-

71.0; 3) 

75.0 (56.0-

94.0; 15) 

Ciprofloxacin 
Resistance 

Percentage of 
Resistant 
Chicken Neck 
Skin Samples 
(95% CI; N) 

A 42.0 (37.2-

46.8; 170) 

37.0 (27.5-

46.5; 37) 

43.6 (38.0-

49.2; 133) 

B 64.2 (58.4-

69.9; 170) 

58.7 (46.6-

70.9; 37) 

65.8 (59.3-

72.4; 133) 

Percentage of 
Resistant 
Packaging 
Samples (95% 
CI; N) 

A 8.54 (4.26-

12.8; 14) 

3.26 (0-

6.89; 3) 

15.3 (6.97-

23.6; 11) 

B 50.0 (31.5-

68.5; 14) 

37.5 (3.95-

71.0; 3) 

55.0 (33.2-

76.8; 11) 

Nalidixic Acid 
Resistance 

Percentage of 
Resistant 
Chicken Neck 
Skin Samples 
(95% CI; N) 

A 46.2 (41.3-

51.0; 187) 

40.0 (30.4-

49.6; 40) 

48.2 (42.6-

53.8; 147) 

B 70.6 (65.1-

76.1; 187) 

63.5 (51.6-

75.4; 40) 

72.8 (66.6-

78.9; 147) 

Percentage of 
Resistant 
Packaging 
Samples (95% 
CI; N) 

A 11.6 (6.69-

16.5; 19) 

3.26 (0-

6.89; 3) 

22.2 (12.6-

31.8; 16) 

B 67.9 (50.6-

85.2; 19) 

37.5 (3.95-

71.0; 3) 

80.0 (62.5-

97.5; 16) 

Resistance To ≥1 
Tested 
Antimicrobial Class 

Percentage of 
Resistant 
Chicken Neck 
Skin Samples 
(95% CI; N) 

A 57.3 (52.5-

62.1; 232) 

45.0 (35.2-

54.8; 45) 

61.3 (55.8-

66.8; 187) 

B 87.5 (83.6-

91.5; 232) 

71.4 (60.3-

82.6; 45) 

92.6 (89.0-

96.2; 187) 

Percentage of 
Resistant 
Packaging 
Samples (95% 
CI; N) 

A 12.2 (7.19-

17.2; 20) 

3.26 (0-

6.89; 3) 

23.6 (13.8-

33.4; 17) 

B 71.4 (54.7-

88.2; 20) 

37.5 (3.95-

71.0; 3) 

85.0 (69.4-

100; 17) 

Resistance To ≥2 
Tested 
Antimicrobial 
Classes 

Percentage of 
Resistant 
Chicken Neck 
Skin Samples 
(95% CI; N) 

A 50.6 (45.7-

55.5; 205) 

32.0 (22.9-

41.1; 32) 

56.7 (51.2-

62.3; 173) 

B 77.4 (72.3-

82.4; 205) 

50.8 (38.4-

63.1; 32) 

85.6 (80.8-

90.5; 173) 

Percentage of 
Resistant A 11.0 (6.19-

15.8; 18) 

3.26 (0-

6.89; 3) 

20.8 (11.5-

30.2; 15) 
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Packaging 
Samples (95% 
CI; N) 

B 64.3 (46.5-

82.0; 18) 

37.5 (3.95-

71.0; 3) 

75.0 (56.0-

94.0; 15) 

Resistance To ≥3 
Tested 
Antimicrobial 
Classes 

Percentage of 
Resistant 
Chicken Neck 
Skin Samples 
(95% CI; N) 

A 38.5 (33.8-

43.3; 156) 

29.0 (20.1-

37.9; 29) 

41.6 (36.1-

47.2; 127) 

B 58.9 (52.9-

64.8; 156) 

46.0 (33.7-

58.3; 29) 

62.9 (56.2-

69.5; 127) 

Percentage of 
Resistant 
Packaging 
Samples (95% 
CI; N) 

A 10.4 (5.70-

15.0; 17) 

3.26 (0-

6.89; 3) 

19.4 (10.3-

28.6; 14) 

B 60.7 (42.6-

78.8; 17) 

37.5 (3.95-

71.0; 3) 

70.0 (49.9-

90.1; 14) 

Resistance To ≥4 
Tested 
Antimicrobial 
Classes 

Percentage of 
Resistant 
Chicken Neck 
Skin Samples 
(95% CI; N) 

A 1.48 (0.30-

2.66; 6) 

1.00 (0-

2.95; 1) 

1.64 (0.21-

3.06; 5) 

B 2.26 (0.47-

4.06; 6) 

1.59 (0-

4.67; 1) 

2.48 (0.33-

4.62; 5) 

Percentage of 
Resistant 
Packaging 
Samples (95% 
CI; N) 

A 0.61 (0-

1.80; 1) 
0 (0-0; 0) 

1.39 (0-

4.09; 1) 

B 3.57 (0-

10.4; 1) 
0 (0-0; 0) 

5.00 (0-

14.6; 1) 

Resistance To All 
Five Tested 
Antimicrobial 
Classes 

Percentage of 
Resistant 
Chicken Neck 
Skin Samples 
(95% CI; N) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Percentage of 
Resistant 
Packaging 
Samples (95% 
CI; N) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

A total of 1031 Campylobacter isolates; 938 C. jejuni (848 chicken isolates, 90 packaging 

isolates) and 93 C. coli (93 chicken isolates only) were isolated from the chicken neck skin and 

packaging samples. A total of 487 unique Campylobacter isolates were identified from the 

antimicrobial resistance profiles of 941 Campylobacter isolates collected from 265 chickens 

(N=405). To select “unique” isolates, the resistance profiles of all isolates from each sample 

were manually examined and duplicates removed so that only unique isolates with different 

resistance phenotypes for each sample were considered. Of these, 380 unique 

Campylobacter isolates were AMR and were isolated from 232 birds, with 201 isolates from 

156 birds MDR. The highest prevalence of resistance of all chicken Campylobacter spp. 

isolates was seen to tetracycline (337/487; 69.2%; 95% CI: 65.1-73.3%). Of the 487 unique 

Campylobacter isolates collected from the chicken neck skin samples, 427 unique isolates 

were identified as C. jejuni and 60 unique isolates as C. coli. The C. jejuni isolates 

demonstrated high prevalences of resistance to tetracycline (309/427; 72.4%; 95% CI: 68.1-
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76.6%) and ampicillin (275/427; 64.4%; 95% CI: 42.6-52.0%). The C. coli isolates 

demonstrated high prevalences of resistance to quinolones (32/60; 53.3%; 95% CI: 40.7-

66.0%) and tetracycline (28/60; 46.7%; 95% CI: 30.8-55.9%). There were notably high levels 

of resistance to ciprofloxacin amongst both C. jejuni (202/427; 47.3%; 95%CI: 42.6-52.0%) 

and C. coli (26/60; 43.3%; 95% CI: 30.8-55.9%) isolates from chicken neck skin samples. 

A total of 44 unique C. jejuni isolates were identified from the antimicrobial resistance 

profiles of 90 C. jejuni isolates from 28 packaging swabs (N=164). Of these, 31 unique C. jejuni 

isolates were AMR from 20 swabs and 23 isolates were MDR from 17 swabs. These C. jejuni 

isolates demonstrated high prevalences of resistance to tetracycline (29/44; 65.9%; 95% CI: 

51.9-79.9%) and ampicillin (28/44; 63.6%; 95% CI: 49.4-77.9%). Additionally, there was a 

high-level of ciprofloxacin resistance in the C. jejuni isolates from the packaging samples 

(19/44; 43.2%; 95% CI: 28.5-57.8%). Of the 20 C. jejuni positive packaging swabs containing 

at least one AMR isolate, 17 swabs were collected from the outer packaging of chickens from 

which C. jejuni isolates with identical resistance profiles were detected.  

The percentage of unique Campylobacter spp., C. jejuni and C. coli isolates from 405 chicken 

neck skin samples and C. jejuni isolates from 164 packaging swabs demonstrating resistance 

to at least one of the tested antimicrobials is shown in Figure 15 and Table 50. Both C. jejuni 

and C. coli were isolated from 23 chicken neck skin samples. Of these, 18 neck skin samples 

contained both AMR C. jejuni and AMR C. coli. 

The resistance profiles of the 531 unique Campylobacter isolates are shown in Table 51. From 

a large diversity of resistance profiles, the most common resistance profiles for 

Campylobacter spp. isolated from both neck skin and packaging samples were tetracycline-

ampicillin-ciprofloxacin-nalidixic-acid resistance and tetracycline-ampicillin resistance. This 

was also the most common resistance profile for both C. jejuni and C. coli isolates. Seventy-

one chicken neck skin samples were found to be carrying more than one unique AMR 

Campylobacter isolate with different AMR profiles; only C. coli was isolated from 5 samples, 

only C. jejuni was isolated from 45 samples. Of the remaining 21 samples, both C. jejuni and 

C. coli were isolated, and 18 of these samples contained both unique resistant C. jejuni and 

C. coli. Seven packaging samples were found to be carrying more than one unique AMR C. 

jejuni isolate with different AMR profiles. To further investigate resistance profiles, mixed 

graphical models (MGMs) were used to visualise the relationships between antimicrobial 

resistance phenotypes to the seven tested antimicrobials for all 1031 Campylobacter spp. 
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isolates. The MGMs (Appendix 5: Section 2) revealed a similar picture, with co-resistance 

between tetracycline and ampicillin common amongst all isolates. The MGMs also revealed 

a higher level of diversity in antimicrobial resistance phenotypes amongst Campylobacter 

spp. isolates from chickens when compared with packaging isolates and in isolates from 

chickens retailed loose when compared to isolates from packaged chickens. 

Table 98 in Appendix 5 compares the total number of unique Campylobacter spp. isolates 

and percentage of unique chicken neck skin isolates and unique outer packaging isolates 

demonstrating resistance to the tested antimicrobials and categorised in the three ways 

described above. Table 99 in Appendix 5 compares the percentage of unique C. jejuni and C. 

coli isolates from chicken neck skin samples demonstrating resistance to the tested 

antimicrobials and categorised in the three ways described above. 
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Figure 15: The percentage of unique Campylobacter spp. (N=487), C. jejuni (N=427) and C. coli (N=60) isolates from 265 Campylobacter-positive Halal chickens 
(N=405) and C. jejuni isolates (N=44) from 28 Campylobacter-positive packaging swabs (N=164) demonstrating resistance to at least one of the tested 
antimicrobials, sampled from retailers between February and May 2017. ERY-R = erythromycin resistance; TET-R = tetracycline resistance; GM-R = gentamicin 
resistance; AC-R = amoxicillin-clavulanate resistance; AP-R = ampicillin resistance; CIP-R = ciprofloxacin resistance; NA-R = nalidixic acid resistance; AMR-1 = 
resistance to ≥1 tested antimicrobial class; AMR-2 = resistance to ≥2 tested antimicrobial classes; MDR-3 = resistance to ≥3 tested antimicrobial classes; MDR-
4 = resistance to ≥4 tested antimicrobial classes; MDR-5 = resistance to all five tested antimicrobial classes (macrolides, tetracyclines, aminoglycosides, b-
lactams and quinolones). 
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Table 50: Comparison of total number of unique Campylobacter spp. (N=487), C. jejuni 

(N=427) and C. coli (N=60) isolates and percentage of chicken neck skin isolates and outer 

packaging isolates demonstrating resistance to the tested antimicrobials, from 265 

Campylobacter-positive Halal chickens (N=405) and 28 Campylobacter-positive packaging 

swabs (N=28) sampled from retailers between February and May 2017. AMR-1 = resistance 

to ≥1 tested antimicrobial class; AMR-2 = resistance to ≥2 tested antimicrobial classes; MDR-

3 = resistance to ≥3 tested antimicrobial classes; MDR-4 = resistance to ≥4 tested 

antimicrobial classes; MDR-5 = resistance to all five tested antimicrobial classes (macrolides, 

tetracyclines, aminoglycosides, b-lactams and quinolones). 

Resistance 
Phenotype 

Isolates from Chicken Neck Skin Samples 
Isolates from 

Packaging 
Samples 

Campylobacter 
spp. 

(% (95% CI; n) 

C. jejuni 
(% (95% CI; n) 

C. coli 
(% (95% CI; n) 

C. jejuni 
(% (95% CI; n) 

Erythromycin 
2.46  

(1.09-3.84; 12) 
0.47  

(0-1.12; 2) 
16.7  

(7.24-26.1; 10) 
0  

(0-0; 0) 

Tetracycline 
69.2  

(65.1-73.3; 337) 
72.4  

(68.1-76.6; 309) 
46.7  

(34.0-59.3; 28) 
65.9  

(51.9-79.9; 29) 

Gentamicin 
0.41  

(0-0.98; 2) 
0.47  

(0-1.12; 2) 
0  

(0-0; 0) 
2.27  

(0-6.68; 1) 
Amoxicillin-
Clavulanate 

0.41  
(0-0.98; 2) 

0.47  
(0-1.12; 2) 

0  
(0-0; 0) 

0  
(0-0; 0) 

Ampicillin 
62.8  

(58.5-67.1; 306) 
64.4  

(59.9-68.9; 275) 
51.7  

(39.0-64.3; 31) 
63.6  

(49.4-77.9; 28) 

Ciprofloxacin 
46.8  

(42.4-51.2; 228) 
47.3  

(42.6-52.0; 202) 
43.3  

(30.8-55.9; 26) 
43.2  

(28.5-57.8; 19) 

Nalidixic Acid 
51.3  

(46.9-55.8; 250) 
51.1  

(46.3-55.8; 218) 
53.3  

(40.7-66.0; 32) 
56.8  

(42.1-71.5; 25) 

AMR-1 
78.0  

(74.4-81.7; 380) 
79.2  

(75.3-83.0; 338) 
70.0  

(58.4-81.6; 42) 
70.5  

(57.0-83.9; 31) 

AMR-2 
67.4  

(63.2-71.5; 328) 
69.1  

(64.7-73.5; 295) 
55.0  

(42.4-67.6; 33) 
63.6  

(49.4-77.9; 28) 

MDR-3 
41.3  

(36.9-45.6; 201) 
41.5  

(36.8-46.1; 177) 
40.0  

(27.6-52.4; 24) 
52.3  

(37.5-67.0; 23) 

MDR-4 
1.03  

(0.13-1.92; 5) 
0.70  

(0-1.49; 3) 
3.33  

(0-7.88; 2) 
2.27  

(0-6.68; 1) 

MDR-5 
0  

(0-0; 0) 
0  

(0-0; 0) 
0  

(0-0; 0) 
0  

(0-0; 0) 
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Table 51: Resistance Profiles of 531 unique Campylobacter isolates from 405 chicken neck 

skin samples and 164 packaging swabs. Ac = amoxicillin-clavulanate resistance; Ap = 

ampicillin resistance; Cip = ciprofloxacin resistance; Ery = erythromycin resistance; Gm = 

gentamicin resistance; Na = nalidixic acid resistance; Tet = tetracycline resistance.  

Resistance Profile 

Isolates from Chicken Neck Skin Samples 
Isolates from 

Packaging 
Samples 

Total Unique 
Campy-

lobacter spp. 
Isolates 

Campylo-
bacter spp. C. jejuni C. coli C. jejuni 

TetApCipNa 171 151 20 16 187 

TetAp 92 91 1 5 97 

Tet 22 18 4 1 23 

TetApNa 17 16 1 6 23 

TetCipNa 23 23 0 0 23 

CipNa 13 13 0 2 15 

Na 8 7 1 0 8 

Ap 5 3 2 0 5 

TetApCip 5 5 0 0 5 

ApCipNa 4 3 1 0 4 

Ery 3 1 2 0 3 

EryTetApCipNa 3 1 2 0 3 

TetGmApCipNa 2 2 0 1 3 

ApNa 2 0 2 0 2 

EryCipNa 2 0 2 0 2 

EryNa 2 0 2 0 2 

TetAcApCipNa 2 2 0 0 2 

ApCip 1 1 0 0 1 

Cip 1 1 0 0 1 

EryAp 1 0 1 0 1 

EryApCipNa 1 0 1 0 1 

Fully Susceptible 107 89 18 13 120 

Total No. Unique 
AMR Isolates 380 338 42 31 411 

Total No. Unique 
Isolates 487 427 60 44 531 
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Minimum Inhibitory Concentration (MIC) to Ciprofloxacin 

Of 202 C. jejuni isolates collected from 156 chicken neck samples resistant to ciprofloxacin 

on antimicrobial susceptibility disc diffusion testing, 150 isolates were selected for 

determination of their minimum inhibitory concentration (MIC) to ciprofloxacin. One 

hundred and thirty-eight isolates had an MIC above the EUCAST CIP MIC breakpoint 

>0.5µg/ml; 81.3% (95% CI: 75.1-87.6%) had an MIC >32µg/ml (Table 52). 

Table 52: Minimum Inhibitory Concentration (MIC) to ciprofloxacin of 150 C. jejuni isolates 

isolated from chicken neck skin samples resistant to ciprofloxacin by antimicrobial disc 

diffusion susceptibility testing. Grey shaded cells indicate those above the EUCAST CIP MIC 

breakpoint >0.5µg/ml. 

Concentration (µg/ml) Frequency Percentage (95% CI) 
0.002 0 0 
0.004 0 0 
0.008 0 0 
0.015 0 0 
0.03 0 0 
0.06 7 4.67 (1.29-8.04) 
0.12 5 3.33 (0.46-6.21) 
0.25 0 0 
0.5 0 0 
1 0 0 
2 0 0 
4 1 0.67 (0-1.97) 
8 9 6.0 (2.20-9.80) 

16 4 2.67 (0.09-5.24) 
32 2 1.33 (0-3.17) 

>32 122 81.3 (75.1-87.6) 
 Total = 150  

Risk Factors for Erythromycin-Resistance, Ciprofloxacin-Resistance, AMR and MDR  

Univariable logistic regression analysis (Table 53) revealed that weight was a significant 

protective factor against carriage of ciprofloxacin resistance (p=0.02), AMR Campylobacter 

spp. (p<0.001) and MDR Campylobacter spp. (p=0.009). The presence of visible liquid (Y/N) 

was a significant protective factor against carriage of AMR Campylobacter spp. (p<0.001). 

Plastic packaging was also a protective factor against both carriage of AMR (p=0.004) and 

MDR (p=0.02) Campylobacter spp.  

All predictor variables with p-values <0.25, as determined by the LRT statistic, were included 

in an initial mixed-effects logistic regression model, which was then subjected to deletion 
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testing where variables with a LRT p-value <0.05 were retained in order to produce the final 

most parsimonious model. There were no variables with a LRT p-value <0.25 for the outcome 

carriage of erythromycin resistance. Following deletion testing on a mixed-effects logistic 

regression model for the outcome carriage of ciprofloxacin-resistance, no significant 

variables remained in the model. 

Mixed effects logistic regression models were made for the outcomes carriage of AMR and 

MDR Campylobacter spp. (Table 54). Following deletion testing, only weight fitted with a 

quadratic term (Weight^2) remained in the models. However, this was a significant 

protective factor for both outcomes (AMR: OR=0.997, 95% CI: 0.995-0.999; MDR: OR=0.998, 

95% CI: 0.997-0.9998). This indicates that for every kilogram increase in chicken weight, the 

chicken neck skin sample was significantly less likely to carry AMR and MDR Campylobacter 

spp. Therefore, as chicken carcasses increase in size, and are therefore older birds, they are 

less likely to carry AMR and MDR Campylobacter spp.  

The estimated ICC for the mixed effects logistic regression model for the outcome carriage 

of AMR Campylobacter spp. suggested that 29.6% of the variation in the risk of a sample 

carrying AMR Campylobacter spp. was due to packaging-level effects, 26.2% was due to shop-

level effects, 11.1% was due to slaughterhouse-level effects and 33.1% was due to other 

effects. The estimated ICC for the model for the outcome carriage of MDR Campylobacter 

spp. suggested that 14.1% of the variation in the risk of a sample carrying MDR 

Campylobacter spp. was due to packaging-level effects, 30.8% was due to shop-level effects, 

4.4% was due to slaughterhouse-level effects and 50.8% was due to other effects. 
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Table 53: Univariable Analysis for three independent, binomial or continuous predictor variables for four antimicrobial resistance outcomes for 405 Halal 

chickens sampled from retailers between February and May 2017. Y = Yes, N = No. Blue highlighted cells are those with a LRT P-value <0.25, green highlighted 

cells are those with a LRT P-value <0.05. OR = Odds Ratio; CI = Confidence Interval. 

Variable 

Carriage of Erythromycin-
Resistance 

Carriage of Ciprofloxacin-
Resistance 

Carriage of AMR Campylobacter 
spp. 

Carriage of MDR Campylobacter 
spp. 

OR 95% CI P-value OR 95% CI P-
value OR 95% CI P-

value OR 95% CI P-
value 

Visible Liquid (Y/N) 0.44 0.11-2.97 0.3 0.53 0.27-1.01 0.06 0.25 0.10-0.54 <0.001 0.56 0.29-1.08 0.08 
Packaged Chicken 
(Y/N) 0.33 0.02-1.80 0.9 0.76 0.47-1.20 0.2 0.52 0.33-0.81 0.004 0.57 0.35-0.92 0.02 

Weight (g) 
0.9998 0.998-

1.001 0.8          

Weight^2 (g)         0.02   <0.001   0.009 

Weight 
      1.003 1.0008-

1.006 0.01 1.005 1.002-1.007 <0.001 1.004 1.001-1.006 0.007 

Weight^2 
      0.999999

1 
0.999998-
0.9999998 0.02 0.999998

7 
0.999998-
0.9999995 0.001 0.999999

03 
0.999998-
0.9999998 0.02 
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Table 54: Final multi-level logistic regression models for the binomial outcomes, carriage of AMR and MDR Campylobacter spp., in 405 Halal chickens sampled 

from retailers between February and May 2017. B = Estimate (b); SE = Standard Error; OR = Odds Ratio; CI = Confidence Interval. Further analysis is provided 

in Appendix 5: Table 100. 

Resistance Outcome Covariates* B SE OR Lower CI Upper CI z-value P-Value 

AMR 

Weight (kg) 10.51 3.74 36711.33 36704 36718.66 2.81 0.005 

Weight^2 (kg) -0.003 0.001 0.997 0.995 0.999 -2.60 0.009 

MDR 

Weight (kg) 6.32 2.50 553.30 548.40 558.20 2.53 0.01 

Weight^2 (kg) -0.002 0.0008 0.998 0.997 1.00 -2.16 0.03 

* The continuous variable ‘Weight (g)’ was scaled to aid model convergence and then converted to ‘Weight (kg)’ to aid interpretation. The OR and 95% CI for the unscaled 

covariate were calculated by dividing the scaled OR and 95% CI by the standard deviation of the unscaled covariate. Further analysis is provided in Appendix 5: Table 

100.
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Whole Genome Sequencing: MLST Types and Characterisation of Resistance Genes 

Fifty isolates were selected for further investigation of a MDR resistance profile, including 

ten packaging isolates and 40 chicken skin isolates, from ten individual packages and 40 

individual chicken carcasses. All isolates resistant to four or more antimicrobial classes (n=4) 

were selected for investigation. All sequenced isolates were from samples purchased from a 

Halal butcher or a supermarket, none of the isolates were from samples purchased from 

online Halal retailers. All 50 isolates were re-confirmed as C. jejuni (all primary hits >99%) 

(Appendix 5: Table 101).  

WGS revealed a range of 17 different MLST types in the 50 isolates; five were specific to one 

sequenced isolate and 12 were found in more than one isolate. The phylogenetic tree of the 

50 isolates (Figure 16) shows that there was similarity between isolates from chickens 

purchased from a supermarket and those purchased from a Halal butcher. Isolates from 

chickens processed in the slaughterhouse with Approval code 4 were also related, with 

similarity also in those from Approval Code 8. ST-354 and ST-573 were common amongst 

isolates from Approval Code 4. Core genome genealogies were visualised using Interactive 

Tree of Life (iTOL) v3 (Letunic and Bork, 2016) and shared with associated metadata at: 

http://itol.embl.de/tree/138253218159255561537277855.  

Examination of the 50 isolates revealed resistance genes conferring resistance to 

tetracycline, beta-lactams and aminoglycosides, with resistance mechanisms including 

tetracycline resistance ribosomal protection proteins (tetM, tetW, tetO, and tetS) (TetR RPP), 

resistance-nodulation-cell division (RND) antibiotic efflux pump, class A and D beta-

lactamases, aminoglycoside nucleotidyltransferase (ant(6)), macB (subunit of antibiotic 

efflux pump), the aminoglycoside acetyltransferase (aac(3)), and an ATP-binding cassette 

(ABC) antibiotic efflux pump. There was not a great deal of variation between the resistance 

genes carried by the isolates. All of the isolates carried genes for at least five of the resistance 

mechanisms listed and the vast majority of isolates carrying TetR RPP, RND, Class D beta-

lactamases, macB and ABC (Table 55). However, only one isolate (652) carried a Class A beta-

lactamase and only two isolates (918 and 1010) carried ant(6), which confers resistance to 

aminoglycosides, but were not phenotypically resistant to gentamicin. There was very little 

variation in the virulence genes carried by the isolates, with similarity grouped within the 

MLST types and clonal complexes of the isolates.  
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Figure 16: Heuristic maximum-likelihood tree of the core genome sequences of 50 C. jejuni 
isolates was generated using RAxML v.8.2.9 (Stamatakis, A., 2014) (model: GTRGAMMA, 100 
iterations for bootstrapping) and visualised with Interactive Tree of Life (iTOL) v3 (Letunic and 
Bork, 2016). Metadata in figure above represents, from left to right, MLST Type, Type of 
Retailer (Supermarket or Halal Butcher) sample was purchased from and Approval Code 
sample was processed at. The scale bar (0.01) indicates the number of substitutions per site. 
The phylogenetic tree with associated metadata is available on iTOL at: 
http://itol.embl.de/tree/138253218159255561537277855. 

 

_CC-353 
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Table 55: Antimicrobial resistance phenotype and characterisation by whole genome sequencing (WGS) of 50 C. jejuni isolates from 10 packaging samples and 
40 chicken neck skin samples purchased from 44 Halal retailers between February and May 2017. ST = MLST Sequence Type, CC = Clonal Complex. AMR 
Phenotype abbreviations: Ery = erythromycin resistance; Tet = tetracycline resistance; Gm = gentamicin resistance; Aug = amoxicillin-clavulanate resistance; 
Ap = ampicillin resistance; Cip = ciprofloxacin resistance; Na = nalidixic acid resistance; MDR-3 = resistance to ≥3 tested antimicrobial classes; MDR-4 = 
resistance to ≥4 tested antimicrobial classes. AMR Gene abbreviations: Tet RPP = tetracycline resistance ribosomal protection protein; RND = resistance-
nodulation-cell division antibiotic efflux pump; Class A B-L = class A beta-lactamases; Class D B-L = class D beta-lactamases, ant(6) = aminoglycoside 
nucleotidyltransferase 6; macB = subunit of efflux pump conferring antibiotic resistance; aac(3) = Aminoglycoside Acetyltransferase 3; ABC = ATP-binding 
cassette antibiotic efflux pump. Alternating grey and white rows indicate groups of isolates within the same CC.  

Isolate ID Sample 
ID 

Related Sample 
ID 

Sample 
Type 

Date 
Purchased 

Sho
p 

Type of 
Retailer 

Approval 
Code ST (CC) AMR 

Phenotype 
AMR/
MDR AMR Genes 

704 252 P79 Chicken 26/04/2017 30 Halal Butcher Unknown 21 (CC-21) EryTetCipApNa MDR-4 RND, Class D B-L, macB, aac(3), ABC 
NCTC111

68 
NCTC111

68 REFERENCE GENOME 43 (CC-21) 
 RND, Class D B-L, macB, ABC 

247 59 P13 Chicken 28/03/2017 14 Halal Butcher 4 44 (CC-21) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

291 70 P14 Chicken 28/03/2017 15 Halal Butcher 4 44 (CC-21) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

929 335 P106 Chicken 15/05/2017 40 Halal Butcher 3 44 (CC-21) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

493 117 P23 Chicken 05/04/2017 20 Halal Butcher 4 50 (CC-21) TetApNa MDR-3 TetR RPP, RND, Class D B-L, macB, ABC 

118 31 P5 Chicken 23/03/2017 13 Halal Butcher 4 
1701 (CC-
45) TetApNa MDR-3 RND, Class D B-L, macB, aac(3), ABC 

213 P2 21-23 Packaging 23/03/2017 7 Halal Butcher 4 
464 (CC-
464) TetGmCipApNa MDR-4 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

652 157 
P30 Chicken 11/04/2017 24 Halal Butcher 7 

2254 (CC-
257) TetCipApNa MDR-3 

TetR RPP, RND, Class A B-L, Class D B-L, macB, 
ABC 

655 208 P39 Chicken 25/04/2017 27 Supermarket 8 
2254 (CC-
257) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, ABC 

715 P46 
215-217 Packaging 25/04/2017 27 Supermarket 8 

2254 (CC-
257) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, ABC 

1000 393 P137 Chicken 22/05/2017 44 Supermarket 8 
2254 (CC-
257) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, ABC 

1019 P138 
394-396 Packaging 22/05/2017 44 Supermarket 8 

2254 (CC-
257) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, ABC 

609 P29 153-156 Packaging 05/04/2017 23 Halal Butcher 4 
6461 (CC-
353) TetApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 
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918 329 P104 Chicken 15/05/2017 39 Halal Butcher 9 
6461 (CC-
353) TetCipApNa MDR-3 

TetR RPP, RND, Class D B-L, ant(6), macB, 
aac(3), ABC 

1010 P126 380 Packaging 23/05/2017 2 Supermarket 8 
6461 (CC-
353) TetCipApNa MDR-3 

TetR RPP, RND, Class D B-L, ant(6), macB, 
aac(3), ABC 

8 3 P150 Chicken 02/03/2017 2 Supermarket 8 
354 (CC-
354) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

105 27 P4 Chicken 23/03/2017 12 Halal Butcher 4 
354 (CC-
354) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

126 33 
P5 Chicken 23/03/2017 13 Halal Butcher 4 

354 (CC-
354) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

140 36 P6 Chicken 23/03/2017 8 Halal Butcher 4 
354 (CC-
354) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

162 42 
P8 Chicken 23/03/2017 10 Halal Butcher 4 

354 (CC-
354) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

172 44 P8 Chicken 23/03/2017 10 Halal Butcher 4 
354 (CC-
354) TetCipAugApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

180 46 
P9 Chicken 23/03/2017 10 Halal Butcher 4 

354 (CC-
354) TetGmCipApNa MDR-4 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

204 57 P12 Chicken 23/03/2017 9 Halal Butcher 4 
354 (CC-
354) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

236 P9 
45-47 Packaging 23/03/2017 10 Halal Butcher 4 

354 (CC-
354) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

461 113 P22 Chicken 28/03/2017 19 Halal Butcher 4 
354 (CC-
354) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

908 326 
P103 Chicken 15/05/2017 38 Halal Butcher 9 

5136 (CC-
464) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

957 375 P121 Chicken 19/05/2017 37 Supermarket 2 
5136 (CC-
464) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, ABC 

969 377 P123 Chicken 23/05/2017 2 Supermarket 8 
5136 (CC-
464) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, ABC 

1035 405 P147 Chicken 22/05/2017 1 Supermarket 8 
5136 (CC-
464) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

15 5 P152 Chicken 02/03/2017 3 Halal Butcher 7 
573 (CC-
573) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

71 19 
P1 Chicken 23/03/2017 7 Halal Butcher 4 

573 (CC-
573) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

557 120 P23 Chicken 05/04/2017 20 Halal Butcher 4 
573 (CC-
573) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

600 144 
P26 Chicken 05/04/2017 22 Halal Butcher 4 

573 (CC-
573) TetApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 
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753 275 P88 Chicken 02/05/2017 36 Halal Butcher 7 
573 (CC-
573) TetApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

761 277 P89 Chicken 02/05/2017 32 Halal Butcher 7 
573 (CC-
573) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

571 142 P26 Chicken 05/04/2017 22 Halal Butcher 4 
8116 (CC-
573) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

154 40 P7 Chicken 23/03/2017 8 Halal Butcher 4 
574 (CC-
574) TetGmCipApNa MDR-4 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

729 257 
P84 Chicken 02/05/2017 34 Halal Butcher 7 

574 (CC-
574) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, ABC 

904 P85 262-266 Packaging 02/05/2017 34 Halal Butcher 7 
574 (CC-
574) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, ABC 

229 P7 
39-40 Packaging 23/03/2017 8 Halal Butcher 4 

814 (CC-
661) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

404 98 P19 Chicken 28/03/2017 18 Halal Butcher 4 
814 (CC-
661) TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

325 78 P15 Chicken 28/03/2017 17 Halal Butcher 4 5244 TetCipAp MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

1040 81 P15 Chicken 28/03/2017 17 Halal Butcher 4 5244 TetCipAugApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

746 272 P87 Chicken 02/05/2017 36 Halal Butcher 7 P1 TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

815 309 P95 Chicken 02/05/2017 35 Halal Butcher 1 P1 TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

186 53 P11 Chicken 23/03/2017 9 Halal Butcher 4 P2 TetCipAp MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

437 107 P21 Chicken 28/03/2017 19 Halal Butcher 4 P2 TetApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

477 P22 112-116 Packaging 28/03/2017 19 Halal Butcher 4 P2 TetApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

604 P28 150-152 Packaging 05/04/2017 23 Halal Butcher 4 P2 TetCipApNa MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 

431 105 P20 Chicken 28/03/2017 18 Halal Butcher 4 P3 TetCipAp MDR-3 TetR RPP, RND, Class D B-L, macB, aac(3), ABC 
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Discussion 

This study is the first to investigate the levels of antimicrobial resistance in Halal chicken meat 

in the UK. The prevalence of Campylobacter in UK Halal chicken was estimated as 65.4% (95% 

CI: 60.8-70.1%). A high proportion of samples (57.3%; 95% CI: 52.5-62.1%) contained at least 

one AMR and 38.5% (95% CI: 33.8-43.3%) contained at least one MDR (resistance to ≥3 

antimicrobial drug classes) Campylobacter isolate. The highest prevalences of resistance in 

chicken neck skin samples were seen to tetracycline (205/405; 50.6%; 95% CI: 45.7-55.5%), 

with high prevalences of resistance to ampicillin (199/405; 49.1%; 95% CI: 44.3-54.0%) and, 

of concern, to the fluoroquinolone, ciprofloxacin (170/405; 42.0%; 95% CI: 37.3-46.8%). 

However, macrolide resistance was low, with <2.5% of chicken neck skin samples (10/405; 

95% CI; 1.0-4.0%) carrying a Campylobacter isolate positive for erythromycin-resistance. 

Previous studies have focussed on the levels of resistance in Campylobacter isolates to 

antibiotics of the fluoroquinolone and macrolide classes, as these are classed as highest-

priority critically important antibiotics (WHO, 2017b) and are used to treat human 

campylobacteriosis (Ruiz, 2007). This study found similar levels of fluoroquinolone and 

macrolide resistance to those detected in the 2016 Veterinary Antibiotic Resistance Sales and 

Surveillance (VARSS) report (VMD, 2017) and the FSA’s AMR report for Year 1 and Year 2 of 

their microbiological retail survey of Campylobacter contamination in UK-produced chickens 

(FSA, 2016b; 2017d). 

In this study, of 427 unique C. jejuni isolates and 60 C. coli isolates from chicken neck skin 

samples, 47.3% (95% CI: 42.6-52.0%) of C. jejuni and 43.3% (95% CI: 30.8-55.9%) of C. coli 

isolates were ciprofloxacin-resistant. This level of ciprofloxacin-resistance is similar to that 

reported in the VARSS Report (VMD, 2017), where resistance to ciprofloxacin was detected 

in a relatively high proportion of C. jejuni isolates from broilers (40.6%; 73/180), a small 

decrease compared to 2014. Similarly, in the second year of the FSA’s retail survey (FSA, 

2017d), 54.2% of the C. jejuni isolates (237/437; 95% CI: 49.4-59.0%) and 48.1% of the C. coli 

isolates (52/108; 95% CI: 38.4-58.0%) isolates examined from 547 chicken neck skin samples 

were resistant to ciprofloxacin. These levels of ciprofloxacin resistance are also comparable 

to those seen in the first year of the FSA’s retail survey where 49% (113/230; 95% CI: 42.5-

55.8%) of C. jejuni isolates and 55% (29/53; 95% CI: 40.4-68.4%) of C. coli isolates were 

resistant (FSA, 2016b). This survey determined the minimum inhibitory concentrations 

(MICs) to ciprofloxacin for 150 isolates resistant to ciprofloxacin on disc diffusion 
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susceptibility testing; 138 isolates had an MIC above the EUCAST CIP MIC breakpoint 

>0.5µg/ml and 81.3% (95% CI: 75.1-87.6%) had an MIC >32µg/ml. 

The first FSA AMR report found just two (N=230; 0.9% (95% CI: 0.1-3.1%)) C. jejuni isolates 

resistant to the macrolide erythromycin, whilst none (95% CI: 0-0.8%) of the C. jejuni isolates 

were resistant in the second year. These results are similar to the VARSS report which 

detailed that only one C. jejuni isolate from broiler chickens (N=180; 0.6%) was erythromycin-

resistant and similar to the two erythromycin-resistant C. jejuni isolates (N=427; 0.47% (95% 

CI: 0-1.12%)) found in this study from chicken neck skin samples. C. coli isolates 

demonstrated a much higher prevalence of erythromycin resistance in this study at 16.7% 

(95% CI: 7.24-26.1%), similar to the first FSA AMR report which found 11% (6/53; 95% CI: 4.3-

23.0%) of C. coli isolates erythromycin-resistant. However, these are much higher prevalence 

estimates than the 1.9 % (2/108; 95% CI: 0.2-6.5%) of erythromycin-resistant C. coli isolates 

reported in the second year. In this study, there were only six isolates co-resistant 

ciprofloxacin and erythromycin; one C. jejuni and five C. coli isolates. The FSA AMR reports 

also found a very low level of combined resistance to these critically important 

antimicrobials; two C. jejuni and five C. coli isolates in the first year (N=283) and only one C. 

coli isolate of 548 Campylobacter spp. isolates in the second year. The high level of 

tetracycline resistance observed at the C. jejuni isolate level in this study (309/427; 72.4%; 

95% CI: 68.1-76.6%) is higher than that in the VARSS report (56.1%; N=180) but comparable 

to both years of published data from the FSA’s retail surveys (Year 1: 63% (144/230; 95% CI: 

56.0-68.9%); Year 2: 67.7% (296/437; 95% CI: 63.1-72.1%)). 

A high proportion of isolates in this study were AMR (380/487; 78% (95% CI: 74.4-81.7%)) 

and 41.3% (201/487; 95% CI: 36.9-45.6%) were MDR. In the second FSA AMR report, 

resistance to at least one of the antimicrobials tested was observed in 74.4% (325/437; 95% 

CI: 70.0-78.4%) of the C. jejuni isolates and 75.9% (82/108; 95% CI: 66.7-83.6%) of the C. coli 

isolates. Multidrug resistance was observed in 7.4% (8/108) of the C. coli isolates but not in 

any of the C. jejuni isolates, a decrease from 20.8% (11/53) of the C. coli and 0.87% (2/230) 

of the C. jejuni MDR isolates in the first FSA AMR report. 

Overall, these data suggest that the proportion of ciprofloxacin-resistant C. jejuni and C. coli 

strains has increased in recent years. The Coordinated Local Authority Sentinel Surveillance 

of Pathogens (CLASSP) study, which tested 2000 raw whole chickens for Campylobacter spp. 

and was undertaken by local authorities and the Health Protection Agency in England 
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between 2004 and 2007, reported 18% of C. jejuni and 30% of C. coli isolates as ciprofloxacin-

resistant (FSA, 2016b). Similarly, in a 2007/2008 FSA survey to determine Campylobacter and 

Salmonella prevalence on fresh chicken at retail (FSA, 2009), 19% of C. jejuni and 34% of C. 

coli isolates were ciprofloxacin-resistant (FSA, 2016). Moreover, the EU summary reports on 

antimicrobial resistance in zoonotic and indicator bacteria from humans, animals and food 

have observed increasing trends in erythromycin and ciprofloxacin resistance in 

Campylobacter from broilers in several EU member states over recent years (EFSA and ECDC, 

2018). This latest EU summary report for 2016 details that for the 3117 C. jejuni and 162 C. 

coli isolates from broilers reported by 24 member states, 66.9% and 87.7% were 

ciprofloxacin-resistant, 50.7% and 61.7% tetracycline-resistant and 1.3% and 1.2% 

erythromycin-resistant, respectively. Additionally, the overall occurrence of co-resistance to 

ciprofloxacin and erythromycin in C. jejuni was assessed at 1.22% (38/3117). Except the 

higher prevalence of ciprofloxacin-resistant C. coli and lower prevalence of erythromycin-

resistant C. coli, which may be due to differences across the EU member states and in 

reporting and methodology, these results are broadly similar to this study. 

The methods used to assess antimicrobial resistance differ between this study, both FSA 

studies and the VARSS report. This study used antimicrobial disc diffusion testing and a 

combination of EUCAST and BSAC human CBPs and EUCAST ECOFFs (BSAC, 2015; EUCAST, 

2017; EUCAST, 2018) to determine the susceptibility of isolates. The microbiological testing 

reported in the VARSS report was carried out by APHA and AFBI using a broth microdilution 

method and EUCAST human clinical break points and EUCAST epidemiological cut-off values, 

whereas the FSA used an agar break-point testing method plates and epidemiological cut-off 

values. Although it is important to bear these methodological differences in mind during 

comparisons, broadly the prevalence estimates in these studies are very similar. This 

indicates that similar levels of resistance have been observed in the Halal chickens sampled 

in this survey, the general sample of UK-produced broiler chickens sampled by the FSA in 

their retail surveys and those reported in the VARSS report. 

The increasing prevalence of ciprofloxacin-resistant Campylobacter from poultry meat at 

retail in the UK over the past decade is particularly interesting given that in 2012 the British 

Poultry Council (BPC) started an antimicrobial stewardship scheme and have since prohibited 

the prophylactic use of antibiotics and committed to only use macrolides and 

fluoroquinolones as a last resort (VMD, 2017). There has been a reported 96% reduction in 

the use of fluoroquinolones within the broiler industry and in 2016, only 0.5% of prescribed 
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antibiotics were fluoroquinolones (VMD, 2017). Moreover, in 2014, usage in broilers was 

48.75 mg/kg, which has dramatically reduced to 9.85 mg/kg in 2017, a total reduction of 80% 

(BPC, 2018). The reported antimicrobial usage statistics in the VARSS report are supplied by 

the BPC, which represents 90% of the UK poultry meat sector. However, the UK poultry 

industry is highly integrated, with the top five integrator companies accounting for 

approximately 80% of total UK production, who supply major supermarket retailers. The 

remaining 20% of production is supplied by independent companies, one of whose main 

markets is the Halal sector (Linden, 2015). Therefore, it is possible that the data supplied by 

the BPC does not include antimicrobial usage on UK broiler farms supplying the Halal market. 

Despite this, the levels of antimicrobial resistance seen in the Halal chickens in this study are 

similar to those observed across the industry as a whole as detailed in the VARSS report and 

recent FSA surveys. 

Given these dramatic reductions in antimicrobial usage, why are we seeing increasing levels 

of ciprofloxacin resistance in UK-produced chicken meat? It has been suggested that an 

increased level of fluoroquinolone resistant bacteria may relate to increased consumption of 

fluoroquinolones possibly exacerbated by a fitness advantage for strains acquiring resistance 

(Redgrave et al., 2014). Mutations in gyrA in C. jejuni, which is associated with changes in 

DNA supercoiling, have a positive influence on fitness and mutant fluoroquinolone-resistant 

strains can outcompete wild-type strains in drug free competitive index experiments (Han et 

al., 2012). These strains have also been shown to persist long after removal of the selective 

pressure on farms (Griggs et al., 2005) and it is possible that resistance is persisting despite 

changes in prescribing practice in the UK. However, there is some anecdotal evidence from 

within the poultry industry that whilst large integrators have reduced their use of 

fluoroquinolones enormously, independent producers, such as those supplying the Halal 

market, and which are not governed by the policies of the large integrators or the British 

Poultry Council (BPC), are still using fluoroquinolones and are able to acquire prescriptions 

for these antimicrobials. The VARSS report only details usage for members of the BPC, which 

represents 90% of UK broiler production (VMD, 2017). Therefore, if the anecdotal evidence 

is correct, the available usage statistics may be underestimating actual usage, and may 

explain the increasing levels of resistance seen in recent years. 

In this survey, C. coli isolates exhibited more resistance to all classes of antimicrobials than 

C. jejuni. It is not well understood why C. coli is more resistant than C. jejuni but may be 

related to intrinsic factors; for example, differences in micro-membrane structures in the two 
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species (FSA, 2016b). However, whilst C. coli is generally more resistant than C. jejuni, it is 

not intrinsically resistant to macrolides and whilst the prevalence of macrolide resistance in 

C. jejuni remains low, macrolide resistance in C. coli can be common (Wimalarathna et al., 

2013; Bolinger and Kathariou, 2017). Substitutions in the 23S rRNA gene, specifically A2075G, 

and less frequently A2074C/G, remain the most common mechanism for high-level 

resistance to macrolides (Lin et al., 2007; Luangtongkum et al., 2009; Bolinger and Kathariou, 

2017). In C. jejuni, resistance mediated by such substitutions is accompanied by a reduced 

ability to colonise chickens and other fitness costs, which are not seen in C. coli, which may 

explain the macrolide resistance patterns in these species (Bolinger and Kathariou, 2017). 

Similar levels of ciprofloxacin and erythromycin resistance has been observed in isolates from 

human cases (Cody et al., 2010; Nichols et al., 2012). The VARSS report indicated that only 

2% of antimicrobial usage in poultry meat in 2016 was macrolides. Cody et al. (2010) noted 

that erythromycin resistance from human Campylobacter isolates remained stable at 2.5% 

between 1991-2009 and Gormley et al. (2010) found that erythromycin resistance was low 

in both human (1.7%) and chicken meat (1.9%) isolates. Nichols et al. (2012) reviewed one 

million human campylobacteriosis cases between 1989 and 2011 and discovered a small rise 

in erythromycin-resistance which was not associated with foreign travel and the authors 

concluded this was likely due to domestic human use of this drug. However, the consumption 

of poultry has been linked with the increase in fluoroquinolone resistance in human isolates, 

which raises concerns about the availability of effective antimicrobial agents for the 

treatment of severe Campylobacter infections (FSA, 2016b). Fortunately, co-resistance to 

both ciprofloxacin and erythromycin was low in this study and others undertaken in the UK. 

When looking at the number of packaging samples with AMR Campylobacter isolates, there 

appears to be considerably less resistance in packaging samples than in chicken; only 12.2% 

of packaging samples contained an AMR C. jejuni isolate. However, this is due to there being 

less Campylobacter-positive packaging samples (17.1%) than Campylobacter-positive 

chicken neck skin samples (65.4%). This may be due to lack of cross-contamination with the 

packaging or because the Campylobacter is not surviving well on the packaging. However, 

when we look at the resistance present in positive packaging samples, the levels of resistance 

between the chicken and packaging isolates are similar. The percentage of Campylobacter-

positive packaging samples containing an AMR Campylobacter isolate is 71.4% (20/28; 95% 

CI: 54.7-88.2%), whilst the percentage for Campylobacter-positive chicken neck skin samples 

is 87.5% (232/265; 95% CI: 83.6-91.5%). Isolates from 17 packaging swabs had identical 
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resistance profiles to isolates from chickens from within those packages. This is evidence of 

cross-contamination between the chickens and the packaging. It is unlikely that 

Campylobacter isolates are being transferred from the packaging to the chicken, especially 

to the neck skin of the carcass, and highlights the importance of kitchen hygiene when 

handling and disposing of the packaging of chicken meat. 

Mixed effects logistic regression models were made for the outcomes carriage of AMR and 

MDR Campylobacter spp. and found that weight fitted with a quadratic term (Weight^2) was 

a significant protective factor for both outcomes. This indicates that for every kilogram 

increase in chicken weight, and therefore as the birds age, the chicken neck skin sample was 

significantly less likely to carry AMR and MDR Campylobacter spp. This may be because 

broiler flocks are more likely to be treated with antimicrobials earlier in the flock cycle and 

chickens slaughtered at a younger age and a lower weight are more likely to carry AMR and 

MDR Campylobacter spp. due to the selection pressure of antimicrobial use. In the 

univariable logistic regression analysis, the presence of visible liquid (Yes/No) and plastic 

packaging were revealed as protective factors against carriage of AMR and MDR 

Campylobacter spp. The presence of visible liquid in the packaging may be confounded by 

the type of packaging. There was significantly more visible liquid present in the packaging of 

chickens sold in packaging than that of the chickens retailed loose, due to the sealed plastic 

packaging retaining liquid within the packaging. The finding that these variables were 

protective factors against carriage of AMR and MDR Campylobacter spp. may be related to 

chickens in packaging being purchased from supermarkets, which source their chicken meat 

from farms owned by larger poultry integrators than chickens purchased loose from Halal 

butchers. The phylogenetic tree (Figure 16) illustrates the similarity between isolates 

purchased from supermarkets and those purchased from Halal butchers. In addition, there 

is similarity in isolates from chickens processed in particular slaughterhouses, indicated by 

the approval code, which is specific to a processing plant. This indicates genetic relatedness 

between batches of chickens processed in a particular processing plant. 

In conclusion, this study has found similar levels of antimicrobial resistance in UK-produced 

Halal chicken as other studies sampling chicken at retail in the UK and across the EU. The high 

levels of resistance to the critically-important antimicrobials ciprofloxacin and erythromycin 

is of public health concern. Given the restricted use of these drugs in the UK poultry flock and 

the association between cases of human campylobacteriosis and poultry meat and products, 

this raises concerns about the availability of effective antimicrobial agents for the treatment 
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of severe Campylobacter infections and the ultimate impact on human clinical outcomes. 

Surveillance of antimicrobial resistance in Campylobacter from retail chickens must be 

continued and the poultry industry must endeavour in their efforts to reduce antimicrobial 

usage. 
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Chapter 7 

Concluding Discussion 

General Discussion 

This project aimed to investigate the role of biosecurity in the control of Campylobacter in 

previously unexplored areas of commercial broiler production. Biosecurity practices have 

been repeatedly cited as the main area for intervention to prevent the ingress of 

Campylobacter into broiler houses and the subsequent colonisation of the flock (Newell and 

Fearnley, 2003; Humphrey, O'Brien and Madsen, 2007; Rushton et al., 2009; Newell et al., 

2011). However, it is notoriously difficult to prevent such flock colonisation. Thus, a mixed-

methods approach was taken to investigate a range of identified potential issues on farms 

and at retail that are preventing Campylobacter reduction and presenting a public health risk 

to consumers. A qualitative interview study of broiler farmers’ attitudes and perceptions to 

biosecurity was used to identify barriers for maintaining biosecurity protocols, and to 

investigate risky behaviours associated with biosecurity breaches and the ingress of 

Campylobacter into poultry houses (Chapter 2). The internal and external broiler farm 

environment was sampled longitudinally throughout a flock cycle on ten farms to investigate 

potential risk factors for Campylobacter colonisation and to highlight key areas important in 

transmission pathways (Chapter 3). Four farms were also sampled longitudinally to 

investigate the use of quantitative real-time PCR (qPCR) with and without propidium 

monoazide (PMA) treatment as methods for rapid-detection and quantification of viable, 

viable but non-culturable (VBNC) and non-viable Campylobacter on broiler farms (Chapter 

4). Finally, a retail survey of Campylobacter contamination of UK-produced, intensively-

reared chicken meat produced for the Halal market was conducted (Chapter 5). Previous 

retail surveys have not investigated broiler meat produced for different consumer 

demographics or investigated differing levels of risk of campylobacteriosis to different 

communities. Furthermore, the diversity of isolates based on antimicrobial resistance (AMR) 

phenotype and genotype from Halal chicken retail meat was investigated. Subsequently, 

comparisons were made between the prevalence of resistance to clinically-relevant 

antimicrobials between the Halal and non-Halal chicken markets (Chapter 6). 

Despite the variation in the objectives and methodology of these chapters, the role and 

impact of biosecurity in the control of Campylobacter in commercial broilers was a major and 
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reccurring theme. In 2010, the Food Standards Agency (FSA) and the UK poultry industry set 

a joint target to reduce Campylobacter in UK-produced chicken; aiming to reduce the 

prevalence of the most contaminated chickens (>1000 cfu/g) at the end of the slaughter 

process to below 10% by the end of 2015 (FSA, 2010). However, this target was not met, as 

in 2015 the prevalence of Campylobacter was 73.3%, with 19.4% of the chickens found to be 

contaminated with >1000 cfu/g (FSA, 2015b). Due to retailer pressure to comply with this 

target and to reduce antimicrobial usage, there have been a number of changes in UK poultry 

production. The largest integrator companies have overhauled their approach to biosecurity 

along the whole farm to fork chain, in addition to massively reducing antimicrobial usage 

(VMD, 2017). Ongoing surveillance by the FSA in 2017-18 has revealed a reduction in 

prevalence to 44.8% with just 4% of chickens contaminated with the highest levels of 

Campylobacter (FSA, 2018b). Yet, it is not clear if this progress in biosecurity and 

antimicrobial usage has filtered throughout the entire broiler chicken industry. The UK 

poultry industry is highly integrated, with the top four integrator companies, who supply the 

major supermarket retailers, accounting for over 80% of total UK production. The remaining 

20% of production is supplied by independent companies, one of whose main markets is the 

Halal sector (Linden, 2015). Many studies of the UK broiler industry have focussed on 

chickens produced by the major integrators and the differences in Campylobacter prevalence 

or AMR of chicken meat produced for different consumer demographics, such as the Halal 

market, have not been investigated. 

An example of changes in biosecurity practice to reduce the risk of Campylobacter 

colonisation within the industry is that large integrators have largely restricted thinning 

events on their farms to one per flock. Yet, interestingly, ‘thinning’ (partial depopulation of 

flocks) was a recurring biosecurity issue within every chapter. During chick placement, more 

chicks are placed in the houses than would fit within legal stocking densities (≤39kg/m2) when 

the birds are fully grown. During thinning, a proportion of birds are sent for slaughter and 

the remaining birds grow to the desired final slaughter weight. This ensures the correct 

stocking densities are maintained, supplies the market with a range of carcass weights and 

also increases productivity and profitability for farmers. However, thinning is frequently 

identified as a risk factor for flocks becoming colonised with Campylobacter spp. (Hald, 

Wedderkopp and Madsen, 2000; Adkin et al., 2006; Hansson et al., 2010; BIOHAZ, 2011; 

Georgiev, Beavais and Guitian, 2017). In Chapter 3 Generalised Estimating Equations (GEEs) 

and Generalised Linear Mixed-Effect Models (GLMMs) were used to identify risk factors 

associated with Campylobacter colonisation of broiler flocks; increasing mean flock age at 
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slaughter, thinning the flock and Campylobacter-positive external broiler house samples 

were identified as risk factors and an increasing number of broiler houses and timing of 

sampling (as the study progressed from June to August flocks were less likely to be positive) 

were protective effects. Anecdotal evidence suggests that farms supplying chicken to the 

Halal chicken market thin flocks multiple times. This supplies a demand within the Halal 

market for a range of carcass sizes and also reduces pressure on the small- to medium-sized 

abattoirs that process birds for this market. In the Halal retail survey (Chapter 5), large birds 

(>1750g) had a statistically significant higher number of samples with >1000 cfu/g (p<0.001) 

indicating that older birds are more likely to be Campylobacter-positive. Furthermore, Halal 

chicken was found to have a higher prevalence of Campylobacter than non-Halal chicken 

when compared to the results of a FSA retail survey conducted in the same time period 

(65.4% versus 54%; p<0.001) (FSA, 2017b). This may indicate that these birds are being 

subjected to more thinning events, or more biosecurity breaches, on farms supplying the 

Halal market, which is increasing the risk of campylobacteriosis to Halal consumers. 

Interventions, either in the form of improved on-farm biosecurity or through increased 

consumer awareness, should be introduced to reduce this increased public health risk to 

consumers.  

The findings of the risk factor analysis in Chapter 3 illustrated the importance of biosecurity, 

particularly when the flock is at high risk of Campylobacter colonisation during thinning and 

in early summer. The significance of the external broiler house environment being positive 

as a risk factor for flock colonisation emphasises the importance of correctly utilising specific 

biosecurity measures throughout the flock cycle, including during thinning. Thinning is 

arguably the most important aspect of biosecurity impacting upon Campylobacter 

colonisation of broiler flocks. During interviews with broiler farmers (Chapter 2), thinning was 

highlighted by many as a stressful biosecurity breach. Participants were concerned by the 

levels of stress that chickens experienced prior to and during thinning due to feed 

withdrawal, social disruption and the movement of people, chickens and machinery in and 

out of the broiler houses. It was believed that stress due to thinning resulted in 

Campylobacter colonisation of flocks. This view is supported by research, which has shown 

that stress increases broiler susceptibility to Campylobacter colonisation, which 

subsequently increases uptake of the bacteria by the gut epithelium (Holt, 2003; Humphrey, 

2006; Robins and Phillips, 2011; Colles et al., 2016). Previous studies have identified the 

widespread practice of thinning in the UK, the economic impact stopping it would have on 

broiler farmers and the lack of enthusiasm to do this (Fraser et al., 2010; Georgiev, Beavais 
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and Guitian, 2017). These sentiments were echoed in the interviews in Chapter 2; the extra 

space requirements to produce the same amount of chicken whilst in keeping with legal 

densities if thinning were stopped, would force some broiler farms out of business and 

detrimentally affect the UK broiler market. Whilst thinning is practiced in the UK it is vital to 

further explore the effect of thinning, particularly multiple thinning events, on bird health 

and welfare and to employ gold standard biosecurity practice to prevent the ingress of 

Campylobacter and other pathogens into broiler houses during this process.  

In addition to restricting flocks to one thinning event, large integrators and those governed 

by the Antimicrobial Stewardship Schemes of the British Poultry Council have dramatically 

curbed their use of antibiotics including restrictions on the use of fluoroquinolones. 

However, further anecdotal evidence suggests that some independent producers may not 

yet have followed suit. Similar levels of antimicrobial resistance were found in UK-produced 

Halal chicken as other studies sampling chicken at retail in the UK and across the EU. 

However, the high levels of MDR (38.5%; 95% CI: 33.8-43.3%) and resistance to the critically-

important antimicrobial ciprofloxacin (42%; 95% CI: 37.3-46.8%) is of public health concern. 

Given the ban on the use of these drugs in the UK poultry flock and the association between 

cases of human campylobacteriosis and poultry meat and products, this raises concerns 

about the availability of effective antimicrobial agents for the treatment of severe 

Campylobacter infections and the ultimate impact on human clinical outcomes. Future work 

must investigate these fluoroquinolone-resistant strains and the mechanisms causing this 

resistance. If the resistance is not associated with a fitness cost to the bacterium, further 

measures must be introduced to reduce their prevalence in the UK broiler flock, which is 

known to be persistent (Humphrey et al., 2005). Positively, interviewees (Chapter 2) 

expressed the view that the improvement in biosecurity due to the focus on Campylobacter 

reduction has resulted a reduction in antimicrobial usage. Antimicrobial resistance in 

Campylobacter from retail chickens should be monitored and all sectors of the poultry 

industry must continue their efforts to reduce antimicrobial usage. 

Given the importance of biosecurity in the prevention of flock Campylobacter colonisation, 

it is imperative to find ways to motivate farmers to consistently adhere to biosecurity 

protocols. There have been numerous studies on risk factors and the best interventions to 

prevent flock colonisation. However, farms must abide by gold standard biosecurity practice 

at all times in order for these interventions to be effective. There was a high level of 

recognition amongst interview participants (Chapter 2) of the importance of Campylobacter 
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and other disease threats. All of the participants understood their responsibility on farm in 

the reduction of Campylobacter. However, more can be done to educate farmers with 

regards to the evidence-base supporting biosecurity interventions and to communicate 

current scientific research on Campylobacter. In Chapter 2, hand plates were an effective 

tool to demonstrate to and educate participants about the importance of hand hygiene and 

should be explored further as a method to positively impact one aspect of biosecurity 

compliance. Human-behaviour change is a huge factor in the industry’s battle to reduce 

Campylobacter in chicken meat and it is important that farmers understand Campylobacter 

and the impact of biosecurity on its control. There is a need to demonstrate how to correctly 

implement biosecurity measures to broiler farmers and to increase understanding of the 

direct impact measures can have on reducing the risk of Campylobacter colonisation. 

Moreover, it was interesting that some participants want to be more involved in decision-

making processes. Some were scornful of those who make decisions that will affect farm life 

day-to-day with what they consider to be a dearth of on-the-ground experience. Without 

doubt, farmers have a breadth of experience; harnessing this and improving channels of 

communication may improve compliance. It was expected that there would be a level of 

frustration amongst interviewees with Campylobacter control. Intensive broiler production 

in the UK is a high-throughput industry with tight profit margins and the introduction and 

evolution of biosecurity measures on farms could be understandably frustrating, especially 

given some of the misinformation encountered surrounding Campylobacter, its ecology and 

its control. However, the unexpected widespread belief of the knock-on effect that the target 

to reduce Campylobacter has had on the overall health and welfare of broilers and the legacy 

of improved farm biosecurity was a surprising and pleasing discovery. 

Study Limitations 

In Chapters 3 and 4, broiler farms were supplied with boot socks and asked to follow a 

schedule for sampling the internal and external broiler house environment. Due to the 

geographical spread of the participating farms it was not possible for researchers to visit the 

farms once a week throughout the flock cycle to undertake the sampling. Furthermore, 

recurrent outbreaks of Avian Influenza across the UK and in commercial poultry holdings, 

slowed initial farm recruitment, stalled fieldwork and prevented researchers accessing 

broiler farms. Thus, it was necessary to rely upon an initial farm visit (and a subsequent visit 

for the interview if farms were taking part in both studies) and regular telephone and email 

reminders to ensure that farms were submitting the required samples. To make sampling as 
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convenient as possible, farms were also provided with pre-labelled pairs of boot socks and 

pre-addressed and postage-paid envelopes to return samples to the laboratory. From the 

researcher’s experience, the farms returning the boot sock samples according to the 

prescribed sampling protocol were those who were invested in reducing the prevalence of 

Campylobacter in their broiler flocks and understood the importance of scientific research 

into the problem. This was highlighted in Chapter 2, where some participants said that they 

were willing to try anything, including taking part in research projects, to reduce 

Campylobacter in their broiler flocks. Ensuring compliance on other farms was arduous, with 

difficulty contacting some farms and a number of excuses made for not returning samples to 

the laboratory. Unfortunately, this resulted in a limited dataset on which to conduct risk 

factor analysis (Chapter 3). There were some, but dramatically less, issues with compliance 

for the farms (Farms 11-14) taking part in boot sock sampling for Chapter 4. This could be 

because these were farms owned by a different poultry integrator to those in Chapter 3, with 

a different attitude towards scientific research compliance or a different relationship 

between the farm staff and the integrator management who had asked these farms to 

participate. However, due the timing of the sampling phase in late spring-early summer, 

which was preceded by unseasonably cold weather, fewer Campylobacter-positive samples 

were obtained than anticipated. Ideally sampling would have been conducted later in the 

year, but this was not possible in this instance. 

The Halal retail survey was limited by the geographical area it was confined to. For logistical 

reasons, sampling was mainly confined to the northwest of England. Whilst this is a region 

with a high population of Muslims (Muslim Council of Britain, 2015), and we also sampled 

chickens from online Halal retailers and Halal butchers in the East of England, the sampling 

strategy was convenience-based. This resulted in only ten slaughterhouse and cutting plant 

approval codes being represented. Ideally, a stratified sampling approach would be 

employed across the whole of England, either with areas of high Muslim populations sampled 

more, or if the value chain analysis existed, by sampling approval codes associated with Halal 

production based upon their market share. There was a statistically significantly higher 

number of Campylobacter-positive chicken neck skin samples in March compared to April 

and May (C2=59.8, df=2, p<0.001). However, due to the use of convenience sampling it was 

not possible to determine if there was a true effect of month of purchase or if the results 

were biased by certain retailers, geographical areas and some slaughterhouse approval 

codes featuring more heavily in some months than others. 
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Further Work 

In the UK, there is little variation between broiler farms. However, this study identified 

anecdotal differences in biosecurity practice, particularly with regards to the number of 

thinning events, and antimicrobial usage, between farms supplying the major UK poultry 

integrators, and those supplying specialist and wholesale markets. Further work should 

investigate these potential differences and the reasons for these. In addition, value chain 

analysis of the UK Halal meat market is scarce and in the interests of traceability and 

consumer awareness should be more transparent. The majority of participating farms in the 

qualitative aspects of this project (Chapter 2) were owned by or contracted to one major UK 

poultry integrator. Thus, it was not possible to explore differences in opinion for people 

supplying these different markets. Future qualitative work may include investigating the 

views of a broader range of farms, including those supplying the Halal market. 

Few studies investigating associations between risk factors and Campylobacter colonisation 

of broiler flocks have studied flocks longitudinally throughout flock cycles. This was a 

beneficial approach in this project and highlighted the complex and variable ecology of 

Campylobacter in the broiler farm environment. Future work should aim to include as many 

farms as is feasibly and logistically possible and to sample over multiple seasons, including 

winter, to better account for the effect of seasonality on flock colonisation. A broader range 

of potential risk factors should be included, including biosecurity measures implemented 

from the farm gate to the control room, farm infrastructure and geographical and 

meteorological variables. Chapter 4 investigated the use of qPCR for rapid detection of 

Campylobacter on broiler farms. Whilst further development of this technique is required 

there is great potential for use on farms to detect Campylobacter colonisation. The use of 

PMA treatment also presents multiple uses along the whole farm to fork chain. However, the 

issues encountered in Chapter 4 indicate the possibility that this method needs to be refined 

before it can be used on all types of samples. Whilst the use of Chelex DNA extractions 

worked well with the Halal chicken neck skins in Chapter 5, the hypothesised interference of 

inhibitors in the samples collected from the internal and external broiler farm environments 

in Chapter 4 indicate that further development is necessary. Initially use of a more sensitive 

extraction method should be trialled. Following development, extensive sampling of the 

broiler farm environment to identify ‘hot spots’ of Campylobacter, could be used to improve 

the application of interventions to prevent transmission. 
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This project lacked investigation of Campylobacter control in the slaughterhouse 

environment. Due to logistical issues, it was not possible to sample a processing plant. To 

fully appreciate the multifactorial nature of Campylobacter control, ideally broiler flocks 

would be followed along the whole farm to fork chain, from chick placement to point of retail. 

By gathering the maximum amount of data on farm management, biosecurity protocols and 

external factors, such as meteorological data, and combining this with data on 

slaughterhouse interventions, with testing at multiple points along the farm to fork chain, 

combinations of risk factors and interventions can be investigated to explore the best 

approach to Campylobacter control currently available. 

Final Conclusions 

In conclusion, correct implementation of biosecurity interventions is the best defence against 

Campylobacter colonisation of broiler flocks. Industry targets to reduce Campylobacter have 

had a noticeable positive knock-on effect on biosecurity within the broiler industry. The 

universal recognition of the benefit of improved biosecurity with regards to broiler health 

and welfare and other important objectives, such as reducing antimicrobial usage, leaves a 

lasting legacy of which the UK broiler industry can be proud. The results of this work indicate 

that parts of the UK broiler industry are lagging behind and more needs to be done to 

improve on-farm biosecurity and consumer awareness to reduce this increased public health 

risk to affected consumer demographics, such as the Halal market. Furthermore, there is a 

need to demonstrate to broiler farmers how to correctly implement biosecurity protocols 

and to educate farmers about the significance and impact of each measure. Broiler farms are 

on the front line of Campylobacter control and to improve compliance, communication must 

be improved, farms must be kept up to date with current scientific research and farms must 

be given ownership of industry targets. Throughout this thesis, there has been little evidence 

of ‘fowl play’ in the implementation of biosecurity on broiler farms. However, there is room 

for improvement in the application of biosecurity measures in all corners of commercial 

broiler production. This will further reduce the public health risk of campylobacteriosis and 

ensure the continued production of ‘good fayre’. 
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Appendix 1: Appendix to Chapter 2 

Figure 17: Example feedback sheet given to participant. Each sheet was personalised for the 
participant. 

 

Figure 18: Example feedback sheet given to all participants to highlight the importance of 
hand hygiene. Feedback sheet was used during interviews to generate discussion around 
hand hygiene. 
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Appendix 2: Appendix to Chapter 3 

Section 1: Pilot Sampling Results (Farm 1) 

Table 56: Results from boot sock sampling on Farm 1 from May to August 2016. 

Date Flock Age 

(Days) Event 
No. of Boot Socks Culture 

Campylobacter-Positives 
PCR 

Campylobacter-Positives 
Internal External Internal External Internal External 

06/05/2016 1 Flock Placement    
23/05/2016 17 Boot Sock Sampling – Week 0 4 3 2 0 2 0 
04/07/2016 1 Flock Placement: H3, 4    
05/07/2016 1 Flock Placement: H1, 2    
06/07/2016 2-3 Boot Sock Sampling – Week 1  16 9 0 0 0 0 
12/07/2016 8-9 Boot Sock Sampling – Week 2  16 12 0 0 0 0 
19/07/2016 15-16 Boot Sock Sampling – Week 3  16 12 0 0 0 0 
26/07/2016 22-23 Boot Sock Sampling – Week 4  16 12 0 0 0 0 
02/08/2016 29-30 Boot Sock Sampling – Week 5  16 12 0 0 0 0 
02/08/2016 30 First Depletion – H3, 4    
03/08/2016 30 First Depletion – H2    
04/08/2016 31 First Depletion – H1    
09/08/2016 36-37 Boot Sock Sampling – Week 6  16 12 15 3 1 6 
12/08/2016 40 Second Depletion – H3, 4    
15/08/2016 42 Second Depletion – H1, 2    
15/08/2016 43 Third Depletion – H3, 4    
15/08/2016 42-43 Boot Sock Sampling – Week 7 16 12 16 10 0 2 
22/08/2016 49-50 Final Depletion    

 
Total 

116 84 33 13 3 8 
200 46 11 
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Culture Positives for Farm 1 

Table 57: Time and location of sampling and speciation of Campylobacter culture-positive 
boot sock samples from Farm 1. 

Time and Location of Sampling Species Identification 
Week 0, House 1 (Internal) C. jejuni 
Week 0, House 4 (Internal) C. jejuni 
Week 6, House 1, Zone 1 (Internal) C. jejuni and C. coli 
Week 6, House 1, Zone 2 (Internal) C. jejuni and C. coli 
Week 6, House 1, Zone 3 (Internal) C. jejuni 
Week 6, House 1, Zone 4 (Internal) C. coli 
Week 6, House 2, Zone 1 (Internal) C. jejuni 
Week 6, House 2, Zone 2 (Internal) C. jejuni 
Week 6, House 2, Zone 3 (Internal) C. jejuni 
Week 6, House 3, Zone 1 (Internal) C. jejuni 
Week 6, House 3, Zone 2 (Internal) C. jejuni 
Week 6, House 3, Zone 3 (Internal) C. jejuni 
Week 6, House 3, Zone 4 (Internal) C. jejuni 
Week 6, House 4, Zone 1 (Internal) C. coli 
Week 6, House 4, Zone 2 (Internal) C. jejuni and C. coli 
Week 6, House 4, Zone 3 (Internal) C. jejuni 
Week 6, House 4, Zone 4 (Internal) C. jejuni 
Week 6, Walk 2, House 1 (External) C. jejuni 
Week 6, Walk 2, House 2 (External) C. jejuni 
Week 6, Walk 4, House 2 (External) C. jejuni and C. coli 
Week 7, House 1, Zone 1 (Internal) C. jejuni 
Week 7, House 1, Zone 2 (Internal) C. jejuni 
Week 7, House 1, Zone 3 (Internal) C. jejuni 
Week 7, House 1, Zone 4 (Internal) C. coli 
Week 7, House 2, Zone 1 (Internal) C. jejuni 
Week 7, House 2, Zone 2 (Internal) C. jejuni 
Week 7, House 2, Zone 3 (Internal) C. jejuni 
Week 7, House 2, Zone 4 (Internal) C. jejuni 
Week 7, House 3, Zone 1 (Internal) C. jejuni 
Week 7, House 3, Zone 2 (Internal) C. jejuni 
Week 7, House 3, Zone 3 (Internal) C. jejuni 
Week 7, House 3, Zone 4 (Internal) C. jejuni 
Week 7, House 4, Zone 1 (Internal) C. jejuni 
Week 7, House 4, Zone 2 (Internal) C. jejuni and C. coli 
Week 7, House 4, Zone 3 (Internal) C. jejuni and C. coli 
Week 7, House 4, Zone 4 (Internal) C. coli 
Week 7, Walk 1, House 1 (External) C. jejuni 
Week 7, Walk 1, House 2 (External) C. jejuni 
Week 7, Walk 2, House 1 (External) C. jejuni 
Week 7, Walk 2, House 2 (External) C. jejuni 
Week 7, Walk 3, House 1 (External) C. jejuni 
Week 7, Walk 3, House 2 (External) C. coli 
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Week 7, Walk 3, House 3-4 (External) C. jejuni 
Week 7, Walk 4, House 1 (External) C. jejuni 
Week 7, Walk 4, House 2 (External) C. jejuni 
Week 7, Walk 4, House 3-4 (External) C. jejuni 

PCR Positives for Farm 1 

Table 58: Time and location of sampling and speciation of Campylobacter and Arcobacter 
PCR-positive boot sock samples from Farm 1. 

Time and Location of Sampling Species Identification 
Week 0, House 1 (Internal) C. jejuni 
Week 0, House 4 (Internal) Campylobacter spp. 
Week 1, House 4, Zone 4 (Internal) Arcobacter spp.  
Week 1, Walk 1, House 2 (External) Arcobacter spp. 
Week 1, Walk 2, House 2 (External) Arcobacter spp. 
Week 1, Walk 3, House 2 (External) Arcobacter spp. 
Week 2, Walk 1, House 2 (External) Arcobacter spp. 
Week 2, Walk 2, House 1 (External) Arcobacter spp. 
Week 2, Walk 2, House 2 (External) Arcobacter spp. 
Week 2, Walk 3, House 1 (External) Arcobacter spp. 
Week 2, Walk 3, House 2 (External) Arcobacter spp. 
Week 2, Walk 4, House 1 (External) Arcobacter spp. 
Week 2, Walk 4, House 2 (External) Arcobacter spp. 
Week 3, House 4, Zone 2 (Internal) Arcobacter spp. 
Week 3, Walk 3, House 2 (External) Arcobacter spp. 
Week 3, Walk 4, House 1 (External) Arcobacter spp. 
Week 3, Walk 4, House 3-4 (External) Arcobacter spp. 
Week 4, Walk 3, House 2 (External) Arcobacter spp. 
Week 5, Walk 1, House 3-4 (External) Arcobacter spp. 
Week 5, Walk 2, House 2 (External) Arcobacter spp. 
Week 5, Walk 3, House 3-4 (External) Arcobacter spp. 
Week 5, Walk 4, House 3-4 (External) Arcobacter spp. 
Week 6, House 2, Zone 4 (Internal) Campylobacter spp. 
Week 6, Walk 1, House 1 (External) Campylobacter spp. 
Week 6, Walk 1, House 2 (External) Campylobacter spp. 
Week 6, Walk 1, House 3-4 (External) Campylobacter spp. 
Week 6, Walk 2, House 3-4 (External) Campylobacter spp. 
Week 6, Walk 3, House 2 (External) Campylobacter spp. 
Week 6, Walk 3, House 3-4 (External) Arcobacter spp. 
Week 6, Walk 4, House 3-4 (External) Campylobacter spp. 
Week 7, Walk 1, House 3-4 (External) Campylobacter spp. 
Week 7, Walk 2, House 3-4 (External) Campylobacter spp. 
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Section 2: Main Sampling Phase – Individual Farm Results 

Farm 2 

Table 59: Results from boot sock sampling on Farm 2 from June to July 2017. 

Date Flock Age (Days) Event 
No. of Boot Socks 

Culture 

Campylobacter-
Positives 

PCR 

Campylobacter-
Positives 

Internal External Internal External Internal External 

05/06/2017 1 Flock Placement – H1-2, 4-6, 9 
06/06/2017 1 Flock Placement – H3, 7-8, 10-12 
14/06/2017 9-10 Boot Sock Sampling – Week 1  4 16 0 0 0 0 
26/06/2017 21-22 Boot Sock Delivery – Week 2  4 16 0 0 0 0 
03/07/2017 28-29 Boot Sock Delivery – Week 3  4 16 0 0 0 0 
06/07/2017 32 First Depletion – H1-2, 5-6 
07/07/2017 32-33 First Depletion – H3-4, 7-12 
09/07/2017 35 Final Depletion – H1-2 
10/07/2017 36 Final Depletion – H4 
 35-36 Boot Sock Sampling – Week 4  4 16 0 0 0 0 
11/07/2017 36-37 Final Depletion – H6-9, 11-12 
12/07/2017 37-38 Final Depletion – H3, 5, 10 
 

Total 
16 64 0 0 0 0 

80 0 0 
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Farm 3 

Table 60: Results from boot sock sampling on Farm 3 from June to July 2017. 

Date Flock Age (Days) Event 
No. of Boot Socks 

Culture 

Campylobacter-Positives 

PCR 

Campylobacter-Positives 

Internal External Internal External Internal External 

08/06/2017 1 Flock Placement – H1, 3-8 
09/06/2017 1 Flock Placement – H2, 9-11 
12/06/2017 5 Boot Sock Sampling – Week 1  4 8 0 0 0 0 
16/06/2017 9 Boot Sock Sampling – Week 2  4 16 0 0 0 0 
23/06/2017 16 Boot Sock Sampling – Week 3  4 15 0 0 0 0 
30/06/2017 23 Boot Sock Sampling – Week 4  4 16 0 0 0 0 
08/07/2017 31 Boot Sock Sampling – Week 5  4 16 0 0 1 0 
09/07/2017 31-32 First Depletion – H6, 8, 10-11 
10/07/2017 33 First Depletion – H1, 3, 5, 7 
11/07/2017 33-34 First Depletion – H4, 9 
12/07/2017 34 First Depletion – H2 
13/07/2017 36 Boot Sock Sampling – Week 6  4 16 0 0 1 0 
18/07/2017 40-41 Final Depletion – H4, 9 
19/07/2017 41-42 Final Depletion – H1, 3, 5-7, 11 
20/07/2017 42-43 Final Depletion – H2, 8, 10 
 

Total 
24 87 0 0 2 0 

111 0 2 
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PCR Positives on Farm 3 

Table 61: Time and location of sampling and speciation of Campylobacter PCR-positive boot 
sock samples from Farm 3. 

Time and Location of Sampling Species Identification 
Week 5, House 5 (Internal) C. jejuni 
Week 6, House 5 (Internal) C. coli 
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Farm 4 

Table 62: Results from boot sock sampling on Farm 4 from June to August 2017. 

Date Flock Age (Days) Event 
No. of Boot Socks 

Culture 
Campylobacter-

Positives 

PCR 
Campylobacter-

Positives 
Internal External Internal External Internal External 

23/06/2017 1 Flock Placement – H1, 3 
24/06/2017 1 Flock Placement – H2, 4 

29/06/2017 6-7 Boot Sock Sampling – Week 1  4 16 0 0 0 0 

04/07/2017 11-12 Boot Sock Sampling – Week 2  4 16 0 0 0 0 

13/07/2017 20-21 Boot Sock Sampling – Week 3  4 16 0 0 2 0 

21/07/2017 28-29 Boot Sock Sampling – Week 4  4 16 2 0 4 0 
24/07/2017 31-32 First Depletion – H1, 3-4 
25/07/2017 32 First Depletion – H2 
27/07/2017 35 Second Depletion – H3  
29/07/2017 36-37 Boot Sock Sampling – Week 5  4 16 2 9 2 9 
01/08/2017 39 Final Depletion – H2 
02/08/2017 41 Final Depletion – H1 
03/08/2017 41-42 Final Depletion – H3-4 

04/08/2017 
H1-H3: Washing 
Down; H4: Dirty 

Boot Sock Sampling – Week 6  4 16 0 0 3 14 

12/08/2017 H1-H3: 2; H4: 1 Boot Sock Sampling – Week 7 4 16 0 0 0 1 
 Total 28 112 4 9 11 24 

140 13 35 
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Culture Positives on Farm 4 

Table 63: Time and location of sampling and speciation of Campylobacter culture-positive 
boot sock samples from Farm 4. 

Time and Location of Sampling Species Identification 
Week 4, House 1 (Internal) C. jejuni 
Week 4, House 4 (Internal) C. jejuni 
Week 5, House 1 (Internal) C. jejuni 
Week 5, House 2 (Internal) C. jejuni 
Week 5, Walk 2, House 3 (External) C. jejuni 
Week 5, Walk 2, House 4 (External) C. jejuni 
Week 5, Walk 3, House 2 (External) C. jejuni 
Week 5, Walk 3, House 3 (External) C. jejuni 
Week 5, Walk 3, House 4 (External) C. jejuni 
Week 5, Walk 4, House 1 (External) C. jejuni 
Week 5, Walk 4, House 2 (External) C. jejuni 
Week 5, Walk 4, House 3 (External) C. jejuni 
Week 5, Walk 4, House 4 (External) C. jejuni 

PCR Positives on Farm 4 

Table 64: Time and location of sampling and speciation of Campylobacter and Arcobacter 
PCR-positive boot sock samples from Farm 4. 

Time and Location of Sampling Species Identification 
Week 3, House 1 (Internal) C. jejuni 
Week 3, House 2 (Internal) C. jejuni 
Week 4, House 1 (Internal) C. jejuni and C. coli 
Week 4, House 2 (Internal) C. jejuni 
Week 4, House 3 (Internal) C. jejuni 
Week 4, House 4 (Internal) C. jejuni 
Week 5, House 1 (Internal) C. jejuni 
Week 5, House 2 (Internal) C. jejuni 
Week 5, Walk 2, House 3 (External) C. jejuni 
Week 5, Walk 2, House 4 (External) C. jejuni and Arcobacter spp. 
Week 5, Walk 3, House 2 (External) C. jejuni 
Week 5, Walk 3, House 3 (External) C. jejuni 
Week 5, Walk 3, House 4 (External) C. jejuni and Arcobacter spp. 
Week 5, Walk 4, House 1 (External) C. jejuni 
Week 5, Walk 4, House 2 (External) C. jejuni 
Week 5, Walk 4, House 3 (External) C. jejuni 
Week 5, Walk 4, House 4 (External) C. jejuni and Arcobacter spp. 
Week 6, House 1 (Internal) C. jejuni and Arcobacter spp. 
Week 6, House 2 (Internal) C. jejuni 
Week 6, House 3 (Internal) C. jejuni 
Week 6, House 4 (Internal) Arcobacter spp. 
Week 6, Walk 1, House 1 (External) Arcobacter spp. 
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Week 6, Walk 1, House 2 (External) C. jejuni 
Week 6, Walk 1, House 3 (External) C. jejuni 
Week 6, Walk 1, House 4 (External) C. jejuni 
Week 6, Walk 2, House 1 (External) C. jejuni 
Week 6, Walk 2, House 2 (External) C. jejuni 
Week 6, Walk 2, House 3 (External) C. jejuni 
Week 6, Walk 2, House 4 (External) C. jejuni 
Week 6, Walk 3, House 1 (External) Arcobacter spp. 
Week 6, Walk 3, House 2 (External) C. jejuni 
Week 6, Walk 3, House 3 (External) C. jejuni 
Week 6, Walk 3, House 4 (External) C. jejuni 
Week 6, Walk 4, House 1 (External) C. jejuni 
Week 6, Walk 4, House 2 (External) C. jejuni 
Week 6, Walk 4, House 3 (External) C. jejuni 
Week 6, Walk 4, House 4 (External) C. jejuni 
Week 7, Walk 1, House 1 (External) Arcobacter spp. 
Week 7, Walk 1, House 4 (External) Campylobacter spp. 
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Farm 5 

Table 65: Results from boot sock sampling on Farm 5 from July to August 2017. 

Date Flock Age 
(Days) Event 

No. of Boot Socks Culture 
Campylobacter-Positives 

PCR 
Campylobacter-Positives 

Internal External Internal External Internal External 
05/07/2017 1 Flock Placement – H1-3 

06/07/2017 1 Flock Placement – H4-6 

13-16/07/2017 8-12 Boot Sock Sampling – Week 1  4 16 0 0 0 0 

19-22/07/2017 14-18 Boot Sock Sampling – Week 2  4 16 0 0 0 0 

26-29/07/2017 21-25 Boot Sock Sampling – Week 3  4 16 0 0 0 1 

02/08/2017 28-29 

Boot Sock Sampling – Week 4, 

Houses 1-4 (Internal) and Walk 1 

(External) 

4 4 0 0 2 4 

03/08/2017 29-30 First Depletion – H1-2, 4 

  
Boot Sock Sampling – Week 4, 

Walk 2 (External) 
0 4 - 0 - 4 

04/08/2017 30-31 First Depletion – H3, 5-6 

  
Boot Sock Sampling – Week 4, 

Walk 3 (External) 
0 4 - 0 - 4 

05/08/2017 31-32 
Boot Sock Sampling – Week 4, 

Walk 4 (External) 
0 4 - 0 - 0 

09/08/2017 35-36 

Boot Sock Sampling – Week 5, 

Houses 1-4 (Internal) and Walk 1 

(External) 

4 4 0 0 4 3 

10/08/2017 36-37 
Boot Sock Sampling – Week 5, 

Walk 2 (External) 
0 4 - 0 - 3 
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11/08/2017 37-38 
Boot Sock Sampling – Week 5, 

Walk 3 (External) 
0 4 - 0 - 4 

12/08/2017 38-39 
Boot Sock Sampling – Week 5, 

Walk 4 (External) 
0 4 - 0 - 1 

15/08/2017 41-42 Final Depletion – H1-4 

16/08/2017 42-43 Final Depletion – H5-6 

 Total 20 80 0 0 6 24 
100 0 30 
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PCR Positives for Farm 5 

Table 66: Time and location of sampling and speciation of Campylobacter and Arcobacter 
PCR-positive boot sock samples from Farm 5. 

Time and Location of Sampling Species Identification 
Week 2, House 4 (Internal) Arcobacter spp. 
Week 3, Walk 3, House 2 (External) Arcobacter spp. 
Week 3, Walk 4, House 2 (External) C. jejuni 
Week 4, House 3 (Internal) C. jejuni 
Week 4, House 4 (Internal) C. jejuni 
Week 4, Walk 1, House 1 (External) C. jejuni 
Week 4, Walk 1, House 2 (External) C. jejuni and Arcobacter spp. 
Week 4, Walk 1, House 3 (External) C. jejuni 
Week 4, Walk 1, House 4 (External) C. jejuni 
Week 4, Walk 2, House 1 (External) C. jejuni 
Week 4, Walk 2, House 2 (External) C. jejuni 
Week 4, Walk 2, House 3 (External) C. jejuni 
Week 4, Walk 2, House 4 (External) C. jejuni 
Week 4, Walk 3, House 1 (External) C. jejuni 
Week 4, Walk 3, House 2 (External) C. jejuni 
Week 4, Walk 3, House 3 (External) C. jejuni 
Week 4, Walk 3, House 4 (External) C. jejuni 
Week 5, House 1 (Internal) C. jejuni 
Week 5, House 2 (Internal) C. jejuni 
Week 5, House 3 (Internal) C. jejuni 
Week 5, House 4 (Internal) C. jejuni 
Week 5, Walk 1, House 1 (External) C. jejuni 
Week 5, Walk 1, House 2 (External) Campylobacter spp. 
Week 5, Walk 1, House 3 (External) Arcobacter spp. 
Week 5, Walk 1, House 4 (External) C. jejuni 
Week 5, Walk 2, House 1 (External) C. jejuni 
Week 5, Walk 2, House 2 (External) C. jejuni 
Week 5, Walk 2, House 3 (External) C. jejuni 
Week 5, Walk 3, House 1 (External) Campylobacter spp. 
Week 5, Walk 3, House 2 (External) Campylobacter spp. 
Week 5, Walk 3, House 3 (External) Campylobacter spp. 
Week 5, Walk 3, House 4 (External) Campylobacter spp. 
Week 5, Walk 4, House 1 (External) C. jejuni 
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Farm 6 

Table 67: Results from boot sock sampling on Farm 6 from June to July 2017. 

Date Flock Age 
(Days) Event 

No. of Boot Socks Culture 
Campylobacter-Positives 

PCR 
Campylobacter-Positives 

Internal External Internal External Internal External 
22/06/2017 1 Flock Placement – H1-5, 9 
23/06/2017 1 Flock Placement – H6-8 
28/06/2017 6-7 Boot Sock Sampling – Week 1  4 8 0 0 0 0 
07/07/2017 15-16 Boot Sock Sampling – Week 2  4 16 0 0 0 0 
21/07/2017 29-30 Boot Sock Sampling – Week 3  4 12 1 0 1 0 
23/07/2017 31-32 First Depletion – H2-5 
24/07/2017 32-33 First Depletion – H1, 7-9 
25/07/2017 33 First Depletion – H6 
 34 Final Depletion – H2-3 
26/07/2017 35 Final Depletion – H4 
27/07/2017 35-36 Final Depletion – H6, 9 
28/07/2017 36-37 Final Depletion – H1, 7 
29/07/2017 37-38 Boot Sock Sampling – Week 4 4 12 0 0 0 0 
31/07/2017 39-40 Final Depletion – H5, 8 

 Total 
16 48 1 0 1 0 

64 1 1 
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Culture and PCR Positives for Farm 6 

Table 68: Time and location of sampling and speciation of Campylobacter culture- and PCR-positive and Arcobacter PCR-positive boot sock samples from Farm 
6. 

Culture Positives PCR Positives 
Time and Location of Sampling Species Identification Time and Location of Sampling Species Identification 

Week 3, House 3 (Internal) C. jejuni Week 3, House 3 (Internal) C. jejuni 
  Week 4, Walk 1, House 4 (External) Arcobacter spp. 
  Week 4, Walk 3, House 2 (External) Arcobacter spp. 
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Farm 7 

Table 69: Results from boot sock sampling on Farm 7 from July to August 2017. 

Date Flock Age 
(Days) Event 

No. of Boot Socks Culture 
Campylobacter -Positives 

PCR 
Campylobacter-Positives 

Internal External Internal External Internal External 
13/07/2017 1 Flock Placement 
14/07/2017 2 Boot Sock Sampling – Week 1  4 8 0 0 0 0 
21/07/2017 9 Boot Sock Sampling – Week 2  4 12 0 1 0 1 
28/07/2017 16 Boot Sock Sampling – Week 3  4 12 0 0 0 0 
04/08/2017 23 Boot Sock Sampling – Week 4  4 12 0 1 4 12 
11/08/2018 30 Boot Sock Sampling – Week 5  4 12 0 0 1 4 
13/08/2017 32 First Depletion – H1, 4 
14/08/2017 33 First Depletion – H2 
15/08/2017 34 First Depletion – H3 
19/08/2017 38 Boot Sock Sampling – Week 6  4 12 0 0 1 0 
20/08/2017 39 Final Depletion – H2 
24/08/2017 43 Final Depletion – H1, 3-4 
 Total 24 68 0 2 6 17 

92 2 23 
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Culture Positives on Farm 7 

Table 70: Time and location of sampling and speciation of Campylobacter culture-positive 
boot sock samples from Farm 7. 

Time and Location of Sampling Species Identification 
Week 2, Walk 3, House 2 (External) C. jejuni 
Week 4, Walk 2, House 4 (External) C. jejuni 

PCR Positives on Farm 7 

Table 71: Time and location of sampling and speciation of Campylobacter and Arcobacter 
PCR-positive boot sock samples from Farm 7. 

Time and Location of Sampling Species Identification 
Week 2, Walk 1, House 1 (External) Arcobacter spp. 
Week 2, Walk 3, House 1 (External) Arcobacter spp. 
Week 2, Walk 3, House 2 (External) Campylobacter spp. 
Week 3, Walk 1, House 2 (External) Arcobacter spp. 
Week 4, House 1 (Internal) C. jejuni 
Week 4, House 2 (Internal) C. jejuni 
Week 4, House 3 (Internal) C. jejuni 
Week 4, House 4 (Internal) C. jejuni 
Week 4, Walk 1, House 1 (External) C. jejuni 
Week 4, Walk 1, House 2 (External) C. jejuni 
Week 4, Walk 1, House 3 (External) C. jejuni 
Week 4, Walk 1, House 4 (External) C. jejuni 
Week 4, Walk 2, House 1 (External) C. jejuni 
Week 4, Walk 2, House 2 (External) C. jejuni 
Week 4, Walk 2, House 3 (External) C. jejuni 
Week 4, Walk 2, House 4 (External) C. jejuni 
Week 4, Walk 3, House 1 (External) C. jejuni 
Week 4, Walk 3, House 2 (External) C. jejuni 
Week 4, Walk 3, House 3 (External) C. jejuni 
Week 4, Walk 3, House 4 (External) C. jejuni 
Week 5, House 1 (Internal) C. jejuni 
Week 5, Walk 2, House 1 (External) Campylobacter spp. 
Week 5, Walk 3, House 2 (External) Campylobacter spp. 
Week 5, Walk 3, House 3 (External) Campylobacter spp. 
Week 5, Walk 3, House 4 (External) Campylobacter spp. 
Week 6, House 1 (Internal) Campylobacter spp. 
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Farm 8 

Table 72: Results from boot sock sampling on Farm 8 from July to August 2017. 

Date Flock Age 
(Days) Event 

No. of Boot Socks 
Culture 

Campylobacter-
Positives 

PCR 
Campylobacter-

Positives 
Internal External Internal External Internal External 

15/07/2017 1 Flock Placement – H3-4    
17/07/2017 1 Flock Placement – H1-2    
21/07/2017 5-7 Boot Sock Delivery – Week 1  4 8 0 0 0 0 
28/07/2017 12-14 Boot Sock Delivery – Week 2  4 8 0 0 0 0 
10/08/2017 25-27 Boot Sock Delivery – Week 3  4 8 0 0 4 8 
15/08/2017 32 First Depletion – H3-4    
17/08/2017 32 First Depletion – H1-2    
18/08/2017 33-35 Boot Sock Delivery – Week 4  4 8 0 0 1 2 
23/08/2017 38 Final Depletion – H1    
24/08/2017 39-41 Final Depletion – H2-3    
25/08/2017 42 Final Depletion – H4    
 Total 16 32 0 0 5 10 

48 0 15 
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PCR Positives on Farm 8 

Table 73: Time and location of sampling and speciation of Campylobacter PCR-positive boot 
sock samples from Farm 8. 

Time and Location of Sampling Species Identification 
Week 3, House 1 (Internal) C. jejuni 
Week 3, House 2 (Internal) Campylobacter spp. 
Week 3, House 3 (Internal) Campylobacter spp. 
Week 3, House 4 (Internal) Campylobacter spp. 
Week 3, Walk 1, House 1 (External) Campylobacter spp. 
Week 3, Walk 1, House 4 (External) C. jejuni 
Week 3, Walk 2, House 1 (External) C. jejuni 
Week 3, Walk 2, House 4 (External) C. jejuni 
Week 3, Walk 3, House 1 (External) C. jejuni 
Week 3, Walk 3, House 4 (External) C. jejuni 
Week 3, Walk 4, House 1 (External) C. jejuni 
Week 3, Walk 4, House 4 (External) C. jejuni 
Week 4, House 3 (Internal) Campylobacter spp. 
Week 4, Walk 3, House 1 (External) Campylobacter spp. 
Week 4, Walk 3, House 4 (External) Campylobacter spp. 
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Farm 9 

Table 74: Results from boot sock sampling on Farm 9 from June to August 2017. 

Date Flock Age 
(Days) Event 

No. of Boot Socks Culture 
Campylobacter-Positives 

PCR 
Campylobacter-Positives 

Internal External Internal External Internal External 
26/06/2017 1 Flock Placement    
28/06/2017 3 Boot Sock Sampling – Week 1  16 4 0 0 0 0 
05/07/2017 10 Boot Sock Sampling – Week 2  4 16 0 0 0 0 
12/07/2017 17 Boot Sock Sampling – Week 3  4 16 0 0 0 0 
19/07/2017 24 Boot Sock Sampling – Week 4  4 8 0 0 0 1 
26/07/2017 31 First Depletion – H2, 4    
  Boot Sock Sampling – Week 5  4 16 0 0 0 0 
27/07/2017 32 First Depletion – H1, 3    
01/08/2017 37 Final Depletion – H1, 3    
03/08/2017 39 Final Depletion – H2, 4    
  Boot Sock Sampling – Week 6  2 8 1 0 2 3 
 Total 34 68 1 0 2 4 

102 1 6 
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Culture Positives 

Table 75: Time and location of sampling and speciation of Campylobacter culture-positive 
boot sock samples from Farm 9. 

Time and Location of Sampling Species Identification 
Week 6, House 2 (Internal) C. coli 

PCR Positives 

Table 76: Time and location of sampling and speciation of Campylobacter and Arcobacter 
PCR-positive boot sock samples from Farm 9. 

Time and Location of Sampling Species Identification 
Week 4, Walk 3, House 1 (External) C. jejuni 
Week 5, Walk 1, House 1 (External) Arcobacter spp. 
Week 5, Walk 1, House 2 (External) Arcobacter spp. 
Week 5, Walk 1, House 3 (External) Arcobacter spp. 
Week 5, Walk 1, House 4 (External) Arcobacter spp. 
Week 5, Walk 2, House 1 (External) Arcobacter spp. 
Week 5, Walk 2, House 2 (External) Arcobacter spp. 
Week 5, Walk 2, House 3 (External) Arcobacter spp. 
Week 5, Walk 2, House 4 (External) Arcobacter spp. 
Week 5, Walk 3, House 1 (External) Arcobacter spp. 
Week 5, Walk 3, House 2 (External) Arcobacter spp. 
Week 5, Walk 3, House 3 (External) Arcobacter spp. 
Week 5, Walk 3, House 4 (External) Arcobacter spp. 
Week 5, Walk 4, House 1 (External) Arcobacter spp. 
Week 5, Walk 4, House 2 (External) Arcobacter spp. 
Week 5, Walk 4, House 3 (External) Arcobacter spp. 
Week 5, Walk 4, House 4 (External) Arcobacter spp. 
Week 6, House 2 (Internal) C. coli 
Week 6, House 4 (Internal) C. jejuni 
Week 6, Walk 2, House 4 (External) C. jejuni 
Week 6, Walk 3, House 2 (External) C. jejuni 
Week 6, Walk 3, House 4 (External) C. jejuni 
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Farm 10 

Table 77: Results from boot sock sampling on Farm 10 from June to July 2017. 

Date Flock Age 
(Days) Event 

No. of Boot Socks Culture 
Campylobacter-Positives 

PCR 
Campylobacter-Positives 

Internal External Internal External Internal External 
08/06/2017 1 Flock Placement – H1-2, 5    
09/06/2017 1 Flock Placement – H3-4, 6-8    
16/06/2017 8-9 Boot Sock Sampling – Week 1  4 16 0 0 0 0 
21/06/2017 13-14 Boot Sock Sampling – Week 2  4 16 0 0 0 0 
29/06/2017 21-22 Boot Sock Sampling – Week 3  4 16 0 0 0 0 
06/07/2017 28-29 Boot Sock Sampling – Week 4  4 16 0 0 0 0 
07/07/2017 30 First Depletion – H1-2, 5    
11/07/2017 33 First Depletion – H3-4, 8 
  Final Depletion – H7    
12/07/2017 35 Final Depletion – H1    
13/07/2017 35 Final Depletion – H6, 8    
14/07/2017 37 Final Depletion – H2, 5    
16/07/2017 38 Final Depletion – H3-4    
 Total 16 64 0 0 0 0 

80 0 0 



Appendix 2: Appendix to Chapter 3 

 
307 

PCR Positives 

Table 78: Time and location of sampling and speciation of Arcobacter PCR-positive boot sock 
samples from Farm 10. 

Time and Location of Sampling Species Identification 
Week 3, Walk 1, House 5 (External) Arcobacter spp. 
Week 3, Walk 1, House 6 (External) Arcobacter spp. 
Week 3, Walk 2, House 6 (External) Arcobacter spp. 
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Section 3: Additional Statistical Modelling Analyses 

General Additive Model (GAM) Plots to Assess Shape of Relationship Between 
Continuous Explanatory Variables and Outcome Variables 

Continuous Covariate: Number of Broiler Houses on Farm 

  

  

Figure 19: GAM plots demonstrating linear relationshp between the binary outcomes 
(Campylobacter culture-positive broiler house (top left), Campylobacter-positive broiler house 
(top right), Campylobacter culture-positive broiler farm (bottom left) and Campylobacter-
positive broiler farm (bottom right)) and the continuous explanatory variable ‘Number of 
Broiler Houses on Farm’.  
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Continuous Covariate: Total Number of Birds on Broiler Farm 

  

   

Figure 20: GAM plots demonstrating a linear relationship between the binary outcomes 
Campylobacter culture-positive broiler house (top left), Campylobacter culture-positive 
broiler farm (bottom left) and Campylobacter-positive broiler farm (bottom right) and cubic 
relationship between Campylobacter-positive broiler house (top right) and the continuous 
explanatory variable ‘Total Number of Birds on Broiler Farm’.  
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Continuous Covariate: Mean Daily Maximum Temperature in Month Flock Cycle (°C) 

  

  

Figure 21: GAM plots demonstrating a linear relationship between the the binary outcomes 
Campylobacter-positive broiler house (top right) and Campylobacter-positive broiler farm 
(bottom right) and a cubic relationship between the binary outcomes Campylobacter culture-
positive broiler house (top left) and Campylobacter culture-positive broiler farm (bottom left) 
and the continuous explanatory variable ‘Mean Daily Maximum Temperature in Month Flock 
Cycle (°C)’. 
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Continuous Covariate: Total Monthly Rainfall in Month of Flock Cycle (mm) 

  

  

Figure 22: GAM plots demonstrating a linear relationship between the the binary outcomes 
Campylobacter culture-positive broiler house (top left) and Campylobacter culture-positive 
broiler farm (bottom left) and a quadratic relationship between the binary outcomes 
Campylobacter-positive broiler house (top right) and Campylobacter-positive broiler farm 
(bottom right) and the continuous explanatory variable ‘Total Monthly Rainfall in Month of 
Flock Cycle (mm)’. 
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Continuous Covariate: Study Week (1-7) 

  

  

Figure 23: GAM plots demonstrating a linear relationship between the binary outcomes 
Campylobacter culture-positive broiler house (top left), Campylobacter-positive broiler house 
(top right), Campylobacter culture-positive broiler farm (bottom left) and Campylobacter-
positive broiler farm (bottom right) and the continuous explanatory variable ‘Study Week (1-
7)’. 
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Continuous Covariate: Number Week of the Year 

  

  

Figure 24: GAM plots demonstrating a linear relationship between the binary outcomes 
Campylobacter culture-positive broiler house (top left), Campylobacter-positive broiler house 
(top right), Campylobacter culture-positive broiler farm (bottom left) and Campylobacter-
positive broiler farm (bottom right) and the continuous explanatory variable ‘Number Week 
of the Year’. 
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Continuous Covariate: Mean Flock Age 

 

 

Figure 25: GAM plots demonstrating a linear relationship between the binary outcomes 
Campylobacter culture-positive broiler house (top left), Campylobacter-positive broiler house 
(top right), Campylobacter culture-positive broiler farm (bottom left) and Campylobacter-
positive broiler farm (bottom right) and the continuous explanatory variable ‘Mean Flock 
Age’. 
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Further Logistic Regression Analyses 

Table 79: Results of the univariable logistic regression analysis for all ten explanatory and all four outcome variables in a study of ten broiler farms in England 
in July-August 2016 and June-August 2017. Yellow highlighted cells are those where LRT<0.25. Y= Yes; N= No; OR = Odds Ratio; CI = Confidence Interval; 
Pr(>Chisq) = P-Value from Likelihood Ratio Chi-Squared Test Statistic; B = Estimate (b); SE = Standard Error; Pr(>|z|) = P-Value from Z-Value. 

Covariate 
Campylobacter Culture-Positive Broiler House Campylobacter-Positive (PCR or Culture) Broiler House 

OR 95% CI 
Pr 

(>Chisq) 
B SE Z-Value 

Pr 
(>|z|) 

OR 95% CI 
Pr 

(>Chisq) 
B SE Z-Value 

Pr 
(>|z|) 

No. of Houses on Farm 0.63 
0.33-
0.88 0.002 -0.47 0.23 -2.03 0.04 0.75 

0.61-
0.88 <0.001 -0.29 0.09 -3.19 0.001 

Total No. of Birds on Farm (Per Bird) 1.00 
1.00-
1.00 0.002 

-1.44 
x10-5 

6.15 
x10-6 -2.33 0.02 1.00 

1.00-
1.00 0.009 

5.78 
x10-6 

2.43 
x10-6 -2.38 0.02 

Total No. of Birds on Farm (Per 10,000 Birds) 0.87 
0.77-
0.98 0.002 -0.14 0.06 -2.33 0.02 0.94 

0.90-
0.99 0.009 -0.06 0.02 -2.38 0.02 

Total No. of Birds in Shed (Per Bird) 1.00 
0.89-
1.11 0.99 

-7.9 
x10-4 0.06 -0.01 0.99 1.08 

1.00-
1.16 0.04 0.07 0.04 2.02 0.04 

Total No. of Birds in Shed (Per 1000 Birds) 0.45 

1.10 
x10-48-

1.88 
x1047 0.99 -0.79 55.94 -0.01 0.99 

1.04 
x1032 

9.38-
1.15 

x1063 0.04 73.72 36.47 2.02 0.04 

Total No. of Birds in Shed   0.569       0.03559     

<20,000 Reference Category Reference Category 

30,000-40,000 0.88 
0.27-
3.38  -0.1284 0.6273 -0.205 0.838 1.91 

0.72-
5.99  0.6446 0.5287 1.219 0.228 

>40,000 0.35 
0.02-
2.49  -1.0591 1.1426 -0.927 0.354 4.40 

1.41-
15.53  1.4816 0.6019 2.461 0.0138 

Thinned (Y/N) 19.60 
5.72-
90.66 <0.001 2.98 0.68 4.36 <0.001 6.62 

3.04-
14.68 <0.001 1.89 0.40 4.72 <0.001 

Mean Daily Maximum Temperature in 
Month of Flock Cycle 0.68 

0.32-
1.43 0.3 -0.39 0.38 -1.02 0.31 0.25 

0.14-
0.44 <0.001 -1.38 0.29 -4.71 <0.001 

Total Monthly Rainfall in Month of Flock 
Cycle 0.97 

0.94-
1.00 0.04 -0.03 0.016 -1.87 0.06 0.97 

0.95-
0.99 0.001 -0.03 0.01 -2.94 0.003 
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Study Week (1-7) 4.10 
2.38-
8.41 <0.001 1.41 0.32 4.46 <0.001 2.55 

1.90-
3.57 <0.001 0.94 0.16 5.87 <0.001 

Number Week of the Year 1.92 
1.42-
2.78 <0.001 0.65 0.17 3.88 <0.001 2.07 

1.66-
2.69 <0.001 0.73 0.12 5.96 <0.001 

Mean Flock Age at Sampling  1.34 
1.18-
1.61 <0.001 0.29 0.08 3.82 <0.001 1.16 

1.10-
1.23 <0.001 0.15 0.03 5.56 <0.001 

Campylobacter-Status of External Broiler 
House Environment 13.63 

4.03-
62.47 <0.001 2.61 0.68 3.87 <0.001 17.56 

7.74-
42.91 <0.001 2.87 0.43 6.6 <0.001 

 

Covariate 
Campylobacter-Culture Positive Broiler Farm Campylobacter-Positive (PCR or Culture) Broiler Farm 

OR 95% CI 
Pr 

(>Chisq) 
B SE Z-Value 

Pr 
(>|z|) 

OR 95% CI 
Pr 

(>Chisq) 
B SE Z-Value 

Pr 
(>|z|) 

No. of Houses on Farm 0.77 
0.41-
1.09 0.15 -0.26 0.22 -1.19 0.23 0.85 

0.66-
1.05 0.14 -0.16 0.11 -1.40 0.16 

Total No. of Birds on Farm (Per Bird) 1.00 
1.00-
1.00 0.18 

-7.92 
x10-6 

6.76 
x10-6 -1.17 0.24 1.00 

1.00-
1.00 0.57 

-1.90 
x10-6 

3.41 
x10-6 -0.56 0.58 

Total No. of Birds on Farm (Per 10,000 Birds) 0.92 
0.81-
1.05 0.2 -0.08 0.07 -1.17 0.24 0.98 

0.92- 
1.05 0.57 -0.02 0.03 -0.56 0.58 

Thinned (Y/N) 12.67 
2.04-

107.76 0.007 2.54 0.97 2.61 0.009 16 
3.28-

121.13 <0.001 2.77 0.88 3.14 0.002 
Mean Daily Maximum Temperature in 
Month of Flock Cycle 0.80 

0.24-
2.65 0.7 -0.22 0.59 -0.37 0.71 0.30 

0.11-
0.71 0.006 -1.22 0.48 -2.55 0.01 

Total Monthly Rainfall in Month of Flock 
Cycle 0.99 

0.95-
1.03 0.7 -0.008 0.02 -0.39 0.7 0.97 

0.94-
1.00 0.08 -0.03 0.02 -1.64 0.1 

Study Week (1-7) 2.86 
1.47-
7.52 

8.97 
x10-4 1.05 0.40 2.62 0.009 4.09 

2.13-
10.62 <0.001 1.41 0.40 3.54 <0.001 

Number Week of the Year 0.63 
1.08-
2.76 0.02 0.49 0.23 2.11 0.04 2.3 

1.53-
4.03 <0.001 0.83 0.24 3.46 <0.001 

Mean Flock Age at Sampling  1.27 
1.09-
1.64 <0.001 0.24 0.1 2.4 0.02 1.23 

1.12-
1.42 <0.001 0.21 0.06 3.51 <0.001 

Campylobacter-Status of External Broiler 
House Environment 7.78 

1.31-
63.01 0.02 2.05 0.94 2.17 0.03 17.22 

4.01-
96.73 <0.001 2.85 0.80 3.58 <0.001 
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Table 80: Raw R output of the results of the Binomial GLMMs analysis for all ten explanatory and all four outcome variables in a study of ten broiler farms in 
England in July-August 2016 and June-August 2017. Y= Yes; N= No; OR = Odds Ratio; CI = Confidence Interval; Pr(>Chisq) = P-Value from Likelihood Ratio Chi-
Squared Test Statistic; B = Estimate (b); SE = Standard Error; Pr(>|z|) = P-Value from Z-Value. 

Campylobacter Culture-Positive Broiler Shed 

Covariates B SE OR Lower CI Upper CI Z-value P-Value 

(Intercept) -6.1585 1.262 2.00E-03 0.00E+00 2.50E-02 -4.88 1.06E-06 

scale(MeanFlockAge) 3.601 0.953 3.66E+01 5.66E+00 2.37E+02 3.778 0.000158 

scale(tmaxdegC) 135.7395 39.18 8.93E+58 3.99E+25 2.00E+92 3.465 0.000531 

I(scale(tmaxdegC^2)) -135.6832 39.116 0.00E+00 0.00E+00 0.00E+00 -3.469 0.000523 

 
Covariates B SE OR Lower CI Upper CI Z-value P-Value 

(Intercept) -6.1585 1.262 2.00E-03 0.00E+00 2.50E-02 -4.88 1.06E-06 

MeanFlockAge 0.317765 0.08409609 1.374053 1.165251 1.620271 3.778 0.000158 

tmaxdegC 185.6371 53.58229 4.18E+80 1.03E+35 1.70E+126 3.465 0.000531 

tmaxdegC^2 -4.284379 1.235169 0.01378217 0.00122439 0.1551369 -3.469 0.000523 

Campylobacter-Positive Broiler Shed 

Covariates B SE OR Lower CI Upper CI Z-value P-Value 

(Intercept) -3.7202 0.6892 0.024 0.006 0.094 -5.398 6.74E-08 

scale(MeanFlockAge) 2.3419 0.6528 10.401 2.894 37.388 3.588 0.000334 

as.factor(Thinned)1 -1.8279 0.8765 0.161 0.029 0.896 -2.085 0.037039 

scale(rainmm) 8.6543 3.371 5734.942 7.746 4246236.85 2.567 0.01025 

I(scale(rainmm^2)) -10.5113 3.904 0 0 0.057 -2.692 0.007094 

as.factor(Ex_Any)1 2.3098 0.6226 10.072 2.973 34.124 3.71 0.000207 
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Covariates B SE OR Lower CI Upper CI Z-value P-Value 

(Intercept) -3.7202 0.6892 0.024 0.006 0.094 -5.398 6.74E-08 

MeanFlockAge 0.2066664 0.05762303 1.229572 1.098258 1.376587 3.588 0.000334 

as.factor(Thinned)1 -1.8279 0.8765 0.161 0.029 0.896 -2.085 0.037039 

rainmm 0.3882803 0.1512472 1.474443 1.096185 1.983226 2.567 0.01025 

rainmm^2 -0.0031931 0.001186 0.996812 0.9944975 0.9991318 -2.692 0.007094 

Ex_Any 2.3098 0.6226 10.072 2.973 34.124 3.71 0.000207 

Campylobacter Culture-Positive Broiler Farm 

Covariates B SE OR Lower CI Upper CI Z-value P-Value 

(Intercept) -6.1585 1.2641 2.00E-03 0.00E+00 2.500000e-02 -4.872 1.11E-06 

scale(tmaxdegC) 135.7395 39.4494 8.93E+58 2.35E+25 3.395543e+92 3.441 0.00058 

I(scale(tmaxdegC^2)) -135.6832 39.3854 0.00E+00 0.00E+00 0.000000e+00 -3.445 0.000571 

scale(MeanFlockAge) 3.601 0.9539 3.66E+01 5.65E+00 2.376140e+02 3.775 0.00016 

 
Covariates B SE OR Lower CI Upper CI Z-value P-Value 

(Intercept) -6.1585 1.2641 2.00E-03 0.00E+00 2.500000e-02 -4.872 1.11E-06 

tmaxdegC 185.6371 53.58229 4.18E+80 1.03E+35 1.70E+126 3.465 0.000531 

tmaxdegC^2 -4.284379 1.235169 0.01378217 0.00122439 0.1551369 -3.469 0.000523 

MeanFlockAge 0.317765 0.08409609 1.374053 1.165251 1.620271 3.778 0.000158 

Campylobacter-Positive Broiler Farm 

Covariates B SE OR Lower CI Upper CI Z-value P-Value 

(Intercept) -3.5969 0.593 0.027 0.009 0.088 -6.066 1.31E-09 



Appendix 2: Appendix to Chapter 3 

 
319 

scale(rainmm) 8.3624 3.2149 4282.848 7.855 2335213.34 2.601 0.009292 

I(scale(rainmm^2)) -10.1571 3.7267 0 0 0.058 -2.725 0.006421 

scale(MeanFlockAge) 2.2693 0.6116 9.673 2.917 32.071 3.711 0.000207 

as.factor(Thinned)1 -1.7698 0.844 0.17 0.033 0.891 -2.097 0.035998 

as.factor(Ex_Any)1 2.2225 0.5629 9.23 3.062 27.821 3.948 7.87E-05 

 

Covariates B SE OR Lower CI Upper CI Z-value P-Value 

(Intercept) -3.5969 0.593 0.027 0.009 0.088 -6.066 1.31E-09 

rainmm 0.3751791 0.1442479 1.455252 1.096862 1.930743 2.601 0.009292 

rainmm^2 -0.0030856 0.00113223 0.9969192 0.9947093 0.9991339 -2.725 0.006421 

MeanFlockAge 0.2002246 0.05400505 1.221677 1.098971 1.358083 3.711 0.000207 

as.factor(Thinned)1 -1.7698 0.844 0.17 0.033 0.891 -2.097 0.035998 

Ex_Any 2.2225 0.5629 9.23 3.062 27.821 3.948 7.87E-05 

Table 81: Raw R output of results of Generalised Estimating Equation (GEE) analysis for all ten explanatory and all four outcome variables in a study of ten 
broiler farms in England in July-August 2016 and June-August 2017. Y= Yes; N= No; OR = Odds Ratio; CI = Confidence Interval; Pr(>Chisq) = P-Value from 
Likelihood Ratio Chi-Squared Test Statistic; B = Estimate (b); SE = Standard Error; Pr(>|z|) = P-Value from Z-Value. 

Campylobacter-Positive Broiler Shed 

Covariates B SE OR Lower CI Upper CI Wald P-Value 

(Intercept) -1.23E+02 2.06E+01 0 0 0 36 2.00E-09 

MeanFlockAge 4.89E+00 1.24E+00 133.42 11.7 1521.72 15.53 8.10E-05 

as.factor(Thinned)1 -2.83E+01 9.90E+00 0 0 0 8.2 0.0042 

I(MeanFlockAge^2) -1.41E-01 4.11E-02 0.87 0.8 0.94 11.76 0.0006 

I(MeanFlockAge^3) 1.12E-03 4.37E-04 1 1 1 6.6 0.01017 
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tmaxdegC 1.57E+00 2.90E-01 4.83 2.73 8.53 29.47 5.70E-08 

rainmm 6.07E-01 1.29E-01 1.83 1.42 2.36 22.02 2.70E-06 

I(rainmm^2) -4.85E-03 1.10E-03 1 0.99 1 19.33 1.10E-05 

as.factor(Ex_Any)1 1.15E+00 3.90E-01 3.16 1.47 6.78 8.69 0.00321 

Week_Year 6.41E-01 1.76E-01 1.9 1.35 2.68 13.33 0.00026 

MeanFlockAge:as.factor(Thinned)1 9.16E-01 3.09E-01 2.5 1.37 4.58 8.81 0.00299 

Campylobacter Culture-Positive Broiler Shed 

Covariates B SE OR Lower CI Upper CI Wald P-Value 

(Intercept) -9.36E+03 2.57E+03 0.00E+00 0.00E+00 0.00E+00 13.23 0.00027 

MeanFlockAge 5.53E-01 2.36E-01 1.74E+00 1.10E+00 2.76E+00 5.5 0.01903 

as.factor(Thinned)1 1.52E+01 6.52E+00 4.06E+06 1.14E+01 1.45E+12 5.44 0.01963 

tmaxdegC 8.67E+02 2.42E+02 Inf 1.02E+171 Inf 12.88 0.00033 

rainmm 9.84E+01 3.05E+01 5.45E+42 5.78E+16 5.13E+68 10.4 0.00126 

I(tmaxdegC^2) -2.01E+01 5.69E+00 0.00E+00 0.00E+00 0.00E+00 12.55 0.0004 

MeanFlockAge:as.factor(Thinned)1 -4.77E-01 2.24E-01 6.20E-01 4.00E-01 9.60E-01 4.51 0.03373 

tmaxdegC:rainmm -9.11E+00 2.86E+00 0.00E+00 0.00E+00 3.00E-02 10.17 0.00143 

rainmm:I(tmaxdegC^2) 2.11E-01 6.69E-02 1.23E+00 1.08E+00 1.41E+00 9.94 0.00162 

Campylobacter-Positive Broiler Farm 

Covariates B SE OR Lower CI Upper CI Wald P-Value 

(Intercept) -1.80E+03 6.48E+02 0.00E+00 0.00E+00 0.00E+00 7.76 0.0053 

MeanFlockAge 1.77E-01 1.61e-02 1 1.19E+00 1.16E+00 1.23E+00 21.24 <2e-16 

as.factor(Thinned)1 4.38E+00 2.89E+00 7.97E+01 2.80E-01 2.31E+04 2.29 0.1301 

rainmm 3.12E-01 1.00E-01 1.37E+00 1.12E+00 1.66E+00 9.64 0.0019 

I(rainmm^2) -2.61E-03 8.55E-04 1.00E+00 1.00E+00 1.00E+00 9.33 0.0022 
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as.factor(Ex_Any)1 2.05E+00 7.37E-01 7.76E+00 1.83E+00 3.29E+01 7.74 0.0054 

Week_Year 1.80E+02 6.55E+01 9.20E+77 1.70e+22 4 9.80E+132 7.52 0.0061 

I(Week_Year^2) -5.99E+00 2.21E+00 0.00E+00 0.00E+00 1.90E-01 7.36 0.0067 

I(Week_Year^3) 6.63E-02 2.48E-02 1.07E+00 1.02E+00 1.12E+00 7.17 0.0074 

MeanFlockAge:as.factor(Thinned)1 -1.63E-01 6.97E-02 8.50E-01 7.40E-01 9.70E-01 5.48 0.0193 

Campylobacter Culture-Positive Broiler Shed 

Covariates B SE OR Lower CI Upper CI Wald P-Value 

(Intercept) -1.02E+04 2.77E+03 0.00E+00 0.00E+00 0.00E+00 13.66 0.00022 

MeanFlockAge 7.29E-01 2.25E-01 2.07E+00 1.33E+00 3.22E+00 10.5 0.00119 

as.factor(Thinned)1 1.89E+01 7.88E+00 1.69E+08 3.31E+01 8.62E+14 5.78 0.01622 

tmaxdegC 9.48E+02 2.57E+02 Inf 1.67E+193 Inf 13.65 0.00022 

rainmm 1.06E+02 3.40E+01 1.30E+46 1.52E+17 1.12E+75 9.76 0.00179 

I(tmaxdegC^2) -2.20E+01 5.96E+00 0.00E+00 0.00E+00 0.00E+00 13.65 0.00022 

MeanFlockAge:as.factor(Thinned) 1 -6.12e-01 2.39E-01 1 5.40e-01 3.40E-01 8.70E-01 6.55 0.01052 

tmaxdegC:rainmm -9.83E+00 3.13E+00 0.00E+00 0.00E+00 2.00E-02 9.85 0.0017 

rainmm:I(tmaxdegC^2) 2.28E-01 7.22E-02 1.26E+00 1.09E+00 1.45E+00 9.95 0.00161 
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Appendix 3: Appendix to Chapter 4 

Section 1: Individual Farm Results 

Farm 11 

Table 82: Results from boot sock sampling on Farm 11 from March to April 2018. 

Date 
Flock Age 

(Days) 
Event 

No. of Boot Socks Culture Positives PCR Positives 

Internal External Internal External Internal External 
21/03/2018 1 Flock Placement 

22/03/2018 2 
Boot Sock Delivery - 
Week 1  

4 5 0 0 0 0 

03/04/2018 14 
Boot Sock Delivery - 
Week 2  

4 5 0 0 0 0 

09/04/2018 20 
Boot Sock Delivery - 
Week 3  

4 5 1 0 1 0 

20/04/2018 31 
Boot Sock Delivery - 
Week 4  

4 5 0 0 0 0 

23-24/04/2018 34-35 First Depletion 

27/04/2018 38 
Boot Sock Delivery - 
Week 5  

4 5 0 2 3 2 

28-29/04/2018 39-40 Final Depletion 
 Total 20 25 1 2 4 2 

Total 45 3 6 
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Farm 12 

Table 83: Results from boot sock sampling on Farm 12 from March to May 2018. 

Date 
Flock Age 

(Days) 
Event 

No. of Boot Socks Culture Positives PCR Positives 

Internal External Internal External Internal External 

25/03/2018 1 Flock Placement 
26/03/2018 2 Boot Sock Delivery - Week 1  4 5 0 0 0 0 
04/04/2018 11 Boot Sock Delivery - Week 2  4 5 0 0 0 0 
18/04/2018 25 Boot Sock Delivery - Week 3  4 5 0 0 0 0 

19/04/2018 26 
Boot Sock Delivery – Week 4, 
External Boot Sock Samples 

0 5 - 0 - 0 

20/04/2018 27 
Boot Sock Delivery - Week 4, 
Houses 1-4 (Internal) 

4 0 0 - 0 - 

25/04/2018 32 Boot Sock Delivery - Week 5  4 5 0 0 0 0 
26/04/2018 33 First Depletion 
03-04/05/2018 40-41 Final Depletion       
04/05/2018 41 Boot Sock Delivery - Week 6  4 5 1 0 0 0 

 Total 24 30 1 0 0 0 
Total 54 1 0 
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Farm 13 

Table 84: Results from boot sock sampling on Farm 13 from March to May 2018. 

Date 
Flock Age 

(Days) 
Event 

No. of Boot Socks Culture Positives PCR Positives 

Internal External Internal External Internal External 
26-27/03/2018 1-2 Flock Placement 
28/03/2018 2-3 Boot Sock Delivery - Week 1  4 5 0 0 0 0 
05/04/2018 10-11 Boot Sock Delivery - Week 2  4 5 0 0 0 0 
11/04/2018 16-17 Boot Sock Delivery - Week 3  4 5 0 0 1 0 
18/04/2018 23-24 Boot Sock Delivery - Week 4  4 5 0 0 0 0 
24/04/2018 29-30 Boot Sock Delivery - Week 5  4 5 1 0 1 0 
26-28/04/2018 31-34 First Depletion 
01/05/2018 36-37 Final Depletion 
02/05/2018 37-38 Boot Sock Delivery - Week 6  4 5 3 0 3 0 
02-03/05/2018 37-39 Final Depletion 

 Total 24 30 4 0 5 0 
Total 54 4 5 
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Farm 14 

Table 85: Results from boot sock sampling on Farm 14 from March to April 2018. 

Date 
Flock Age 

(Days) 
Event 

No. of Boot Socks Culture Positives PCR Positives 

Internal External Internal External Internal External 
17-19/03/2018 1-3 Flock Placement 
20/03/2018 2-4 Boot Sock Delivery - Week 1  4 5 0 0 0 0 
28/03/2018 10-12 Boot Sock Delivery - Week 2  4 5 0 0 0 0 
04/04/2018 17-19 Boot Sock Delivery - Week 3  4 5 0 0 0 0 
11/04/2018 24-26 Boot Sock Delivery - Week 4  4 5 1 0 1 0 
18/04/2018 31-33 Boot Sock Delivery - Week 5  4 5 1 0 1 0 
18-19/04/2018 31-34 First Depletion 
23-24/04/2018 36-39 Final Depletion 
25/04/2018 38-40 Boot Sock Delivery - Week 6  4 5 0 0 0 0 
25/04/2018 38-40 Final Depletion 

 Total 20 25 2 0 2 0 
Total 45 2 2 
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Farm 11 

Table 86: Time and location of sampling and speciation of Campylobacter culture- and PCR-positive boot sock samples from Farm 11. 

Culture Positives 

 

PCR Positives 
Time and Location of Sampling Species Identification Time and Location of Sampling Species Identification 

Week 3, House 3 (Internal) C. jejuni Week 3, House 3 (Internal) C. jejuni 
Week 5, Walk 1 (External) C. jejuni Week 5, House 1 (Internal) C. jejuni 
Week 5, Walk 5 (External) C. jejuni Week 5, House 3 (Internal) C. jejuni 

 Week 5, House 4 (Internal) C. jejuni 
Week 5, Walk 1 (External) C. jejuni 
Week 5, Walk 2 (External) C. jejuni 

Farm 12 

Table 87: Time and location of sampling and speciation of Campylobacter enumeration by culture-positive boot sock samples from Farm 12. 

Enumeration Positives 
Time and Location of Sampling Enumeration Result (cfu/ml) Species Identification 

Week 6, House 2 (Internal)  9 (90) C. jejuni 

Farm 13 

Table 88: Time and location of sampling and speciation of Campylobacter enumeration by culture-positive boot sock samples from Farm 13. 

Enumeration Positives 
Time and Location of Sampling Enumeration Result (cfu/ml) Species Identification 

Week 3, House 4 (Internal) (Mount.d14.I4) 1 (10) C. jejuni 
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Table 89: Time and location of sampling and speciation of Campylobacter culture- and PCR-positive boot sock samples from Farm 13. 

Culture Positives 

 

PCR Positives 
Time and Location of Sampling Species Identification Time and Location of Sampling Species Identification 

Week 5, House 2 (Internal) C. jejuni Week 3, House 4 (Internal) C. jejuni 
Week 6, House 2 (Internal) C. jejuni Week 5, House 2 (Internal) C. jejuni 
Week 6, House 3 (Internal) C. jejuni Week 6, House 2 (Internal) C. jejuni 
Week 6, House 4 (Internal) C. jejuni Week 6, House 3 (Internal) C. jejuni 
  Week 6, House 4 (Internal) C. jejuni 

Farm 14 

Table 90: Time and location of sampling and speciation of Campylobacter enumeration by culture-positive boot sock samples from Farm 14. 

Enumeration Positives 
Time and Location of Sampling Enumeration Result (cfu/ml) Species Identification 

Week 4, House 4 (Internal) 2 (20) C. jejuni 

Table 91: Time and location of sampling and speciation of Campylobacter culture- and PCR-positive boot sock samples from Farm 14. 

Culture Positives 

 

PCR Positives 
Time and Location of Sampling Species Identification Time and Location of Sampling Species Identification 

Week 4, House 4 (Internal)  C. jejuni Week 4, House 4 (Internal) C. jejuni 
Week 5, House 2 (Internal)  C. jejuni Week 5, House 2 (Internal) C. jejuni 
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Appendix 4: Appendix to Chapter 5 

Section 1: Extended Results  

Table 92: Type of Packaging 405 chickens (C) and 164 packaging (P) samples were collected from (blue columns). These can be grouped into three categories: 
birds supplied in cardboard boxes (white), birds supplied in carrier bags (light grey) and packaged chicken(s) (dark grey). Samples have been categorised in 
three different ways; (i) Chickens Sold in Packaging and Chickens Retailed Loose (orange columns), (ii) Individually-Supplied Chickens and Batches of Chickens 
(yellow columns), and (iii) Chickens Purchased from a Supermarket and Chickens Purchased from a Specialist Halal Retailer (darker green columns). ‘Specialist 
Halal Retailers’ are categorised further as Halal Butchers or Online Halal Retailers (lighter green columns). 

Type of Packaging 

Overall 
Packaged 
Chickens 

Chicken 
Retailed 

Loose 

Individually 
Supplied 
Chicken 

Batches of 
Chickens 

Super-
market 

Specialist 
Halal 

Retailer 

Halal 
Butcher 

Online 
Halal 

Retailer 

C P C P C P C P C P C P C P C P C P 

Cardboard box containing multiple chickens 78 9   78 9   78 9   78 9 78 9   

Cardboard box lined with a plastic bag containing multiple chickens 10 1   10 1   10 1   10 1 10 1   

Multiple chickens packed in a single carrier bag, within a box containing other 
single carrier bags containing multiple chickens. 

10 2   10 2   10 2   10 2 10 2   

Multiple chickens packed in multiple carrier bags, within a box containing other 
batches of chickens packed in multiple carrier bags 

20 5   20 5   20 5   20 5 20 5   

One chicken individually packed in more than one carrier bag 1 1   1 1 1 1     1 1 1 1   

One chicken individually packed in a single carrier bag within a bag containing 
other chickens individually packed in single carrier bags 

4 4   4 4 4 4     4 4 4 4   
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More than one chicken packed in a single carrier bag 24 7   24 7   24 7   24 7 24 7   

More than one chicken packed in more than one carrier bag 158 43   158 43   158 43   158 43 158 43   

Single chicken placed on a tray and heat sealed, packaged in a protective 
atmosphere. 

41 41 41 41   41 41   41 41       

Multiple chickens placed on a tray and heat sealed, packaged in a protective 
atmosphere. 

12 4 12 4     12 4 12 4       

Single chicken placed on a tray and wrapped with cling film 24 24 24 24   24 24     24 24   24 24 

Vacuum-packed single chicken on a tray  11 11 11 11   11 11   11 11       

Vacuum-packed single chicken (no tray) 12 12 12 12   12 12     12 12   12 12 

TOTAL 164 92 72 93 71 56 108 72 36 
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Table 93: Comparison of total number of samples, number of Campylobacter-positive chicken neck skin samples and outer packaging samples and percentage 
of chicken neck skin samples with each level of Campylobacter contamination from this study and the FSA Retail Surveys 2014-2017. Comparisons have been 
made with both the results for each year of the survey and the relevant quarters of each of the three surveys where months overlap with this survey for seasonal 
comparisons in prevalence and levels of Campylobacter.  

 

FSA: Feb 
2014-
March 2015 
(Quarters 
1-4, Year 1)  
(FSA, 
2015a; 
2015b) 

FSA: Feb-
May 2014 
(Quarter 1, 
Year 1) 
(FSA, 
2015b; 
2015d) 

FSA: July 
2015-
March 
2016 
(Year 2) 
(FSA, 
2017c) 1 

FSA: Jan-
March 
2016 
(Quarter 
3, Year 2) 
(FSA, 
2016a; 
2017c) 1 

FSA: 
August 
2016-July 
2017 
(Year 3) 
(FSA, 
2017b) 

FSA: Jan-
March 
2017 
(Quarter 
2, Year 3) 
(FSA, 
2017a) 

FSA: 
April-July 
2017 
(Quarter 
3, Year 3) 
(FSA, 
2017b) 2 

Halal 
Retail 
Survey: 
Feb-May 
2017 – All 
Chickens 

Halal Retail 
Survey: 
Feb-May 
2017: 
Packaged 
Chickens 

Halal 
Retail 
Survey: 
Feb-May 
2017: 
Chicken 
Retailed 
Loose 

Total Number of 
Samples 

Chicken Neck 
Skin Samples 

4011 992 2998 1009 3980 1051 1437 405 100 305 

Packaging 
Samples 

4005 853 3002 1004 
Not 

Tested 
Not 

Tested 
Not 

Tested 
164 92 72 

Overall 
Percentage of 
Campylobacter 
Positive Samples 
(% (95% CI)) 

Percentage 
of Positive 
Chicken Neck 
Skin Samples 

73.3  
(72.0-74.7) 

59.0 61.3 
50.0 

(46.5-
53.5) 

54.0 
(52.3-
55.8) 

48.8 
(45.3-
52.4) 

56.9 
(53.9-
59.9) 

65.4 
(60.8-
70.1) 

63.0 
(53.5-72.5) 

66.2 
(60.9-
71.5) 

Percentage 
of Positive 
Packaging 
Samples 

6.8  
(6.0-7.6) 

4.12 5.5 
4.2 (2.8-

5.7) 
Not 

Tested 
Not 

Tested 
Not 

Tested 

17.1 
(11.3-
22.8) 

8.70 
(2.94-14.5) 

27.8 
(17.4-
38.1) 

Percentage of 
Chicken Neck 
Skin Samples 
with Each Level of 
Campylobacter 
Contamination 
(% (95% CI; N)) 

<10 cfu/g 
27.2 (25.8-
28.6; 1069) 

37.7 
(34.7-40.8; 

374) 

38.7 
(36.9-
40.5; 

1160) 

50.0 
(46.5-
53.5; 
504) 

Not 
Reported 

51.2 
(47.6-

54.7; 525) 

43.1 
(40.0-

46.1; 334) 

49.6 
(44.8-

54.5; 201) 

61 
(51.4-70.6; 

61) 

45.9 
(40.3-
51.5; 
140) 

10-99 cfu/g 
22.3 (21.0-
23.6; 902) 

19.5 
(17.0-22.1; 

193) 

23.7 
(22.2-
25.2; 
710) 

21.0 
(18.1-
24.0; 
207) 

Not 
Reported 

23.7 
(20.7-

26.7; 257) 

29.5 
(26.7-

32.3; 277) 

14.1 
(10.7-

17.5; 57) 

12 
(5.63-18.4; 

12) 

14.8 
(10.8-

18.7; 45) 
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100-1000 
cfu/g 

31.1 (29.7-
32.6; 1260)  

 

26.3 
(23.6-29.2; 

261) 

26.2 
(24.7-
27.8; 
786) 

19.8 
(17.1-
22.5; 
208) 

Not 
Reported 

18.7 
(16.1-

21.5; 206) 

21.6 
(19.1-

24.1; 419) 

22.5 
(18.4-

26.5; 91) 

17 
(9.64-24.4; 

17) 

24.3 
(19.5-

29.1; 74) 

>1000 cfu/g 
19.4  

(18.2-20.7; 
780)  

16.5 
(14.3-19.0; 

164) 

11.4 
(10.3-
12.6; 
342)  

 

9.3 
(7.3-11.3; 

90) 

6.5 (5.6-
7.3) 

6.5 
(4.8-8.3; 

63) 

5.9 
(4.5-7.3; 

251 [sic]) 

13.8 
(10.5-

17.2; 56) 

10 
(4.12-15.9; 

10) 

15.1 
(11.1-

19.1; 46) 

NB - The stated FSA statistics have been directly copied from the referenced FSA report.  

1 The FSA Survey was suspended at the end of Quarter 3 (Year 2) to allow for the trial of a modification to the analytical protocol (FSA, 2017c). 

2 Year 3 was split into three “quarters” (Aug-Dec 2016, Jan-March 2017 and April-July 2017). 
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Section 2: Q-Q Plots Demonstrating Data Distributions  

 

Figure 26: Q-Q Plots demonstrating non-normal distribution of Campylobacter-Positive v. Bird 
Weight. Left = Campylobacter-Positive Chicken Neck Skin Samples; Right = Campylobacter-
Negative Chicken Neck Skin Samples. 

 

Figure 27: Q-Q Plots demonstrating non-normal distribution of Levels of Campylobacter 
Contamination v. Bird Weight. Left = <1000 cfu/g; Right = >1000 cfu/g. 

 

 

Figure 28: Q-Q Plots demonstrating non-normal distribution of Levels of Campylobacter 
Contamination v. Bird Weight. Top Left = <10 cfu/g; Top Right = 10-99 cfu/g; Bottom Left = 
100-1000 cfu/g; Bottom Right = >1000 cfu/g. 
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Figure 29: Q-Q Plots demonstrating non-normal distribution of Campylobacter-Positive v. 
Cost (£/chicken). Left = Campylobacter-Positive Chicken Samples; Right = Campylobacter 
Negative Chicken Samples 

 

Figure 30: Q-Q Plots demonstrating non-normal distribution of Levels of Campylobacter 
Contamination v. Cost (£/chicken). Left = <1000 cfu/g; Right = >1000 cfu/g. 

 

 

Figure 31: Q-Q Plots demonstrating non-normal distribution of Levels of Campylobacter 
Contamination v. Cost (£/chicken). Top Left = <10 cfu/g; Top Right = 10-99 cfu/g; Bottom Left 
= 100-1000 cfu/g; Bottom Right = >1000 cfu/g. 
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Figure 32: Q-Q Plots demonstrating non-normal distribution of Campylobacter-Positive v. 
Cost (p/kg). Left = Campylobacter-Positive Chicken Samples; Right = Campylobacter Negative 
Chicken Samples 

 

Figure 33: Q-Q Plots demonstrating non-normal distribution of Levels of Campylobacter 
Contamination v. Cost (£/chicken). Left = <1000 cfu/g; Right = >1000 cfu/g. 

 

 

Figure 34: Q-Q Plots demonstrating non-normal distribution of Levels of Campylobacter 
Contamination v. Bird Weight. Top Left = <10 cfu/g; Top Right = 10-99 cfu/g; Bottom Left = 
100-1000 cfu/g; Bottom Right = >1000 cfu/g. 
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Figure 35: QQ-Plots demonstrating non-normal distribution of proportion of positive chickens 
within each packaging unit. Left = positive packaging; Right = negative packaging. 
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Section 3: Additional Statistical Modelling Analyses 

General Additive Model (GAM) Plots to Assess Shape of Relationship Between 
Continuous Explanatory Variables and Outcome Variables 

Outcome: Campylobacter-Positive 

 

Figure 36: GAM plot demonstrating non-linear relationship between the binary outcome 
‘Campylobacter-Positive’ and the continuous explanatory variable ‘Weight’. 

The GAM plot demonstrates a non-linear relationship between the binary outcome 

‘Campylobacter-Positive’ and the continuous explanatory variable ‘Weight’. Polynomial 

terms were fitted into a Generalised Linear Model and the inclusion of the cubic term 

improved the model fit. The Akaike Information Criterion reduced to 517.02 for the cubic 

model from 524.21 and 520.44 for the linear and quadratic models, respectively. The 

inclusion of a quartic term did not improve the model fit further. 

 

Figure 37: GAM plot demonstrating non-linear relationship between the binary outcome 
‘Campylobacter-Positive’ and the continuous explanatory variable ‘Cost (£/chicken)’. 

The GAM plot demonstrates a non-linear relationship between the binary outcome 

‘Campylobacter-Positive’ and the continuous explanatory variable ‘Cost’. Polynomial terms 

were fitted into a Generalised Linear Model and the inclusion of the cubic term improved the 
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model fit. The Akaike Information Criterion reduced to 522.99 for the cubic model from 

526.23 and 526.14 for the linear and quadratic models, respectively. The inclusion of a 

quartic term did not improve the model fit further. 

 

Figure 38: GAM plot demonstrating non-linear relationship between the binary outcome 
‘Campylobacter-Positive’ and the continuous explanatory variable ‘Cost (p/kg)’. 

The GAM plot demonstrates a non-linear relationship between the binary outcome 

‘Campylobacter-Positive’ and the continuous explanatory variable ‘Cost (p/kg)’. Polynomial 

terms were fitted into a Generalised Linear Model and the inclusion of the cubic term 

improved the model fit. The Akaike Information Criterion reduced to 504.56 for the cubic 

model from 525.23 and 511.61 for the linear and quadratic models, respectively. The 

inclusion of a quartic term did not improve the model fit further. 

Outcome: Highest Level of Campylobacter Contamination (>1000 cfu/g) 

 

Figure 39: GAM plot demonstrating linear relationship between the binary outcome ‘>1000 
cfu/g’ and the continuous explanatory variable ‘Weight’. 

The GAM plot demonstrates a linear relationship between the binary outcome ‘<1000 cfu/g’ 

and the continuous explanatory variable ‘Weight’. Polynomial terms were fitted into a 

Generalised Linear Model and the inclusion of quadratic and cubic terms did not improve the 
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model fit. The Akaike Information Criterion increased to 320.8 and 322.8 for the quadratic 

and cubic models, respectively, from 319.55 for the linear models. 

 

Figure 40: GAM plot demonstrating linear relationship between the binary outcome ‘>1000 
cfu/g’ and the continuous explanatory variable ‘Cost (£/chicken)’. 

The GAM plot demonstrates a linear relationship between the binary outcome ‘<1000 cfu/g’ 

and the continuous explanatory variable ‘Cost’. Polynomial terms were fitted into a 

Generalised Linear Model and the inclusion of quadratic and cubic terms did not improve the 

model fit. The Akaike Information Criterion was 327.6 for the linear model, increased to 327.8 

for the quadratic model and remained at 327.6 for the cubic model. 

 

Figure 41: GAM plot demonstrating linear relationship between the binary outcome ‘>1000 
cfu/g’ and the continuous explanatory variable ‘Cost (p/kg)’. 

The GAM plot demonstrates a linear relationship between the binary outcome ‘<1000 cfu/g’ 

and the continuous explanatory variable ‘Cost (p/kg)’. Polynomial terms were fitted into a 

Generalised Linear Model and the inclusion of the quadratic term did not significantly 

improve the model fit. The Akaike Information Criterion only reduced to 326.31 for the 

quadratic model from 326.9 for the linear model. The inclusion of cubic or quartic terms did 

not improve the model fit further.  
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Additional Statistical Modelling Output from Risk Factor Analysis 

Table 94: Raw R output for the univariable analysis of twelve independent, binomial, 
continuous and categorical predictor variables for 405 Halal chickens sampled from retailers 
between February and May 2017. Blue highlighted cells are those with a LRT P-value <0.25, 
green highlighted cells are those with a LRT P-value <0.05. OR = Odds Ratio; CI = Confidence 
Interval. 

Variable Campylobacter-Positive Chicken >1000 cfu/g 

 OR 95% CI P-Value OR 95% CI P-Value 

Weight 1.000359 
0.9998663-

1.000880 0.1554 
1.0009570

7 

1.0003703
3-

1.0015345 0.001637 

Weight^2   0.02033   0.004823 

Weight 1.0033815 

1.0008666
5-

1.0059549 0.00873 0.9995462 

0.9962883
37-

1.002806 0.784 

Weight^2 0.9999991 

0.9999982
9-

0.9999998 0.01614 1.0000004 

0.9999994
77-

1.000001 0.387 

Weight^3   0.004206   0.01361 

Weight 
1.0172556

299 

1.0051958
611-

1.0308569
0 0.0077 1.0002069 

0.9861756
519-

1.015850 0.978 

Weight^2 
0.9999903

848 

0.9999819
875-

0.9999977
9 0.0169 1.00 

0.9999906
066-

1.000008 0.999 

Weight^3 
1.0000000

017 

1.0000000
003-

1.0000000
0 0.0324 1.00 

0.9999999
985-1.00 0.927 

Cost 0.99 0.84-1.18 0.9452 1.17 0.93-1.44 0.1668 

Cost^2   0.3517   0.1585 

Cost 1.67 0.81-3.51 0.166 0.63 0.25-1.61 0.328 

Cost^2 0.94 0.86-1.02 0.15 1.08 0.96-1.20 0.178 

Cost^3   0.06449   0.1183 

Cost 36.4 
2.29-

771.66 0.0134 8.57 
0.25-

456.26 0.2590 

Cost^2 0.43 0.19-0.85 0.0196 0.56 0.21-1.33 0.2121 

Cost^3 1.06 1.01-1.13 0.0323 1.05 0.99-1.13 0.1567 

Cost (p/kg) 0.9984909 
0.9955593- 

1.001462 0.3165 0.9963653 
0.9914490- 

1.000786 0.1103 

Cost (p/kg)^2   0.000246   0.07589 

Cost(p/kg) 0.9608636 
0.9399183-
0.9802969 0.000185 0.9784194 

0.9576974- 
1.000883 0.0507 

Cost(p/kg)^2 1.0000648 
1.0000313- 

1.000102 0.000316 1.0000318 
0.9999928- 

1.000067 0.0916 

Cost (p/kg)^3   1.116x10-5   0.1514 



Appendix 4: Appendix to Chapter 5 

 
340 

Cost(p/kg) 0.8212000 
0.7294049-
0.9137435 0.00057 0.9978938 

0.8987988
298-

1.114895 0.969 

Cost(p/kg)^2 1.000614 
1.000249- 
1.001012 0.001505 0.9999592 

0.9995599
787-

1.000340 0.836 

Cost(p/kg)^3 0.9999994 
0.9999990- 
0.9999998 0.003721 1.0000001 

0.9999996
495-

1.000001 0.711 

Date Purchased   1.48x10-15   1.642x10-6 

March REF REF REF REF REF REF 

April 0.07 0.03-0.15 1.20x10-11 0.19 0.09-0.40 2.23x10-5 

May 0.14 0.06-0.28 3.43x10-7 0.24 0.12-0.47 6.19x10-5 

Visible Liquid   2.98x10-6   0.02221 

0 REF REF REF REF REF REF 

1 0.11 0.02-0.36 0.002400 0.49 0.23-1.12 0.08044 

2 0.06 0.01-0.22 0.000242 0.28 0.11-0.72 0.00773 

3 0.06 0.01-0.25 0.000463 0.19 0.04-0.69 0.01839 

Visible Liquid (Y/N)       
Visible Liquid 

Absent REF REF REF REF REF REF 
Visible Liquid 

Present 0.08 0.01-0.28 1.52x10-6 0.38 0.18-0.85 0.1962 

Positive Packaging       

Negative Packaging REF REF REF REF REF REF 

Positive Packaging 4.25 2.38-8.11 2.13x10-7 3.58 1.99-6.44 2.69 x10-5 

Approval Code   0.0004832   0.000133 

Others1 REF REF REF REF REF REF 

AC2, AC6, AC7, AC8 2.21 1.42-3.45 0.000472 4.69 2.00-13.78 0.00135 

Approval Code   6.21x10-13   1.578x10-8 

Others1 REF REF REF REF REF REF 

AC2 1.60 0.46-6.40 0.46990 8.25 1.49-40.57 0.00979 

AC6 6.97 3.71-13.75 5.06x10-9 8.85 3.64-26.54 1.15x10-5 

AC7 0.76 0.44-1.31 0.32325 0.95 0.23-3.68 0.93573 

AC8 2.82 1.39-6.00 0.00505 3.35 1.02-11.83 0.04807 

Approval Code   2.16x10-12   1.188x10-8 

Others1 REF REF REF REF REF REF 

AC6 6.29 3.59-11.73 8.87x10-10 5.44 3.01-10.11 3.54x10-8 

Type of Retailer       
Halal Butcher or 

Online Retailer REF REF REF REF REF REF 

Supermarket 1.56 0.87-2.90 0.1352 1.19 0.54-2.41 0.6543 

Type of Retailer   0.0137   0.003561 

Supermarket REF REF REF REF REF REF 

Halal Butcher 0.71 0.38-1.28 0.264620 0.96 0.47-2.12 0.912 
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Online Halal 0.29 0.12-0.68 0.004718 0.00 0-66342.24 0.981 

Type of Retailer   0.0137   0.003561 

Supermarket 1.41 0.78-2.64 0.2646 0.18 0.13-0.24 <2x10-16 

Halal Butcher REF REF REF REF REF REF 

Online Halal 0.41 0.20-0.82 0.0119 0 

0-
2069683.2

5 0.981 
Individually-
Supplied       

Supplied in a Batch REF REF REF REF REF REF 
Individually-

Supplied 0.89 0.55-1.46 0.6465 0.70 0.32-1.39 0.3159 

Packaged Chicken       

Retailed Loose REF REF REF REF REF REF 

Packaged Chicken 0.87 0.54-1.40 0.557 0.63 0.29-1.24 0.1879 

Table 95: Raw R output for final multi-level logistic regression model for the binomial 
outcomes, Campylobacter-positive and the highest level of Campylobacter contamination 
(>1000 cfu/g), for 405 Halal chickens sampled from retailers between February and May 
2017. B = Estimate (b); SE = Standard Error; OR = Odds Ratio; CI = Confidence Interval. 

Out-
come 

Covariates B SE OR Lower CI Upper CI 
Z-

value 
P-Value 

Ca
m

py
lo

ba
ct

er
-P

os
it

iv
e (Intercept) 5.0256 1.679 152.257 5.668 4090.144 2.993 0.00276 

scale(Weight)* 
0.9032 0.3616 2.467 1.215 5.013 2.498 0.0125 

Weight (g) 
0.00212143 0.00084932 

1.00212
4 

1.00045
7 1.003793 2.498 0.0125 

Weight (kg) 
2.121428 0.8493229 

8.34304
5 

6.67837
2 

10.00771
8 2.498 0.0125 

Visible Liquid 
(Y/N) -3.603 1.3419 0.027 0.002 0.378 -2.685 0.00725 

>100
0 

cfu/g 

(Intercept) 
-3.1663 0.6931 0.042 0.011 0.164 -4.568 

4.91E-
06 

scale(Weight)* 0.8177 0.2102 2.265 1.500 3.420 3.890 1E-04 

Weight (g) 
0.00192060

7 
0.000493715

9 
1.00192

2 
1.00095

3 1.002892 3.890 1E-04 

Weight (kg) 
1.920607 -0.4937159 

6.82509
7 

5.85741
4 7.792780 3.890 1E-04 

* The continuous variable ‘Weight (g)’ was scaled to aid model convergence. The OR and 95% CI for 
the unscaled covariate were calculated by dividing the scaled OR and 95% CI by the standard deviation 
of the unscaled covariate. 
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Appendix 5: Appendix to Chapter 6 

Section 1: Extended Results  

Table 96: Comparison of total number of samples, percentage of Campylobacter-positive chicken neck skin samples and outer packaging samples confirmed 
by PCR, and percentage of chicken neck skin samples and outer packaging samples containing at least one Campylobacter isolate demonstrating resistance to 
the tested antimicrobials, from 405 Halal chickens and 164 packaging swabs sampled from retailers between February and May 2017. Samples have been 
categorised in three different ways: (i) Chickens Sold in Packaging and Chickens Sold Loose, (ii) Individually-Supplied Chickens and Batches of Chickens, and (iii) 
Chickens Purchased from a Supermarket and Chickens Purchased from a Specialist-Halal Retailer. ‘Specialist Halal Retailers’ are categorised further as Halal 
Butchers or Online Halal Retailers. A = Percentage of resistant samples out of the total number of collected samples of that category; B = Percentage of resistant 
samples out of the total number of Campylobacter-positive samples of that category. 

 Overall Packaged 
Chickens 

Chicken 
Retailed 

Loose 

Individ-
ually-

Supplied 
Chickens 

Batches of 
Chickens 

Super-
market-
bought 

Chickens 

Specialist 
Halal 

Retailer-
bought 

Chickens 

Halal 
Butcher 

Online 
Halal 

Retailer 

Total Number 
of Samples (N) 

Chicken Neck Skin 
Samples 405 100 305 93 312 64 341 305 36 

Packaging Samples 164 92 72 93 71 56 108 72 36 

Overall 
Percentage of 
Campylobacter 
Positive 
Samples (%) 

Percentage of Positive 
Chicken Neck Skin 
Samples (95% CI; n) 

65.4 
(60.8-70.1; 

265) 

63.0 (53.5-
72.5; 63) 

66.2 (60.9-
71.5; 202) 

63.4 (53.7-
73.2; 59) 

66.0 (60.8-
71.3; 206) 

73.4 
(62.6-84.3; 

47) 

63.9 
(58.8-69.0; 

218) 

66.2 (60.9-
71.5; 202) 

44.4 (28.2-
60.7; 16) 

Percentage of Positive 
Packaging Samples (95% 
CI; n) 

17.1 
(11.3-22.8; 

28) 

8.70 (2.94-
14.5; 8) 

27.8 (17.4-
38.1; 20) 

5.38 (0.79-
9.96; 5) 

32.4 (21.5-
43.3; 23) 

8.93 
(1.46-16.4; 

5) 

21.3 
(13.6-29.0, 

23) 

27.8 (17.4-
38.1; 20) 

8.33 (0-
17.4; 3) 

Erythromycin 
Resistance 

Percentage 
of Resistant A 2.47 (0.96-

3.98; 10) 
1.00 (0-
2.95; 1) 

2.95 (1.05-
4.85; 9) 

1.08 (0-
3.17; 1) 

2.88 (1.03-
4.74; 9) 0 (0-0; 0) 2.93 (1.14-

4.72; 10) 
2.95 (1.05-

4.85; 9) 
2.78 (0-
815; 1) 
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Chicken 
Neck Skin 
Samples 
(95% CI; n) 

B 3.77 (1.48-
6.07; 10) 

1.59 (0-
4.67; 1) 

4.46 (1.61-
7.30; 9) 

1.69 (0-
4.99; 1) 

4.37 (1.58-
7.16; 9) 0 (0-0; 0) 4.59 (1.81-

7.36; 10) 
4.46 (1.61-

7.30; 9) 
6.25 (0-
18.1; 1) 

Percentage 
of Resistant 
Packaging 
Samples 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Tetracycline 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 50.6 (45.7-
55.5; 205) 

33.0 (23.8-
42.2; 33) 

56.4 (50.8-
62.0; 172) 

31.2 (21.8-
40.6; 29) 

56.4 (50.9-
61.9; 176) 

43.8 (31.6-
55.9; 28) 

51.9 (46.6-
57.2; 177) 

56.4 (50.8-
62.0; 172) 

13.9 (2.59-
25.2; 5) 

B 77.4 (72.3-
82.4; 205) 

52.4 (40.0-
64.7; 33) 

85.1 (80.2-
90.1; 172) 

49.2 (36.4-
61.9; 29) 

85.4 (80.6-
90.3; 176) 

59.6 (45.5-
73.6; 28) 

81.2 (76.0-
86.4; 177) 

85.1 (80.2-
90.1; 172) 

31.3 (8.54-
54.0; 5) 

Percentage 
of Resistant 
Packaging 
Samples 
(95% CI; n) 

A 11.0 (6.19-
15.8; 18) 

3.26 (0-
6.89; 3) 

20.8 (11.5-
30.2; 15) 

1.08 (0-
3.17; 1) 

23.9 (14.0-
33.9; 17) 

5.36 (0-
11.3; 3) 

13.9 (7.37-
20.4; 15) 

20.8 (11.5-
30.2; 15) 0 (0-0; 0) 

B 64.3 (46.5-
82.0; 18) 

37.5 (3.95-
71.0; 3) 

75.0 (56.0-
94.0; 15) 

20.0 (0-
55.1; 1) 

73.9 (56.0-
91.9; 17) 

60.0 (17.1-
100; 3) 

65.2 (45.8-
84.7; 15) 

75.0 (56.0-
94.0; 15) 0 (0-0; 0) 

Gentamicin 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 0.49 (0-
1.18; 2) 0 (0-0; 0) 0.66 (0-

1.56; 2) 0 (0-0; 0) 0.64 (0-
1.53; 2) 0 (0-0; 0) 0.59 (0-

1.40; 2) 
0.66 (0-
1.56; 2) 0 (0-0; 0) 

B 0.75 (0-
1.80; 2) 0 (0-0; 0) 0.99 (0-

2.36; 2) 0 (0-0; 0) 0.97 (0-
2.31; 2) 0 (0-0; 0) 0.92 (0-

2.18; 2) 
0.99 (0-
2.36; 2) 0 (0-0; 0) 

Percentage 
of Resistant A 0.61 (0-

1.80; 1) 0 (0-0; 0) 1.39 (0-
4.09; 1) 0 (0-0; 0) 1.41 (0-

4.15; 1) 0 (0-0; 0) 0.93 (0-
2.73; 1) 

1.39 (0-
4.09; 1) 0 (0-0; 0) 
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Packaging 
Samples 
(95% CI; n) 

B 3.57 (0-
10.4; 1) 0 (0-0; 0) 5.00 (0-

14.6; 1) 0 (0-0; 0) 4.35 (0-
12.7; 1) 0 (0-0; 0) 4.35 (0-

12.7; 1) 
5.00 (0-
14.6; 1) 0 (0-0; 0) 

Amoxicillin-
Clavulanate 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 0.49 (0-
1.18; 2) 0 (0-0; 0) 0.66 (0-

1.56; 2) 0 (0-0; 0) 0.64 (0-
1.53; 2) 0 (0-0; 0) 0.59 (0-

1.40; 2) 
0.66 (0-
1.56; 2) 0 (0-0; 0) 

B 0.75 (0-
1.80; 2) 0 (0-0; 0) 0.99 (0-

2.36; 2) 0 (0-0; 0) 0.97 (0-
2.31; 2) 0 (0-0; 0) 0.92 (0-

2.18; 2) 
0.99 (0-
2.36; 2) 0 (0-0; 0) 

Percentage 
of Resistant 
Packaging 
Samples 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Ampicillin 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 49.1 (44.3-
54.0; 199) 

33.0 (23.8-
42.2; 33) 

54.4 (48.8-
60.0; 166) 

30.1 (20.8-
39.4; 28) 

54.8 (49.3-
60.3; 171) 

45.3 (33.1-
57.5; 29) 

49.9 (44.5-
55.2; 170) 

54.4 (48.8-
60.0; 166) 

11.1 (0.84-
21.4; 4) 

B 75.1 (69.9-
80.3; 199) 

52.4 (40.0-
64.7; 33) 

82.2 (76.9-
87.5; 166) 

47.5 (34.7-
60.2; 28) 

83.0 (77.9-
88.1; 171) 

61.7 (47.8-
75.6; 29) 

78.0 (72.5-
83.5; 170) 

82.2 (76.9-
87.5; 166) 

25.0 (3.78-
46.2; 4) 

Percentage 
of Resistant 
Packaging 
Samples 
(95% CI; n) 

A 11.0 (6.19-
15.8; 18) 

3.26 (0-
6.89; 3) 

20.8 (11.5-
30.2; 15) 

1.08 (0-
3.17; 1) 

23.9 (14.0-
33.9; 17) 

5.36 (0-
11.3; 3) 

13.9 (7.37-
20.4; 15) 

20.8 (11.5-
30.2; 15) 0 (0-0; 0) 

B 64.3 (46.5-
82.0; 18) 

37.5 (3.95-
71.0; 3) 

75.0 (56.0-
94.0; 15) 

20.0 (0-
55.1; 1) 

73.9 (56.0-
91.9; 17) 

60.0 (17.1-
100; 3) 

65.2 (45.8-
84.7; 15) 

75.0 (56.0-
94.0; 15) 0 (0-0; 0) 

Ciprofloxacin 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 42.0 (37.2-
46.8; 170) 

37.0 (27.5-
46.5; 37) 

43.6 (38.0-
49.2; 133) 

35.5 (25.8-
45.2; 33) 

43.9 (38.4-
49.4; 137) 

51.6 (39.3-
63.8; 33) 

40.2 (35.0-
45.4; 137) 

43.6 (38.0-
49.2; 133) 

11.1 (0.84-
21.4; 4) 

B 64.2 (58.4-
69.9; 170) 

58.7 (46.6-
70.9; 37) 

65.8 (59.3-
72.4; 133) 

55.9 (43.3-
68.6; 33) 

66.5 (60.1-
73.0; 137) 

70.2 (57.1-
83.3; 33) 

62.8 (56.4-
69.3; 137) 

65.8 (59.3-
72.4; 133) 

25.0 (3.78-
46.2; 4) 
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Percentage 
of Resistant 
Packaging 
Samples 
(95% CI; n) 

A 8.54 (4.26-
12.8; 14) 

3.26 (0-
6.89; 3) 

15.3 (6.97-
23.6; 11) 

1.08 (0-
3.17; 1) 

18.3 (9.31-
27.3; 13) 

5.36 (0-
11.3; 3) 

10.2 (4.48-
15.9; 11) 

15.3 (6.97-
23.6; 11) 0 (0-0; 0) 

B 50.0 (31.5-
68.5; 14) 

37.5 (3.95-
71.0; 3) 

55.0 (33.2-
76.8; 11) 

20.0 (0-
55.1; 1) 

56.5 (36.3-
76.8; 13) 

60.0 (17.1-
100; 3) 

47.8 (27.4-
68.2; 11) 

55.0 (33.2-
76.8; 11) 0 (0-0; 0) 

Nalidixic Acid 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 46.2 (41.3-
51.0; 187) 

40.0 (30.4-
49.6; 40) 

48.2 (42.6-
53.8; 147) 

38.7 (28.8-
48.6; 36) 

48.4 (42.9-
53.9; 151) 

56.3 (44.1-
68.4; 36) 

44.3 (39.0-
49.6; 151) 

48.2 (42.6-
53.8; 147) 

11.1 (0.84-
21.4; 4) 

B 70.6 (65.1-
76.1; 187) 

63.5 (51.6-
75.4; 40) 

72.8 (66.6-
78.9; 147) 

61.0 (48.6-
73.5; 36) 

73.3 (67.3-
79.3; 151) 

76.6 (64.5-
88.7; 36) 

69.3 (63.1-
75.4; 151) 

72.8 (66.6-
78.9; 147) 

25.0 (3.78-
46.2; 4) 

Percentage 
of Resistant 
Packaging 
Samples 
(95% CI; n) 

A 11.6 (6.69-
16.5; 19) 

3.26 (0-
6.89; 3) 

22.2 (12.6-
31.8; 16) 

1.08 (0-
3.17; 1) 

25.4 (15.2-
35.5; 18) 

5.36 (0-
11.3; 3) 

14.8 (8.11-
21.5; 16) 

22.2 (12.6-
31.8; 16) 0 (0-0; 0) 

B 67.9 (50.6-
85.2; 19) 

37.5 (3.95-
71.0; 3) 

80.0 (62.5-
97.5; 16) 

20.0 (0-
55.1; 1) 

78.3 (61.4-
95.1; 18) 

60.0 (17.1-
100; 3) 

69.6 (50.8-
88.4; 16) 

80.0 (62.5-
97.5; 16) 0 (0-0; 0) 

b-Lactam 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 49.1 (44.3-
54.0; 199) 

33.0 (23.8-
42.2; 33) 

54.4 (48.8-
60.0; 166) 

30.1 (20.8-
39.4; 28) 

54.8 (49.3-
60.3; 171) 

45.3 (33.1-
57.5; 29) 

49.9 (44.5-
55.2; 170) 

54.4 (48.8-
60.0; 166) 

11.1 (0.84-
21.4; 4) 

B 75.1 (69.9-
80.3; 199) 

52.4 (40.0-
64.7; 33) 

82.2 (76.9-
87.5; 166) 

47.5 (34.7-
60.2; 28) 

83.0 (77.9-
88.1; 171) 

61.7 (47.8-
75.6; 29) 

78.0 (72.5-
83.5; 170) 

82.2 (76.9-
87.5; 166) 

25.0 (3.78-
46.2; 4) 

Percentage 
of Resistant 
Packaging 
Samples 
(95% CI; n) 

A 11.0 (6.19-
15.8; 18) 

3.26 (0-
6.89; 3) 

20.8 (11.5-
30.2; 15) 

1.08 (0-
3.17; 1) 

23.9 (14.0-
33.9; 17) 

5.36 (0-
11.3; 3) 

13.9 (7.37-
20.4; 15) 

20.8 (11.5-
30.2; 15) 0 (0-0; 0) 

B 64.3 (46.5-
82.0; 18) 

37.5 (3.95-
71.0; 3) 

75.0 (56.0-
94.0; 15) 

20.0 (0-
55.1; 1) 

73.9 (56.0-
91.9; 17) 

60.0 (17.1-
100; 3) 

65.2 (45.8-
84.7; 15) 

75.0 (56.0-
94.0; 15) 0 (0-0; 0) 

Quinolone 
Resistance 

Percentage 
of Resistant A 46.4 (41.6-

51.3; 188) 
40.0 (30.4-

49.6; 40) 
48.5 (42.9-
54.1; 148) 

38.7 (28.8-
48.6; 36) 

48.7 (43.2-
54.3; 152) 

56.3 (44.1-
68.4; 36) 

44.6 (39.3-
49.9; 152) 

48.5 (42.9-
54.1; 148) 

11.1 (0.84-
21.4; 4) 
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Chicken 
Neck Skin 
Samples 
(95% CI; n) 

B 70.9 (65.5-
76.4; 188) 

63.5 (51.6-
75.4; 40) 

73.3 (67.2-
79.4; 148) 

61.0 (48.6-
73.5; 36) 

73.8 (67.8-
79.8; 152) 

76.6 (64.5-
88.7; 36) 

69.7 (63.6-
75.8; 152) 

73.3 (67.2-
79.4; 148) 

25.0 (3.78-
46.2; 4) 

Percentage 
of Resistant 
Packaging 
Samples 
(95% CI; n) 

A 11.6 (6.69-
16.5; 19) 

3.26 (0-
6.89; 3) 

22.2 (12.6-
31.8; 16) 

1.08 (0-
3.17; 1) 

25.4 (15.2-
35.5; 18) 

5.36 (0-
11.3; 3) 

14.8 (8.11-
21.5; 16) 

22.2 (12.6-
31.8; 16) 0 (0-0; 0) 

B 67.9 (50.6-
85.2; 19) 

37.5 (3.95-
71.0; 3) 

80.0 (62.5-
97.5; 16) 

20.0 (0-
55.1; 1) 

78.3 (61.4-
95.1; 18) 

60.0 (17.1-
100; 3) 

69.6 (50.8-
88.4; 16) 

80.0 (62.5-
97.5; 16) 0 (0-0; 0) 

Resistance To 
≥1 Tested 
Antimicrobial 
Class 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 57.3 (52.5-
62.1; 232) 

45.0 (35.2-
54.8; 45) 

61.3 (55.8-
66.8; 187) 

44.1 (34.0-
54.2; 41) 

61.2 (55.8-
66.6; 191) 

62.5 (50.6-
74.4; 40) 

56.3 (51.0-
61.6; 192) 

61.3 (55.8-
66.8; 187) 

13.9 (2.59-
25.2; 5) 

B 87.5 (83.6-
91.5; 232) 

71.4 (60.3-
82.6; 45) 

92.6 (89.0-
96.2; 187) 

69.5 (57.7-
81.2; 41) 

92.7 (89.2-
96.3; 191) 

85.1 (74.9-
95.3; 40) 

88.1 (83.8-
92.4; 192) 

92.6 (89.0-
96.2; 187) 

31.3 (8.54-
54.0; 5) 

Percentage 
of Resistant 
Packaging 
Samples 
(95% CI; n) 

A 12.2 (7.19-
17.2; 20) 

3.26 (0-
6.89; 3) 

23.6 (13.8-
33.4; 17) 

1.08 (0-
3.17; 1) 

26.8 (16.5-
37.1; 19) 

5.36 (0-
11.3; 3) 

15.7 (8.87-
22.6; 17) 

23.6 (13.8-
33.4; 17) 0 (0-0; 0) 

B 71.4 (54.7-
88.2; 20) 

37.5 (3.95-
71.0; 3) 

85.0 (69.4-
100; 17) 

20.0 (0-
55.1; 1) 

82.6 (67.1-
98.1; 19) 

60.0 (17.1-
100; 3) 

73.9 (56.0-
91.9; 17) 

85.0 (69.4-
100; 17) 0 (0-0; 0) 

Resistance To 
≥2 Tested 
Antimicrobial 
Classes 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 50.6 (45.7-
55.5; 205) 

32.0 (22.9-
41.1; 32) 

56.7 (51.2-
62.3; 173) 

31.2 (21.8-
40.6; 29) 

56.4 (50.9-
61.9; 176) 

43.8 (31.6-
55.9; 28) 

51.9 (46.6-
57.2; 177) 

56.7 (51.2-
62.3; 173) 

11.1 (0.84-
21.4; 4) 

B 77.4 (72.3-
82.4; 205) 

50.8 (38.4-
63.1; 32) 

85.6 (80.8-
90.5; 173) 

49.2 (36.4-
61.9; 29) 

85.4 (80.6-
90.3; 176) 

59.6 (45.5-
73.6; 28) 

81.2 (76.0-
86.4; 177) 

85.6 (80.8-
90.5; 173) 

25.0 (3.78-
46.2; 4) 

Percentage 
of Resistant A 11.0 (6.19-

15.8; 18) 
3.26 (0-
6.89; 3) 

20.8 (11.5-
30.2; 15) 

1.08 (0-
3.17; 1) 

23.9 (14.0-
33.9; 17) 

5.36 (0-
11.3; 3) 

13.9 (7.37-
20.4; 15) 

20.8 (11.5-
30.2; 15) 0 (0-0; 0) 
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Packaging 
Samples 
(95% CI; n) 

B 64.3 (46.5-
82.0; 18) 

37.5 (3.95-
71.0; 3) 

75.0 (56.0-
94.0; 15) 

20.0 (0-
55.1; 1) 

73.9 (56.0-
91.9; 17) 

60.0 (17.1-
100; 3) 

65.2 (45.8-
84.7; 15) 

75.0 (56.0-
94.0; 15) 0 (0-0; 0) 

Resistance To 
≥3 Tested 
Antimicrobial 
Classes 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 38.5 (33.8-
43.3; 156) 

29.0 (20.1-
37.9; 29) 

41.6 (36.1-
47.2; 127) 

24.7 (16.0-
33.5; 23) 

42.6 (37.1-
48.1; 133) 

39.1 (27.1-
51.0; 25) 

38.4 (33.3-
43.6; 131) 

41.6 (36.1-
47.2; 127) 

11.1 (0.84-
21.4; 4) 

B 58.9 (52.9-
64.8; 156) 

46.0 (33.7-
58.3; 29) 

62.9 (56.2-
69.5; 127) 

39.0 (26.5-
51.4; 23) 

64.6 (58.0-
71.1; 133) 

53.2 (38.9-
67.4; 25) 

60.1 (53.6-
66.6; 131) 

62.9 (56.2-
69.5; 127) 

25.0 (3.78-
46.2; 4) 

Percentage 
of Resistant 
Packaging 
Samples 
(95% CI; n) 

A 10.4 (5.70-
15.0; 17) 

3.26 (0-
6.89; 3) 

19.4 (10.3-
28.6; 14) 

1.08 (0-
3.17; 1) 

22.5 (12.8-
32.3; 16) 

5.36 (0-
11.3; 3) 

13.0 (6.63-
19.3; 14) 

19.4 (10.3-
28.6; 14) 0 (0-0; 0) 

B 60.7 (42.6-
78.8; 17) 

37.5 (3.95-
71.0; 3) 

70.0 (49.9-
90.1; 14) 

20.0 (0-
55.1; 1) 

69.6 (50.8-
88.4; 16) 

60.0 (17.1-
100; 3) 

60.9 (40.9-
80.8; 14) 

70.0 (49.9-
90.1; 14) 0 (0-0; 0) 

Resistance To 
≥4 Tested 
Antimicrobial 
Classes 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 1.48 (0.30-
2.66; 6) 

1.00 (0-
2.95; 1) 

1.64 (0.21-
3.06; 5) 

1.08 (0-
3.17; 1) 

1.60 (0.21-
3.00; 5) 0 (0-0; 0) 1.76 (0.36-

3.16; 6) 
1.64 (0.21-

3.06; 5) 
2.78 (0-
8.15; 1) 

B 2.26 (0.47-
4.06; 6) 

1.59 (0-
4.67; 1) 

2.48 (0.33-
4.62; 5) 

1.69 (0-
4.99; 1) 

2.43 (0.33-
4.53; 5) 0 (0-0; 0) 2.75 (0.58-

4.92; 6) 
2.48 (0.33-

4.62; 5) 
6.25 (0-
18.1; 1) 

Percentage 
of Resistant 
Packaging 
Samples 
(95% CI; n) 

A 0.61 (0-
1.80; 1) 0 (0-0; 0) 1.39 (0-

4.09; 1) 0 (0-0; 0) 1.41 (0-
4.15; 1) 0 (0-0; 0) 0.93 (0-

2.73; 1) 
1.39 (0-
4.09; 1) 0 (0-0; 0) 

B 3.57 (0-
10.4; 1) 0 (0-0; 0) 5.00 (0-

14.6; 1) 0 (0-0; 0) 4.35 (0-
12.7; 1) 0 (0-0; 0) 4.35 (0-

12.7; 1) 
5.00 (0-
14.6; 1) 0 (0-0; 0) 

Resistance To 
All Five Tested 
Antimicrobial 
Classes 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 
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Percentage 
of Resistant 
Packaging 
Samples 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 
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Table 97: Comparison of total number of samples, total number and percentage of C. jejuni-positive and C. coli-positive chicken neck skin samples confirmed 
by PCR, and percentage of C. jejuni and C. coli-positive chicken neck skin samples containing at least one Campylobacter isolate demonstrating resistance to 
the tested antimicrobials, from 405 Halal chickens sampled from retailers between February and May 2017. Samples have been categorised in three different 
ways: (i) Chickens Sold in Packaging and Chickens Sold Loose, (ii) Individually-Supplied Chickens and Batches of Chickens, and (iii) Chickens Purchased from a 
Supermarket and Chickens Purchased from a Specialist-Halal Retailer. ‘Specialist Halal Retailers’ are categorised further as Halal Butchers or Online Halal 
Retailers. 1 = Percentage of samples out of the total number of collected samples of that category; 2= Percentage of samples out of the total number of 
Campylobacter-positive samples of that category; A = Percentage of resistant samples out of the total number of collected samples of that category; B = 
Percentage of resistant samples out of the total number of samples of that category positive for that Campylobacter spp.. 

 Overall Packaged 
Chickens 

Chicken 
Retailed 

Loose 

Individ-
ually-

Supplied 
Chickens 

Batches of 
Chickens 

Super-
market-
bought 

Chickens 

Specialist 
Halal 

Retailer-
bought 

Chickens 

Halal 
Butcher 

Online 
Halal 

Retailer 

Total Number 
of Samples (N) 

Chicken Neck Skin 
Samples 405 100 305 93 312 64 341 305 36 

Overall 
Percentage of 
Campylobacter 
Positive 
Samples (%) 

Percentage of 
Campylobacter-Positive 
Chicken Neck Skin 
Samples (95% CI; n) 

65.4 
(60.8-70.1; 

265) 

63.0 (53.5-
72.5; 63) 

66.2 (60.9-
71.5; 202) 

63.4 (53.7-
73.2; 59) 

66.0 (60.8-
71.3; 206) 

73.4 
(62.6-84.3; 

47) 

63.9 
(58.8-69.0; 

218) 

66.2 (60.9-
71.5; 202) 

44.4 (28.2-
60.7; 16) 

Percentage 
of C. jejuni-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

1 62.2 (57.5-
66.9; 252) 

62.0 (52.5-
71.5; 62) 

62.3 (56.9-
67.7; 190) 

63.4 (53.7-
73.2; 59) 

61.9 (56.5-
67.2; 193) 

71.9 (60.9-
82.9; 46) 

60.4 (55.2-
65.6; 206) 

62.3 (56.9-
67.7; 190) 

44.4 (28.2-
60.7; 16) 

2 95.1 (92.5-
97.7; 252) 

98.4 (95.3-
100; 62) 

94.1 (90.8-
97.3; 190) 

100(100-
100; 59) 

93.7 (90.4-
97.0; 193) 

97.9 (93.7-
100; 46) 

94.5 (91.5-
97.5; 206) 

94.1 (90.8-
97.3; 190) 

100 (100-
100; 16) 

Percentage 
of C. coli-
Positive 
Chicken 

1 8.89 (6.12-
11.7; 36) 

1.00 (0-
2.95; 1) 

11.5 (7.90-
15.1; 35) 0 (0-0; 0) 11.5 (7.99-

15.1; 36) 
1.56 (0-
4.60; 1) 

10.3 (7.04-
13.5; 35) 

11.5 (7.90-
15.1; 35) 0 (0-0; 0) 
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Neck Skin 
Samples 
(95% CI; n) 2 13.6 (9.46-

17.7; 36) 
1.59 (0-
4.67; 1) 

17.3 (12.1-
22.5; 35) 0 (0-0; 0) 17.5 (12.3-

22.7; 36) 
2.13 (0-
6.25; 1) 

16.1 (11.2-
20.9; 35) 

17.3 (12.1-
22.5; 35) 0 (0-0; 0) 

Erythromycin 
Resistance 

Percentage 
of C. jejuni-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 0.49 (0-
1.18; 2) 

1.00 (0-
2.95; 1) 

0.33 (0-
0.97; 1) 

1.08 (0-
3.17; 1) 

0.32 (0-
0.95; 1) 0 (0-0; 0) 0.59 (0-

1.40; 2) 
0.33 (0-
0.97; 1) 

2.78 (0-
8.15; 1) 

B 0.79 (0-
1.89; 2) 

1.61 (0-
4.75; 1) 

0.53 (0-
1.56; 1) 

1.69 (0-
4.99; 1) 

0.52 (0-
1.53; 1) 0 (0-0; 0) 0.97 (0-

2.31; 2) 
0.53 (0-
1.56; 1) 

6.25 (0-
18.1; 1) 

Percentage 
of C. coli-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 1.98 (0.62-
3.33; 8) 0 (0-0; 0) 2.62 (0.83-

4.42; 8) 0 (0-0; 0) 2.56 (0.81-
4.32; 8) 0 (0-0; 0) 2.35 (0.74-

3.95; 8) 
2.62 (0.83-

4.42; 8) 0 (0-0; 0) 

B 22.2 (8.64-
35.8; 8) 0 (0-0; 0) 22.9 (8.95-

36.8; 8) 0 (0-0; 0) 22.2 (8.64-
35.8; 8) 0 (0-0; 0) 22.9 (8.95-

36.8; 8) 
22.9 (8.95-

36.8; 8) 0 (0-0; 0) 

Tetracycline 
Resistance 

Percentage 
of C. jejuni-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 48.9 (44.0-
53.8; 198) 

32.0 (22.9-
41.1; 32) 

54.4 (48.8-
60.0; 166) 

31.2 (21.8-
40.6; 29) 

54.2 (48.6-
59.7; 169) 

42.2 (30.1-
54.3; 27) 

50.1 (44.8-
55.5; 171) 

54.4 (48.8-
60.0; 166) 

13.9 (2.59-
25.2; 5) 

B 78.6 (73.5-
83.6; 198) 

51.6 (39.2-
64.1; 32) 

87.4 (82.6-
92.1; 166) 

49.2 (36.4-
61.9; 29) 

87.6 (82.9-
92.2; 169) 

58.7 (44.5-
72.9; 27) 

83.0 (77.9-
88.1; 171) 

87.4 (82.6-
92.1; 166) 

31.3 (8.54-
54.0; 5) 

Percentage 
of C. coli-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 5.93 (3.63-
8.23; 24) 

1.00 (0-
2.95; 1) 

7.54 (4.58-
10.5; 23) 0 (0-0; 0) 7.69 (4.74-

10.6; 24) 
1.56 (0-
4.60; 1) 

6.74 (4.08-
9.41; 23) 

7.54 (4.58-
10.5; 23) 0 (0-0; 0) 

B 66.7 (51.3-
82.1; 24) 

100 (100-
100; 1) 

65.7 (50.0-
81.4; 23) 0 (0-0; 0) 66.7 (51.3-

82.1; 24) 
100 (100-

100; 1) 
65.7 (50.0-

81.4; 23) 
65.7 (50.0-

81.4; 23) 0 (0-0; 0) 
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Gentamicin 
Resistance 

Percentage 
of C. jejuni-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 0.49 (0-
1.18; 2) 0 (0-0; 0) 0.66 (0-

1.56; 2) 0 (0-0; 0) 0.64 (0-
1.53; 2) 0 (0-0; 0) 0.59 (0-

1.40; 2) 
0.66 (0-
1.56; 2) 0 (0-0; 0) 

B 0.79 (0-
1.89; 2) 0 (0-0; 0) 1.05 (0-

2.50; 2) 0 (0-0; 0) 1.04 (0-
2.47; 2) 0 (0-0; 0) 0.97 (0-

2.31; 2) 
1.05 (0-
2.50; 2) 0 (0-0; 0) 

Percentage 
of C. coli-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Amoxicillin-
Clavulanate 
Resistance 

Percentage 
of C. jejuni-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 0.49 (0-
1.18; 2) 0 (0-0; 0) 0.66 (0-

1.56; 2) 0 (0-0; 0) 0.64 (0-
1.53; 2) 0 (0-0; 0) 0.59 (0-

1.40; 2) 
0.66 (0-
1.56; 2) 0 (0-0; 0) 

B 0.79 (0-
1.89; 2) 0 (0-0; 0) 1.05 (0-

2.50; 2) 0 (0-0; 0) 1.04 (0-
2.47; 2) 0 (0-0; 0) 0.97 (0-

2.31; 2) 
1.05 (0-
2.50; 2) 0 (0-0; 0) 

Percentage 
of C. coli-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Ampicillin 
Resistance 

Percentage 
of C. jejuni-
Positive 

A 46.7 (41.8-
51.5; 189) 

33.0 (23.8-
42.2; 33) 

51.1 (45.5-
56.8; 156) 

30.1 (20.8-
39.4; 28) 

51.6 (46.1-
57.1; 161) 

45.3 (33.1-
57.5; 29) 

46.9 (41.6-
52.2; 160) 

51.1 (45.5-
56.8; 156) 

11.1 (0.84-
21.4; 4) 
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Chicken 
Neck Skin 
Samples 
(95% CI; n) 

B 75.0 (69.7-
80.3; 189) 

53.2 (40.8-
65.6; 33) 

82.1 (76.7-
87.6; 156) 

47.5 (34.7-
60.2; 28) 

83.4 (78.2-
88.7; 161) 

63.0 (49.1-
77.0; 29) 

77.7 (72.0-
83.4; 160) 

82.1 (76.7-
87.6; 156) 

25.0 (3.78-
46.2; 4) 

Percentage 
of C. coli-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 6.42 (4.03-
8.81; 26) 0 (0-0; 0) 8.52 (5.39-

11.7; 26) 0 (0-0; 0) 8.33 (5.27-
11.4; 26) 0 (0-0; 0) 7.62 (4.81-

10.4; 26) 
8.52 (5.39-

11.7; 26) 0 (0-0; 0) 

B 72.2 (57.6-
86.9; 26) 0 (0-0; 0) 74.3 (59.8-

88.8; 26) 0 (0-0; 0) 72.2 (57.6-
86.9; 26) 0 (0-0; 0) 74.3 (59.8-

88.8; 26) 
74.3 (59.8-

88.8; 26) 0 (0-0; 0) 

Ciprofloxacin 
Resistance 

Percentage 
of C. jejuni-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 38.5 (33.8-
43.3; 156) 

37.0 (27.5-
46.5; 37) 

39.0 (33.5-
44.5; 119) 

35.5 (25.8-
45.2; 33) 

39.4 (34.0-
44.8; 123) 

51.6 (39.3-
63.8; 33) 

36.1 (31.0-
41.2; 123) 

39.0 (33.5-
44.5; 119) 

11.1 (0.84-
21.4; 4) 

B 61.9 (55.9-
67.9; 156) 

59.7 (47.5-
71.9; 37) 

62.6 (55.8-
69.5; 119) 

55.9 (43.3-
68.6; 33) 

63.7 (56.9-
70.5; 123) 

71.7 (58.7-
84.8; 33) 

59.7 (53.0-
66.4; 123) 

62.6 (55.8-
69.5; 119) 

25.0 (3.78-
46.2; 4) 

Percentage 
of C. coli-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 4.94 (2.83-
7.05; 20) 0 (0-0; 0) 6.56 (3.78-

9.34; 20) 0 (0-0; 0) 6.41 (3.69-
9.13; 20) 0 (0-0; 0) 5.87 (3.37-

8.36; 20) 
6.56 (3.78-

9.34; 20) 0 (0-0; 0) 

B 55.6 (39.3-
71.8; 20) 0 (0-0; 0) 57.1 (40.7-

73.5; 20) 0 (0-0; 0) 55.6 (39.3-
71.8; 20) 0 (0-0; 0) 57.1 (40.7-

73.5; 20) 
57.1 (40.7-

73.5; 20) 0 (0-0; 0) 

Nalidixic Acid 
Resistance 

Percentage 
of C. jejuni-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 41.5 (36.7-
46.3; 168) 

40.0 (30.4-
49.6; 40) 

42.0 (36.4-
47.5; 128) 

38.7 (28.8-
48.6; 36) 

42.3 (36.8-
47.8; 132) 

56.3 (44.1-
68.4; 36) 

38.7 (33.5-
43.9; 132) 

42.0 (36.4-
47.5; 128) 

11.1 (0.84-
21.4; 4) 

B 66.7 (60.8-
72.5; 168) 

64.5 (52.6-
76.4; 40) 

67.4 (60.7-
74.0; 128) 

61.0 (48.6-
73.5; 36) 

68.4 (61.8-
75.0; 132) 

78.3 (66.3-
90.2; 36) 

64.1 (57.5-
70.6; 132) 

67.4 (60.7-
74.0; 128) 

25.0 (3.78-
46.2; 4) 
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Percentage 
of C. coli-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 5.93 (3.63-
8.23; 24) 0 (0-0; 0) 7.87 (4.85-

10.9; 24) 0 (0-0; 0) 7.69 (4.74-
10.6; 24) 0 (0-0; 0) 7.04 (4.32-

9.75; 24) 
7.87 (4.85-

10.9; 24) 0 (0-0; 0) 

B 66.7 (51.3-
82.1; 24) 0 (0-0; 0) 68.6 (53.2-

84.0; 24) 0 (0-0; 0) 66.7 (51.3-
82.1; 24) 0 (0-0; 0) 68.6 (53.2-

84.0; 24) 
68.6 (53.2-

84.0; 24) 0 (0-0; 0) 

b-Lactam 
Resistance 

Percentage 
of C. jejuni-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 46.7 (41.8-
51.5; 189) 

33.0 (23.8-
42.2; 33) 

51.1 (45.5-
56.8; 156) 

30.1 (20.8-
39.4; 28) 

51.6 (46.1-
57.1; 161) 

45.3 (33.1-
57.5; 29) 

46.9 (41.6-
52.2; 160) 

51.1 (45.5-
56.8; 156) 

11.1 (0.84-
21.4; 4) 

B 75.0 (69.7-
80.3; 189) 

53.2 (40.8-
65.6; 33) 

82.1 (76.7-
87.6; 156) 

47.5 (34.7-
60.2; 28) 

83.4 (78.2-
88.7; 161) 

63.0 (49.1-
77.0; 29) 

77.7 (72.0-
83.4; 160) 

82.1 (76.7-
87.6; 156) 

25.0 (3.78-
46.2; 4) 

Percentage 
of C. coli-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 6.42 (4.03-
8.81; 26) 0 (0-0; 0) 8.52 (5.39-

11.7; 26) 0 (0-0; 0) 8.33 (5.27-
11.4; 26) 0 (0-0; 0) 7.62 (4.81-

10.4; 26) 
8.52 (5.39-

11.7; 26) 0 (0-0; 0) 

B 72.2 (57.6-
86.9; 26) 0 (0-0; 0) 74.3 (59.8-

88.8; 26) 0 (0-0; 0) 72.2 (57.6-
86.9; 26) 0 (0-0; 0) 74.3 (59.8-

88.8; 26) 
74.3 (59.8-

88.8; 26) 0 (0-0; 0) 

Quinolone 
Resistance 

Percentage 
of C. jejuni-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 42.0 (37.2-
46.8; 170) 

40.0 (30.4-
49.6; 40) 

42.6 (37.1-
48.2; 130) 

38.7 (28.8-
48.6; 36) 

42.9 (37.5-
48.4; 134) 

56.3 (44.1-
68.4; 36) 

39.3 (34.1-
44.5; 134) 

42.6 (37.1-
48.2; 130) 

11.1 (0.84-
21.4; 4) 

B 67.5 (61.7-
73.2; 170) 

64.5 (52.6-
76.4; 40) 

68.4 (61.8-
75.0; 130) 

61.0 (48.6-
73.5; 36) 

69.4 (62.9-
75.9; 134) 

78.3 (66.3-
90.2; 36) 

65.0 (58.5-
71.6; 134) 

68.4 (61.8-
75.0; 130) 

25.0 (3.78-
46.2; 4) 

Percentage 
of C. coli-
Positive 

A 5.93 (3.63-
8.23; 24) 0 (0-0; 0) 7.87 (4.85; 

10.9; 24) 0 (0-0; 0) 7.69 (4.74-
10.6; 24) 0 (0-0; 0) 7.04 (4.32-

9.75; 24) 
7.87 (4.85-

10.9; 24) 0 (0-0; 0) 
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Chicken 
Neck Skin 
Samples 
(95% CI; n) 

B 66.7 (51.3-
82.1; 24) 0 (0-0; 0) 68.6 (53.2-

84.0; 24) 0 (0-0; 0) 66.7 (51.3-
82.1; 24) 0 (0-0; 0) 68.6 (53.2-

84.0; 24) 
68.6 (53.2-

84.0; 24) 0 (0-0; 0) 

Resistance To 
≥1 Tested 
Antimicrobial 
Class 

Percentage 
of C. jejuni-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 54.3 (49.5-
59.2; 220) 

44.0 (34.3-
53.7; 44) 

57.7 (52.2-
63.2; 176) 

44.1 (34.0-
54.2; 41) 

57.4 (51.9-
62.9; 179) 

60.9 (49.0-
72.9; 39) 

53.1 (47.8-
58.4; 181) 

57.7 (52.2-
63.2; 176) 

13.9 (2.59-
25.2; 5) 

B 87.3 (83.2-
91.4; 220) 

71.0 (59.7-
82.3; 44) 

92.6 (88.9-
96.3; 176) 

69.5 (57.7-
81.2; 41) 

92.7 (89.1-
96.4; 179) 

84.8 (74.4-
95.2; 39) 

87.9 (83.4-
92.3; 181) 

92.6 (88.9-
96.3; 176) 

31.3 (8.54-
54.0; 5) 

Percentage 
of C. coli-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 7.41 (4.86-
9.96; 30) 

1.00 (0-
2.95; 1) 

9.51 (6.22-
12.8; 29) 0 (0-0; 0) 9.62 (6.34-

12.9; 30) 
1.56 (0-
4.60; 1) 

8.50 (5.54-
11.5; 29) 

9.51 (6.22-
12.8; 29) 0 (0-0; 0) 

B 83.3 (71.2-
95.5; 30) 

100 (100-
100; 1) 

82.9 (70.4-
95.3; 29) 0 (0-0; 0) 83.3 (71.2-

95.5; 30) 
100 (100-

100; 1) 
82.9 (70.4-

95.3; 29) 
82.9 (70.4-

95.3; 29) 0 (0-0; 0) 

Resistance To 
≥2 Tested 
Antimicrobial 
Classes 

Percentage 
of C. jejuni-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 48.1 (43.3-
53.0; 195) 

32.0 (22.9-
41.1; 32) 

53.4 (47.8-
59.0; 163) 

31.2 (21.8-
40.6; 29) 

53.2 (47.7-
58.7; 166) 

43.8 (31.6-
55.9; 28) 

49.0 (43.7-
54.3; 167) 

53.4 (47.8-
59.0; 163) 

11.1 (0.84-
21.4; 4) 

B 77.4 (72.2-
82.5; 195) 

51.6 (39.2-
64.1; 32) 

85.8 (80.8-
90.8; 163) 

49.2 (36.4-
61.9; 29) 

86.0 (81.1-
90.9; 166) 

60.9 (46.8-
75.0; 28) 

81.1 (75.7-
86.4; 167) 

85.8 (80.8-
90.8; 163) 

25.0 (3.78-
46.2; 4) 

Percentage 
of C. coli-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 6.42 (4.03-
8.81; 26) 0 (0-0; 0) 8.52 (5.39-

11.7; 26) 0 (0-0; 0) 8.33 (5.27-
11.4; 26) 0 (0-0; 0) 7.62 (4.81-

10.4; 26) 
8.52 (5.39-

11.7; 26) 0 (0-0; 0) 

B 72.2 (57.6-
86.9; 26) 0 (0-0; 0) 74.3 (59.8-

88.8; 26) 0 (0-0; 0) 72.2 (57.6-
86.9; 26) 0 (0-0; 0) 74.3 (59.8-

88.8; 26) 
74.3 (59.8-

88.8; 26) 0 (0-0; 0) 
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Resistance To 
≥3 Tested 
Antimicrobial 
Classes 

Percentage 
of C. jejuni-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 34.8 (30.2-
39.5; 141) 

29.0 (20.1-
37.9; 29) 

36.7 (31.3-
42.1; 112) 

24.7 (16.0-
33.5; 23) 

37.8 (32.4-
43.2; 118) 

39.1 (27.1-
51.0; 25) 

34.0 (29.0-
39.0; 116) 

36.7 (31.3-
42.1; 112) 

11.1 (0.84-
21.4; 4) 

B 56.0 (49.8-
62.1; 141) 

46.8 (34.4-
59.2; 29) 

58.9 (52.0-
65.9; 112) 

39.0 (26.5-
51.4; 23) 

61.1 (54.3-
68.0; 118) 

54.3 (40.0-
68.7; 25) 

56.3 (49.5-
63.1; 116) 

58.9 (52.0-
65.9; 112) 

25.0 (3.78-
46.2; 4) 

Percentage 
of C. coli-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 5.68 (3.42-
7.93; 23) 0 (0-0; 0) 7.54 (4.58-

10.5; 23) 0 (0-0; 0) 7.37 (4.47-
10.3; 23) 0 (0-0; 0) 6.74 (4.08-

9.41; 23) 
7.54 (4.58-

10.5; 23) 0 (0-0; 0) 

B 63.9 (48.2-
79.6; 23) 0 (0-0; 0) 65.7 (50.0-

81.4; 23) 0 (0-0; 0) 63.9 (48.2-
79.6; 23) 0 (0-0; 0) 65.7 (50.0-

81.4; 23) 
65.7 (50.0-

81.4; 23) 0 (0-0; 0) 

Resistance To 
≥4 Tested 
Antimicrobial 
Classes 

Percentage 
of C. jejuni-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 0.74 (0-
1.58; 3) 

1.00 (0-
2.95; 1) 

0.66 (0-
1.56; 2) 

1.08 (0-
3.17; 1) 

0.64 (0-
1.53; 2) 0 (0-0; 0) 0.88 (0-

1.87; 3) 
0.66 (0-
1.56; 2) 

2.78 (0-
8.15; 1) 

B 1.19 (0-
2.53; 3) 

1.61 (0-
4.75; 1) 

1.05 (0-
2.50; 2) 

1.69 (0-
4.99; 1) 

1.04 (0-
2.47; 2) 0 (0-0; 0) 1.46 (0-

3.09; 3) 
1.05 (0-
2.50; 2) 

6.25 (0-
18.1; 1) 

Percentage 
of C. coli-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 0.74 (0-
1.58; 3) 0 (0-0; 0) 0.98 (0-

2.09; 3) 0 (0-0; 0) 0.96 (0-
2.04; 3) 0 (0-0; 0) 0.88 (0-

1.87; 3) 
0.98 (0-
2.09; 3) 0 (0-0; 0) 

B 8.33 (0-
17.4; 3) 0 (0-0; 0) 8.57 (0-

17.8; 3) 0 (0-0; 0) 8.33 (0-
17.4; 3) 0 (0-0; 0) 8.57 (0-

17.8; 3) 
8.57 (0-
17.8; 3) 0 (0-0; 0) 

Resistance To 
All Five Tested 

Percentage 
of C. jejuni-
Positive 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 
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Antimicrobial 
Classes 

Chicken 
Neck Skin 
Samples 
(95% CI; n) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Percentage 
of C. coli-
Positive 
Chicken 
Neck Skin 
Samples 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 
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Table 98: Comparison of total number of unique Campylobacter spp. (N=531) isolates and percentage of unique chicken neck skin isolates (N=487) and unique 
outer packaging isolates (N=44) demonstrating resistance to the tested antimicrobials, from 265 Campylobacter-positive Halal chickens (N=405) and 28 
Campylobacter-positive packaging swabs (N=164) sampled from retailers between February and May 2017. Isolates have been categorised in three different 
ways: (i) Chickens Sold in Packaging and Chickens Sold Loose, (ii) Individually-Supplied Chickens and Batches of Chickens, and (iii) Chickens Purchased from a 
Supermarket and Chickens Purchased from a Specialist-Halal Retailer. ‘Specialist Halal Retailers’ are categorised further as Halal Butchers or Online Halal 
Retailers. A = Percentage of resistant isolates out of the total number of unique Campylobacter spp. isolates of that category; B = Percentage of resistant 
isolates out of the total number of resistant isolates of that category. 

 Overall Packaged 
Chickens 

Chicken 
Retailed 

Loose 

Individuall
y-Supplied 
Chickens 

Batches of 
Chickens 

Supermarke
t-bought 
Chickens 

Specialist 
Halal 

Retailer-
bought 

Chickens 

Halal 
Butcher 

Online 
Halal 

Retailer 

Total Number 
of Isolates (N) 

Chicken Neck Skin 
Isolates 487 101 386 97 390 81 406 386 20 

Packaging Isolates 44 11 33 7 37 8 36 33 3 

Erythromycin 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

A 2.46 (1.09-
3.84; 12) 

0.99 (0-
2.92; 1) 

2.85 (1.19-
4.51; 11) 

1.03 (0-
3.04; 1) 

2.82 (1.18-
4.46; 11) 0 (0-0; 0) 2.96 (1.31-

4.60; 12) 
2.85 (1.19-

4.51; 11) 
4.87 (0-
14.6; 1) 

B 3.16 (1.40-
4.92; 12) 

1.92 (0-
5.66; 1) 

3.35 (1.41-
5.30; 11) 

2.04 (0-
6.00; 1) 

3.32 (1.39-
5.25; 11) 0 (0-0; 0) 3.60 (1.60-

5.61; 12) 
3.35 (1.41-

5.30; 11) 
20.0 (0-
55.1; 1) 

Percentage 
of Resistant 
Packaging 
Isolates 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Tetracycline 
Resistance 

Percentage 
of Resistant A 69.2 (65.1-

73.3; 337) 
38.6 (29.1-

48.1; 39) 
77.2 (73.0-
81.4; 298) 

37.1 (27.5-
46.7; 36) 

77.2 (73.0-
81.3; 301) 

42.0 (31.2-
52.7; 34) 

74.6 (70.4-
78.9; 303) 

77.2 (73.0-
81.4; 298) 

25.0 (6.02-
44.0; 5) 
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Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

B 88.7 (85.5-
91.9; 337) 

75.0 (63.2-
86.8; 39) 

90.0 (87.7-
94.0; 298) 

73.5 (61.1-
85.8; 36) 

90.9 (87.8-
94.0; 301) 

72.3 (59.6-
85.1; 34) 

91.0 (87.9-
94.1; 303) 

90.9 (87.7-
94.0; 298) 

100 (100-
100; 5) 

Percentage 
of Resistant 
Packaging 
Isolates 
(95% CI; n) 

A 65.9 (51.9-
79.9; 29) 

27.3 (0.95-
53.6; 3) 

78.8 (64.8-
92.7; 26) 

14.3 (0-
40.2; 1) 

75.7 (61.9-
89.5; 28) 

37.5 (3.95-
71.0; 3) 

72.2 (57.6-
86.9; 26) 

78.8 (64.8-
92.7; 26) 0 (0-0; 0) 

B 93.5 (84.9-
100; 29) 

100 (100-
100; 3) 

92.9 (83.3-
100; 26) 

100 (100-
100; 1) 

93.3 (84.4-
100; 28) 

100 (100-
100; 3) 

92.9 (83.3-
100; 26) 

92.9 (83.3-
100; 26) 0 (0-0; 0) 

Gentamicin 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

A 0.41 (0-
0.98; 2) 0 (0-0; 0) 0.52 (0-

1.23; 2) 0 (0-0; 0) 0.51 (0-
1.22; 2) 0 (0-0; 0) 0.49 (0-

1.17; 2) 
0.52 (0-
1.23; 2) 0 (0-0; 0) 

B 0.53 (0-
1.25; 2) 0 (0-0; 0) 0.61 (0-

1.45; 2) 0 (0-0; 0) 0.60 (0-
1.44; 2) 0 (0-0; 0) 0.60 (0-

1.43; 2) 
0.61 (0-
1.45; 2) 0 (0-0; 0) 

Percentage 
of Resistant 
Packaging 
Isolates 
(95% CI; n) 

A 2.27 (0-
6.68; 1) 0 (0-0; 0) 3.03 (0-

8.88; 1) 
2.70 (0-
7.93; 1) 0 (0-0; 0) 0 (0-0; 0) 2.78 (0-

8.15; 1) 
3.03 (0-
8.88; 1) 0 (0-0; 0) 

B 3.23 (0-
9.45; 1) 0 (0-0; 0) 3.57 (0-

10.4; 1) 
3.33 (0-
9.76; 1) 0 (0-0; 0) 0 (0-0; 0) 3.57 (0-

10.4; 1) 
3.57 (0-
10.4; 1) 0 (0-0; 0) 

Amoxicillin-
Clavulanate 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

A 0.41 (0-
0.98; 2) 0 (0-0; 0) 0.52 (0-

1.23; 2) 0 (0-0; 0) 0.51 (0-
1.22; 2) 0 (0-0; 0) 0.49 (0-

1.17; 2) 
0.52 (0-
1.23; 2) 0 (0-0; 0) 

B 0.53 (0-
1.25; 2) 0 (0-0; 0) 0.61 (0-

1.45; 2) 0 (0-0; 0) 0.60 (0-
1.44; 2) 0 (0-0; 0) 0.60 (0-

1.43; 2) 
0.61 (0-
1.45; 2) 0 (0-0; 0) 

Percentage 
of Resistant A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 
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Packaging 
Isolates 
(95% CI; n) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Ampicillin 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

A 62.8 (58.5-
67.1; 306) 

38.6 (29.1-
48.1; 39) 

69.2 (64.6-
73.8; 267) 

35.1 (25.6-
44.5; 34) 

69.7 (65.2-
74.3; 272) 

43.2 (32.4-
54.0; 35) 

66.7 (62.2-
71.3; 271) 

69.2 (64.6-
73.8; 267) 

20.0 (2.47-
37.5; 4) 

B 80.5 (76.5-
84.5; 306) 

75.0 (63.2-
86.8; 39) 

81.4 (77.2-
85.6; 267) 

69.4 (56.5-
82.3; 34) 

82.2 (78.1-
86.3; 272) 

74.5 (62.0-
86.9; 35) 

81.4 (77.2-
85.6; 271) 

81.4 (77.2-
85.6; 267) 

80.0 (44.9-
115.1; 4) 

Percentage 
of Resistant 
Packaging 
Isolates 
(95% CI; n) 

A 63.6 (49.4-
77.9; 28) 

27.3 (0.95-
53.6; 3) 

75.6 (61.1-
90.4; 25) 

14.3 (0-
40.2; 1) 

73.0 (58.7-
87.3; 27) 

37.5 (3.95-
71.0; 3) 

69.4 (54.4-
84.5; 25) 

75.8 (61.1-
90.4; 25) 0 (0-0; 0) 

B 90.3 (79.9-
100; 28) 

100 (100-
100; 3) 

89.3 (77.8-
100; 25) 

100 (100-
100; 1) 

90.0 (79.3-
100; 27) 

100 (100-
100; 3) 

89.3 (77.8-
100; 25) 

89.3 (77.8-
100; 25) 0 (0-0; 0) 

Ciprofloxacin 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

A 46.8 (42.4-
51.2; 228) 

40.6 (31.0-
50.2; 41) 

48.4 (43.5-
53.4; 187) 

39.2 (29.5-
48.9; 38) 

48.7 (43.8-
53.7; 190) 

45.7 (34.8-
56.5; 37) 

47.0 (42.2-
51.9; 191) 

48.4 (43.5-
53.4; 187) 

20.0 (2.47-
37.5; 4) 

B 60.0 (55.1-
64.9; 228) 

78.8 (67.7-
89.9; 41) 

57.0 (51.7-
62.4; 187) 

77.6 (65.9-
89.2; 38) 

57.4 (52.1-
62.7; 190) 

78.7 (67.0-
90.4; 37) 

57.4 (52.0-
62.7; 191) 

57.0 (51.7-
62.4; 187) 

80.0 (44.9-
115.1; 4) 

Percentage 
of Resistant 
Packaging 
Isolates 
(95% CI; n) 

A 43.2 (28.5-
57.8; 19) 

27.3 (0.95-
53.6; 3) 

48.5 (31.4-
65.5; 16) 

14.3 (0-
40.2; 1) 

48.6 (32.5-
64.8; 18) 

37.5 (3.95-
71.0; 3) 

44.4 (28.2-
60.7; 16) 

48.5 (31.4-
65.5; 16) 0 (0-0; 0) 

B 61.3 (44.1-
78.4; 19) 

100 (100-
100; 3) 

57.1 (38.8-
75.5; 16) 

100 (100-
100; 1) 

60.0 (42.5-
77.5; 18) 

100 (100-
100; 3) 

57.1 (38.8-
75.5; 16) 

57.1 (38.8-
75.5; 16) 0 (0-0; 0) 

Nalidixic Acid 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

A 51.3 (46.9-
55.8; 250) 

43.6 (33.9-
53.2; 44) 

53.4 (48.4-
58.3; 206) 

42.3 (32.4-
52.1; 41) 

53.6 (48.6-
58.5; 209) 

49.4 (38.5-
60.3; 40) 

51.7 (46.9-
56.6; 210) 

53.4 (48.4-
58.3; 206) 

20.0 (2.47-
37.5; 4) 

B 65.8 (61.0-
70.6; 250) 

84.6 (74.8-
94.4; 44) 

62.8 (57.6-
68.0; 206) 

83.7 (73.3-
94.0; 41) 

63.1 (57.9-
68.3; 209) 

85.1 (74.9-
95.3; 40) 

63.1 (57.9-
68.2; 210) 

62.8 (57.6-
68.0; 206) 

80.0 (44.9-
115.1; 4) 
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Percentage 
of Resistant 
Packaging 
Isolates 
(95% CI; n) 

A 56.8 (42.2-
71.5; 25) 

27.3 (0.95-
53.6; 3) 

66.7 (50.6-
82.8; 22) 

14.3 (0-
40.2; 1) 

64.9 (49.5-
80.2; 24) 

37.5 (3.95-
71.0; 3) 

61.1 (45.2-
77.0; 22) 

66.7 (50.6-
82.8; 22) 0 (0-0; 0) 

B 80.6 (66.7-
94.6; 25) 

100 (100-
100; 3) 

78.6 (63.4-
93.8; 22) 

100 (100-
100; 1) 

80.0 (65.7-
94.3; 24) 

100 (100-
100; 3) 

78.6 (63.4-
93.8; 22) 

78.6 (63.4-
93.8; 22) 0 (0-0; 0) 

b-Lactam 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

A 62.8 (58.5-
67.1; 306) 

38.6 (29.1-
48.1; 39) 

69.2 (64.6-
73.8; 267) 

35.1 (25.6-
44.5; 34) 

69.7 (65.2-
74.3; 272) 

43.2 (32.4-
54.0; 35) 

66.7 (62.2-
71.3; 271) 

69.2 (64.6-
73.8; 267) 

20.0 (2.47-
37.5; 4) 

B 80.5 (76.5-
84.5; 306) 

75.0 (63.2-
86.8; 39) 

81.4 (77.2-
85.6; 267) 

69.4 (56.5-
82.3; 34) 

82.2 (78.1-
86.3; 272) 

74.5 (62.0-
86.9; 35) 

81.4 (77.2-
85.6; 271) 

81.4 (77.2-
85.6; 267) 

80.0 (44.9-
115.1; 4) 

Percentage 
of Resistant 
Packaging 
Isolates 
(95% CI; n) 

A 63.6 (49.4-
77.9; 28) 

27.3 (0.95-
53.6; 3) 

75.6 (61.1-
90.4; 25) 

14.3 (0-
40.2; 1) 

73.0 (58.7-
87.3; 27) 

37.5 (3.95-
71.0; 3) 

69.4 (54.4-
84.5; 25) 

75.8 (61.1-
90.4; 25) 0 (0-0; 0) 

B 90.3 (79.9-
100; 28) 

100 (100-
100; 3) 

89.3 (77.8-
100; 25) 

100 (100-
100; 1) 

90.0 (79.3-
100; 27) 

100 (100-
100; 3) 

89.3 (77.8-
100; 25) 

89.3 (77.8-
100; 25) 0 (0-0; 0) 

Quinolone 
Resistance 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

A 52.8 (48.3-
57.2; 257) 

43.6 (33.9-
53.2; 44) 

55.2 (50.2-
60.1; 213) 

42.3 (32.4-
52.1; 41) 

55.4 (50.5-
60.3; 216) 

49.4 (38.5-
60.3; 40) 

53.4 (48.6-
58.3; 217) 

55.2 (50.2-
60.1; 213) 

20.0 (2.47-
37.5; 4) 

B 67.6 (62.9-
72.3; 257) 

84.6 (74.8-
94.4; 44) 

64.9 (59.8-
70.1; 213) 

83.7 (73.3-
94.0; 41) 

65.3 (60.1-
70.4; 216) 

85.1 (74.9-
95.3; 40) 

65.2 (60.0-
70.3; 217) 

64.9 (59.8-
70.1; 213) 

80.0 (44.9-
115.1; 4) 

Percentage 
of Resistant 
Packaging 
Isolates 
(95% CI; n) 

A 56.8 (42.2-
71.5; 25) 

27.3 (0.95-
53.6; 3) 

66.7 (50.6-
82.8; 22) 

14.3 (0-
40.2; 1) 

64.9 (49.5-
80.2; 24) 

37.5 (3.95-
71.0; 3) 

61.1 (45.2-
77.0; 22) 

66.7 (50.6-
82.8; 22) 0 (0-0; 0) 

B 80.6 (66.7-
94.6; 25) 

100 (100-
100; 3) 

78.6 (63.4-
93.8; 22) 

100 (100-
100; 1) 

80.0 (65.7-
94.3; 24) 

100 (100-
100; 3) 

78.6 (63.4-
93.8; 22) 

78.6 (63.4-
93.8; 22) 0 (0-0; 0) 
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Resistance To 
≥1 Tested 
Antimicrobial 
Class 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

A 78.0 (74.4-
81.7; 380) 

51.5 (41.7-
61.2; 52) 

85.0 (81.4-
88.5; 328) 

50.5 (40.6-
60.5; 49) 

84.9 (81.3-
88.4; 331) 

58.0 (47.3-
68.8; 47) 

82.0 (78.3-
85.8; 333) 

85.0 (81.4-
88.5; 328) 

25.0 (6.02-
44.0; 5) 

Percentage 
of Resistant 
Packaging 
Isolates 
(95% CI; n) 

A 70.5 (57.0-
83.9; 31) 

27.3 (0.95-
53.6; 3) 

84.8 (72.6-
97.1; 28) 

14.3 (0-
40.2; 1) 

81.1 (68.5-
93.7; 30) 

37.5 (3.95-
71.0; 3) 

77.8 (64.2-
91.4; 28) 

84.8 (72.6-
97.1; 28) 0 (0-0; 0) 

Resistance To 
≥2 Tested 
Antimicrobial 
Classes 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

A 67.4 (63.2-
71.5; 328) 

37.6 (28.2-
47.1; 38) 

75.1 (70.8-
79.4; 290) 

37.1 (27.5-
46.7; 36) 

74.9 (70.6-
79.2; 292) 

42.0 (31.2-
52.7; 34) 

72.4 (68.1-
76.8; 294) 

75.1 (70.8-
79.4; 290) 

20.0 (2.47-
37.5; 4) 

B 86.3 (82.9-
89.8; 328) 

73.1 (61.0-
85.1; 38) 

88.4 (85.0-
91.9; 290) 

73.5 (61.1-
85.8; 36) 

88.2 (84.7-
91.7; 292) 

72.3 (59.6-
85.1; 34) 

88.3 (84.8-
91.7; 294) 

88.4 (85.0-
91.9; 290) 

80.0 (44.9-
115.1; 4) 

Percentage 
of Resistant 
Packaging 
Isolates 
(95% CI; n) 

A 63.6 (49.4-
77.9; 28) 

27.3 (0.95-
53.6; 3) 

75.6 (61.1-
90.4; 25) 

14.3 (0-
40.2; 1) 

73.0 (58.7-
87.3; 27) 

37.5 (3.95-
71.0; 3) 

69.4 (54.4-
84.5; 25) 

75.8 (61.1-
90.4; 25) 0 (0-0; 0) 

B 90.3 (79.9-
100; 28) 

27.3 (0.95-
53.6; 3) 

89.3 (77.8-
100; 25) 

100 (100-
100; 1) 

90.0 (79.3-
100; 27) 

100 (100-
100; 3) 

89.3 (77.8-
100; 25) 

89.3 (77.8-
100; 25) 0 (0-0; 0) 

Resistance To 
≥3 Tested 
Antimicrobial 
Classes 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

A 41.3 (36.9-
45.6; 201) 

31.7 (22.6-
40.8; 32) 

43.8 (38.8-
48.7; 169) 

26.8 (18.0-
35.6; 26) 

44.9 (39.9-
49.8; 175) 

34.6 (24.2-
44.9; 28) 

42.6 (37.8-
47.4; 173) 

43.8 (38.8-
48.7; 169) 

20.0 (2.47-
37.5; 4) 

B 52.9 (47.9-
57.9; 201) 

61.5 (48.3-
74.8; 32) 

51.5 (46.1-
56.9; 169) 

53.1 (39.1-
67.0; 26) 

52.9 (47.5-
58.2; 175) 

59.6 (45.5-
73.6; 28) 

52.0 (46.6-
57.3; 173) 

51.5 (46.1-
56.9; 169) 

80.0 (44.9-
115.1; 4) 

Percentage 
of Resistant A 52.3 (37.5-

67.0; 23) 
27.3 (0.95-

53.6; 3) 
60.6 (43.9-

77.3; 20) 
14.3 (0-
40.2; 1) 

59.5 (43.6-
75.3; 22) 

37.5 (3.95-
71.0; 3) 

55.6 (39.3-
71.8; 20) 

60.6 (43.9-
77.3; 20) 0 (0-0; 0) 
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Packaging 
Isolates 
(95% CI; n) 

B 74.2 (58.8-
89.6; 23) 

27.3 (0.95-
53.6; 3) 

71.4 (54.7-
88.2; 20) 

100 (100-
100; 1) 

73.3 (57.5-
89.2; 22) 

100 (100-
100; 3) 

71.4 (54.7-
88.2; 20) 

71.4 (54.7-
88.2; 20) 0 (0-0; 0) 

Resistance To 
≥4 Tested 
Antimicrobial 
Classes 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

A 1.03 (0.13-
1.92; 5) 

0.99 (0-
2.92; 1) 

1.04 (0.03-
2.05; 4) 

1.03 (0-
3.04; 1) 

1.03 (0.03-
2.03; 4) 0 (0-0; 0) 1.23 (0.16-

2.30; 5) 
1.04 (0.03-

2.05; 4) 
5.00 (0-
14.6; 1) 

B 1.32 (0.17-
2.46; 5) 

1.92 (0-
5.66; 1) 

1.22 (0.03-
2.41; 4) 

2.04 (0-
6.00; 1) 

1.21 (0.03-
2.39; 4) 0 (0-0; 0) 1.50 (0.20-

2.81; 5) 
1.22 (0.03-

2.41; 4) 
20.0 (0-
55.1; 1) 

Percentage 
of Resistant 
Packaging 
Isolates 
(95% CI; n) 

A 2.27 (0-
6.68; 1) 0 (0-0; 0) 3.03 (0-

8.88; 1) 0 (0-0; 0) 2.70 (0-
7.93; 1) 0 (0-0; 0) 2.78 (0-

8.15; 1) 
3.03 (0-
8.88; 1) 0 (0-0; 0) 

B 3.23 (0-
9.45; 1) 0 (0-0; 0) 3.57 (0-

10.4; 1) 0 (0-0; 0) 3.33 (0-
9.76; 1) 0 (0-0; 0) 3.57 (0-

10.4; 1) 
3.57 (0-
10.4; 1) 0 (0-0; 0) 

Resistance To 
All Five Tested 
Antimicrobial 
Classes 

Percentage 
of Resistant 
Chicken 
Neck Skin 
Isolates 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Percentage 
of Resistant 
Packaging 
Isolates 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 
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Table 99: Comparison of total number of unique Campylobacter spp. (N=487) isolates, unique C. jejuni (N=427) and C. coli (N=60) isolates and percentage of 
isolates of each species demonstrating resistance to the tested antimicrobials, from 265 Campylobacter-positive Halal chickens (N=405) sampled from retailers 
between February and May 2017. Isolates have been categorised in three different ways: From (i) Chickens Sold in Packaging and Chickens Sold Loose, (ii) 
Individually-Supplied Chickens and Batches of Chickens, and (iii) Chickens Purchased from a Supermarket and Chickens Purchased from a Specialist-Halal 
Retailer. ‘Specialist Halal Retailers’ are categorised further as Halal Butchers or Online Halal Retailers. A = Percentage of resistant isolates out of the total 
number of unique Campylobacter spp. isolates of that Campylobacter spp.; B = Percentage of resistant isolates out of the total number of resistant isolates of 
that Campylobacter spp.. 

 Overall Packaged 
Chickens 

Chicken 
Retailed 

Loose 

Individuall
y-Supplied 
Chickens 

Batches of 
Chickens 

Supermarke
t-bought 
Chickens 

Specialist 
Halal 

Retailer-
bought 

Chickens 

Halal 
Butcher 

Online 
Halal 

Retailer 

Total Number 
of Isolates (N) 

Chicken Neck Skin 
Isolates 487 101 386 97 390 81 406 386 20 

C. jejuni Isolates 427 100 327 97 330 80 347 327 20 
C. coli Isolates 60 1 59 0 60 1 59 59 0 

Erythromycin 
Resistance 

Percentage 
of Resistant 
C. jejuni 
Isolates 
(95% CI; n) 

A 0.47 (0-
1.12; 2) 

1.00 (0-
2.95; 1) 

0.31 (0-
0.90; 1) 

1.03 (0-
3.04; 1) 

0.30 (0-
0.90; 1) 0 (0-0; 0) 0.58 (0-

1.37; 2) 
0.31 (0-
0.90; 1) 

5.00 (0-
14.6; 1) 

B 0.59 (0-
1.41; 2) 

1.96 (0-
5.77; 1) 

0.35 (0-
1.03; 1) 

2.04 (0-
6.00; 1) 

0.35 (0-
1.02; 1) 0 (0-0; 0) 0.68 (0-

1.63; 2) 
0.35 (0-
1.03; 1) 

20.0 (0-
55.1; 1) 

Percentage 
of Resistant 
C. coli 
Isolates 
(95% CI; n) 

A 16.7 (7.24-
26.1; 10) 0 (0-0; 0) 16.9 (7.38-

26.5; 10) 0 (0-0; 0) 16.7 (7.24-
26.1; 10) 0 (0-0; 0) 16.9 (7.38-

26.5; 10) 
16.9 (7.38-

26.5; 10) 0 (0-0; 0) 

B 23.8 (10.9-
36.7; 10) 0 (0-0; 0) 24.4 (11.2-

37.5; 10) 0 (0-0; 0) 23.8 (10.9-
36.7; 10) 0 (0-0; 0) 24.4 (11.2-

37.5; 10) 
24.4 (11.2-

37.5; 10) 0 (0-0; 0) 

Tetracycline 
Resistance 

Percentage 
of Resistant 
C. jejuni 
Isolates 
(95% CI; n) 

A 72.4 (68.1-
76.6; 309) 

4.85 (28.5-
47.5; 38) 

82.9 (78.8-
87.0; 271) 

37.1 (27.5-
46.7; 36) 

82.7 (78.6-
86.8; 273) 

40.7 (30.0-
51.4; 33) 

79.5 (75.3-
83.8; 276) 

82.9 (78.8-
87.0; 271) 

25.0 (6.02-
44.0; 5) 

B 91.4 (88.4-
94.4; 309) 

74.5 (62.5-
86.5; 38) 

94.4 (91.8-
97.1; 271) 

73.5 (61.1-
85.8; 36) 

94.5 (91.8-
97.1; 273) 

70.2 (57.1-
83.3; 33) 

94.5 (91.9-
97.1; 276) 

94.4 (91.8-
97.1; 271) 

100 (100-
100; 5) 
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Percentage 
of Resistant 
C. coli 
Isolates 
(95% CI; n) 

A 46.7 (34.0-
59.3; 28) 

100 (100-
100; 1) 

45.8 (33.1-
58.5; 27) 0 (0-0; 0) 46.7 (34.0-

59.3; 28) 
100 (100-

100; 1) 
45.8 (33.1-

58.5; 27) 
45.8 (33.1-

58.5; 27) 0 (0-0; 0) 

B 66.7 (52.4-
80.9; 28) 

100 (100-
100;1) 

65.9 (51.3-
80.4; 27) 0 (0-0; 0) 66.7 (52.4-

80.9; 28) 
100 (100-

100;1) 
65.9 (51.3-

80.4; 27) 
65.9 (51.3-

80.4; 27) 0 (0-0; 0) 

Gentamicin 
Resistance 

Percentage 
of Resistant 
C. jejuni 
Isolates 
(95% CI; n) 

A 0.47 (0-
1.12; 2) 0 (0-0; 0) 0.61 (0-

1.46; 2) 0 (0-0; 0) 0.61 (0-
1.44; 2) 0 (0-0; 0) 0.58 (0-

1.37; 2) 
0.61 (0-
1.46; 2) 0 (0-0; 0) 

B 0.59 (0-
1.41; 2) 0 (0-0; 0) 0.70 (0-

1.66; 2) 0 (0-0; 0) 0.69 (0-
1.65; 2) 0 (0-0; 0) 0.68 (0-

1.63; 2) 
0.70 (0-
1.66; 2) 0 (0-0; 0) 

Percentage 
of Resistant 
C. coli 
Isolates 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Amoxicillin-
Clavulanate 
Resistance 

Percentage 
of Resistant 
C. jejuni 
Isolates 
(95% CI; n) 

A 0.47 (0-
1.12; 2) 0 (0-0; 0) 0.61 (0-

1.46; 2) 0 (0-0; 0) 0.61 (0-
1.44; 2) 0 (0-0; 0) 0.58 (0-

1.37; 2) 
0.61 (0-
1.46; 2) 0 (0-0; 0) 

B 0.59 (0-
1.41; 2) 0 (0-0; 0) 0.70 (0-

1.66; 2) 0 (0-0; 0) 0.69 (0-
1.65; 2) 0 (0-0; 0) 0.68 (0-

1.63; 2) 
0.70 (0-
1.66; 2) 0 (0-0; 0) 

Percentage 
of Resistant 
C. coli 
Isolates 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Ampicillin 
Resistance 

Percentage 
of Resistant 
C. jejuni 
Isolates 
(95% CI; n) 

A 64.4 (59.9-
68.9; 275) 

39.0 (29.4-
48.6; 39) 

72.2 (67.3-
77.0; 236) 

35.1 (25.6-
44.5; 34) 

73.0 (68.2-
77.8; 241) 

43.2 (32.4-
54.0; 35) 

69.2 (64.3-
74.0; 240) 

72.7 (67.3-
77.0; 236) 

20.0 (2.47-
37.5; 4) 

B 81.4 (77.2-
85.5; 275) 

76.5 (64.8-
88.1; 39) 

82.2 (77.8-
86.7; 236) 

69.4 (56.5-
82.3; 34) 

83.4 (79.1-
87.7; 241) 

74.5 (62.0-
86.9; 35) 

82.2 (77.8-
86.6; 240) 

82.2 (77.8-
86.7; 236) 

80.0 (44.9-
100; 4) 

Percentage 
of Resistant A 51.7 (39.0-

64.3; 31) 0 (0-0; 0) 52.5 (39.8-
65.3; 31) 0 (0-0; 0) 51.7 (39.0-

64.3; 31) 0 (0-0; 0) 52.5 (39.8-
65.3; 31) 

52.5 (39.8-
65.3; 31) 0 (0-0; 0) 
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C. coli 
Isolates 
(95% CI; n) 

B 73.8 (60.5-
87.1; 31) 0 (0-0; 0) 75.6 (62.5; 

88.8; 31) 0 (0-0; 0) 73.8 (60.5-
87.1; 31) 0 (0-0; 0) 75.6 (62.5; 

88.8; 31) 
75.6 (62.5; 

88.8; 31) 0 (0-0; 0) 

Ciprofloxacin 
Resistance 

Percentage 
of Resistant 
C. jejuni 
Isolates 
(95% CI; n) 

A 47.3 (42.6-
52.0; 202) 

4.92 (31.4-
50.6; 41) 

49.2 (43.8-
54.7; 161) 

39.2 (29.5-
48.9; 38) 

49.7 (44.3-
55.1; 164) 

45.7 (34.8-
56.5; 37) 

47.6 (42.3-
52.8; 165) 

49.2 (43.8-
54.7; 161) 

20.0 (2.47-
37.5; 4) 

B 59.8 (54.5-
65.0; 202) 

80.4 (69.5-
91.3; 41) 

56.1 (50.4-
61.8; 161) 

77.6 (65.9-
89.2; 38) 

56.7 (51.0-
62.5; 164) 

78.7 (67.0-
90.4; 37) 

56.5 (50.8-
62.2; 165) 

56.1 (50.4-
61.8; 161) 

80.0 (44.9-
100; 4) 

Percentage 
of Resistant 
C. coli 
Isolates 
(95% CI; n) 

A 43.3 (30.8-
55.9; 26) 0 (0-0; 0) 44.1 (31.4-

56.7; 26) 0 (0-0; 0) 43.3 (30.8-
55.9; 26) 0 (0-0; 0) 44.1 (31.4-

56.7; 26) 
44.1 (31.4-

56.7; 26) 0 (0-0; 0) 

B 61.9 (47.2-
76.6; 26) 0 (0-0; 0) 63.4 (48.7-

78.2; 26) 0 (0-0; 0) 61.9 (47.2-
76.6; 26) 0 (0-0; 0) 63.4 (48.7-

78.2; 26) 
63.4 (48.7-

78.2; 26) 0 (0-0; 0) 

Nalidixic Acid 
Resistance 

Percentage 
of Resistant 
C. jejuni 
Isolates 
(95% CI; n) 

A 51.1 (46.3-
55.8; 218) 

44.0 (34.3-
53.7; 44) 

53.2 (47.8-
58.6; 174) 

42.3 (32.4-
52.1; 41) 

53.6 (48.3-
59.0; 177) 

49.4 (38.5-
60.3; 40) 

51.3 (46.0-
56.6; 178) 

53.2 (47.8-
58.6; 174) 

20.0 (2.47-
37.5; 4) 

B 64.5 (59.4-
69.6; 218) 

86.3 (76.8-
95.7; 44) 

60.6 (55.0-
66.3; 174) 

83.7 (73.3-
94.0; 41) 

61.2 (55.6-
66.9; 177) 

85.1 (74.9-
95.3; 40) 

61.0 (55.4-
66.6; 178) 

60.6 (55.0-
66.3; 174) 

80.0 (44.9-
100; 4) 

Percentage 
of Resistant 
C. coli 
Isolates 
(95% CI; n) 

A 53.3 (40.7-
66.0; 32) 0 (0-0; 0) 54.2 (41.5-

66.9; 32) 0 (0-0; 0) 53.3 (40.7-
66.0; 32) 0 (0-0; 0) 54.2 (41.5-

66.9; 32) 
54.2 (41.5-

66.9; 32) 0 (0-0; 0) 

B 76.2 (63.3-
89.1; 32) 0 (0-0; 0) 78.0 (65.4-

90.7; 32) 0 (0-0; 0) 76.2 (63.3-
89.1; 32) 0 (0-0; 0) 78.0 (65.4-

90.7; 32) 
78.0 (65.4-

90.7; 32) 0 (0-0; 0) 

b-Lactam 
Resistance 

Percentage 
of Resistant 
C. jejuni 
Isolates 
(95% CI; n) 

A 64.4 (59.9-
68.9; 275) 

39.0 (29.4-
48.6; 39) 

72.2 (67.3-
77.0; 236) 

35.1 (25.6-
44.5; 34) 

73.0 (68.2-
77.8; 241) 

43.2 (32.4-
54.0; 35) 

69.2 (64.3-
74.0; 240) 

72.7 (67.3-
77.0; 236) 

20.0 (2.47-
37.5; 4) 

B 81.4 (77.2-
85.5; 275) 

76.5 (64.8-
88.1; 39) 

82.2 (77.8-
86.7; 236) 

69.4 (56.5-
82.3; 34) 

83.4 (79.1-
87.7; 241) 

74.5 (62.0-
86.9; 35) 

82.2 (77.8-
86.6; 240) 

82.2 (77.8-
86.7; 236) 

80.0 (44.9-
100; 4) 

Percentage 
of Resistant 
C. coli 
Isolates 
(95% CI; n) 

A 51.7 (39.0-
64.3; 31) 0 (0-0; 0) 52.5 (39.8-

65.3; 31) 0 (0-0; 0) 51.7 (39.0-
64.3; 31) 0 (0-0; 0) 52.5 (39.8-

65.3; 31) 
52.5 (39.8-

65.3; 31) 0 (0-0; 0) 

B 73.8 (60.5-
87.1; 31) 0 (0-0; 0) 75.6 (62.5; 

88.8; 31) 0 (0-0; 0) 73.8 (60.5-
87.1; 31) 0 (0-0; 0) 75.6 (62.5; 

88.8; 31) 
75.6 (62.5; 

88.8; 31) 0 (0-0; 0) 
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Quinolone 
Resistance 

Percentage 
of Resistant 
C. jejuni 
Isolates 
(95% CI; n) 

A 52.7 (48.0-
57.4; 225) 

44.0 (34.3-
53.7; 44) 

55.4 (50.0-
60.7; 181) 

42.3 (32.4-
52.1; 41) 

55.8 (50.4-
61.1; 184) 

49.4 (38.5-
60.3; 40) 

53.3 (48.1-
58.6; 185) 

55.4 (50.0-
60.7; 181) 

20.0 (2.47-
37.5; 4) 

B 66.6 (61.5-
71.6; 225) 

86.3 (76.8-
95.7; 44) 

63.1 (57.5-
68.6; 181) 

83.7 (73.3-
94.0; 41) 

63.7 (58.1-
69.2; 184) 

85.1 (74.9-
95.3; 40) 

63.4 (57.8-
68.9; 185) 

63.1 (57.5-
68.6; 181) 

80.0 (44.9-
100; 4) 

Percentage 
of Resistant 
C. coli 
Isolates 
(95% CI; n) 

A 53.3 (40.7-
66.0; 32) 0 (0-0; 0) 54.2 (41.5-

66.9; 32) 0 (0-0; 0) 53.3 (40.7-
66.0; 32) 0 (0-0; 0) 54.2 (41.5-

66.9; 32) 
54.2 (41.5-

66.9; 32) 0 (0-0; 0) 

B 76.2 (63.3-
89.1; 32) 0 (0-0; 0) 78.0 (65.4-

90.7; 32) 0 (0-0; 0) 76.2 (63.3-
89.1; 32) 0 (0-0; 0) 78.0 (65.4-

90.7; 32) 
78.0 (65.4-

90.7; 32) 0 (0-0; 0) 

Resistance To 
≥1 Tested 
Antimicrobial 
Class 

Percentage 
of Resistant 
C. jejuni 
Isolates 
(95% CI; n) 

A 79.2 (75.3-
83.0; 338) 

51.0 (41.2-
60.8; 51) 

87.8 (84.2-
91.3; 287) 

50.5 (40.6-
60.5; 49) 

87.6 (84.0-
91.1; 289) 

56.8 (4.0-
67.6; 46) 

84.1 (80.3-
88.0; 292) 

87.8 (84.2-
91.3; 287) 

25.0 (6.02-
44.0; 5) 

Percentage 
of Resistant 
C. coli 
Isolates 
(95% CI; n) 

A 70.0 (58.4-
81.6; 42) 

100 (100-
100; 1) 

69.5 (57.7-
81.2; 41) 0 (0-0; 0) 70.0 (58.4-

81.6; 42) 
100 (100-

100; 1) 
69.5 (57.7-

81.2; 41) 
69.5 (57.7-

81.2; 41) 0 (0-0; 0) 

Resistance To 
≥2 Tested 
Antimicrobial 
Classes 

Percentage 
of Resistant 
C. jejuni 
Isolates 
(95% CI; n) 

A 69.1 (64.7-
73.5; 295) 

38.0 (28.5-
47.5; 38) 

78.6 (74.1-
83.0; 257) 

37.1 (27.5-
46.7; 36) 

78.5 (74.1-
82.9; 259) 

42.0 (31.2-
52.7; 34) 

75.2 (70.7-
79.8; 261) 

78.6 (74.1-
83.0; 257) 

20.0 (2.47-
37.5; 4) 

B 87.3 (83.7-
90.8; 295) 

74.5 (62.5-
86.5; 38) 

89.5 (86.0-
93.1; 257) 

73.5 (61.1-
85.8; 36) 

89.6 (86.1-
93.1; 259) 

72.3 (59.6-
85.1; 34) 

89.4 (85.9-
92.9; 261) 

89.5 (86.0-
93.1; 257) 

80.0 (44.9-
100; 4) 

Percentage 
of Resistant 
C. coli 
Isolates 
(95% CI; n) 

A 55.0 (42.4-
67.6; 33) 0 (0-0; 0) 55.9 (43.3-

68.6; 33) 0 (0-0; 0) 55.0 (42.4-
67.6; 33) 0 (0-0; 0) 55.9 (43.3-

68.6; 33) 
55.9 (43.3-

68.6; 33) 0 (0-0; 0) 

B 78.6 (66.2-
91.0; 33) 0 (0-0; 0) 80.5 (68.4-

92.6; 33) 0 (0-0; 0) 78.6 (66.2-
91.0; 33) 0 (0-0; 0) 80.5 (68.4-

92.6; 33) 
80.5 (68.4-

92.6; 33) 0 (0-0; 0) 

Resistance To 
≥3 Tested 

Percentage 
of Resistant A 41.5 (36.8-

46.1; 177) 
32.0 (22.9-

41.1; 32) 
44.3 (39.0-
49.7; 145) 

26.8 (18.0-
35.6; 26) 

45.8 (40.4-
51.1; 151) 

34.6 (24.2-
44.9; 28) 

42.9 (36.7-
48.1; 149) 

44.3 (39.0-
49.7; 145) 

20.0 (2.47-
37.5; 4) 
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Antimicrobial 
Classes 

C. jejuni 
Isolates 
(95% CI; n) 

B 52.4 (47.0-
57.7; 177) 

62.7 (49.5-
76.0; 32) 

50.5 (44.7-
56.3; 145) 

53.1 (39.1-
67.0; 26) 

52.2 (46.5-
58.0; 151) 

59.6 (45.5-
73.6; 28) 

51.0 (45.3-
56.8; 149) 

50.5 (44.7-
56.3; 145) 

80.0 (44.9-
100; 4) 

Percentage 
of Resistant 
C. coli 
Isolates 
(95% CI; n) 

A 40.0 (27.6-
52.4; 24) 0 (0-0; 0) 40.7 (28.1-

53.2; 24) 0 (0-0; 0) 40.0 (27.6-
52.4; 24) 0 (0-0; 0) 40.7 (28.1-

53.2; 24) 
40.7 (28.1-

53.2; 24) 0 (0-0; 0) 

B 57.1 (42.2-
72.1; 24) 0 (0-0; 0) 58.5 (43.5-

73.6; 24) 0 (0-0; 0) 57.1 (42.2-
72.1; 24) 0 (0-0; 0) 58.5 (43.5-

73.6; 24) 
58.5 (43.5-

73.6; 24) 0 (0-0; 0) 

Resistance To 
≥4 Tested 
Antimicrobial 
Classes 

Percentage 
of Resistant 
C. jejuni 
Isolates 
(95% CI; n) 

A 0.70 (0-
1.49; 3) 

1.00 (0-
2.95; 1) 

0.61 (0-
1.46; 2) 

1.03 (0-
3.04; 1) 

0.61 (0-
1.44; 2) 0 (0-0; 0) 0.86 (0-

1.83; 3) 
0.61 (0-
1.46; 2) 

5.00 (0-
14.6; 1) 

B 0.89 (0-
1.89; 3) 

1.96 (0-
5.77; 1) 

0.70 (0-
1.66; 2) 

2.04 (0-
6.00; 1) 

0.69 (0-
1.65; 2) 0 (0-0; 0) 1.03 (0-

2.18; 3) 
0.70 (0-
1.66; 2) 

20.0 (0-
55.1; 1) 

Percentage 
of Resistant 
C. coli 
Isolates 
(95% CI; n) 

A 3.33 (0-
7.88; 2) 0 (0-0; 0) 3.39 (0-

8.01; 2) 0 (0-0; 0) 3.33 (0-
7.88; 2) 0 (0-0; 0) 3.39 (0-

8.01; 2) 
3.39 (0-
8.01; 2) 0 (0-0; 0) 

B 4.76 (0-
11.2; 2) 0 (0-0; 0) 4.88 (0-

11.5; 2) 0 (0-0; 0) 4.76 (0-
11.2; 2) 0 (0-0; 0) 4.88 (0-

11.5; 2) 
4.88 (0-
11.5; 2) 0 (0-0; 0) 

Resistance To 
All Five Tested 
Antimicrobial 
Classes 

Percentage 
of Resistant 
C. jejuni 
Isolates 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

Percentage 
of Resistant 
C. coli 
Isolates 
(95% CI; n) 

A 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 

B 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 0 (0-0; 0) 
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Section 2: Mixed Graphical Models (MGMs) 

 

Figure 42: MGM visualising the relationship between carriage of phenotypic resistance to the 
seven tested antimicrobials in 1031 Campylobacter spp. isolates from 405 chickens and 164 
packaging swabs sampled from 44 Halal retailers between February and May 2017. E15 = 
erythromycin resistance; T30 = tetracycline resistance; GM10 = gentamicin resistance; CIP5 = 
ciprofloxacin resistance; AUG30 = amoxicillin-clavulanate resistance; AP10 = ampicillin 
resistance; NA30 = nalidixic acid resistance. A green line between resistance phenotypes 
indicates co-resistance between phenotypes, whilst a red line indicates a lack of co-resistance 
between phenotypes. A thicker line indicates a stronger relationship. 

   

Figure 43: MGMs visualising the relationship between carriage of phenotypic resistance to 
the seven tested antimicrobials in 941 Campylobacter spp. isolates from 405 chickens (Left) 
and 90 C. jejuni isolates from 164 packaging swabs (Right) sampled from 44 Halal retailers 
between February and May 2017. E15 = erythromycin resistance; T30 = tetracycline 
resistance; GM10 = gentamicin resistance; CIP5 = ciprofloxacin resistance; AUG30 = 
amoxicillin-clavulanate resistance; AP10 = ampicillin resistance; NA30 = nalidixic acid 
resistance. A green line between resistance phenotypes indicates co-resistance between 
phenotypes, whilst a red line indicates a lack of co-resistance between phenotypes. A thicker 
line indicates a stronger relationship. 
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Figure 44: MGMs visualising the relationship between carriage of phenotypic resistance to 
the seven tested antimicrobials in 227 Campylobacter spp. isolates from 100 Halal chickens 
sold in packaging (Left) and 804 isolates from 305 Halal chickens retailed loose (Right) 
sampled from 44 Halal retailers between February and May 2017. E15 = erythromycin 
resistance; T30 = tetracycline resistance; GM10 = gentamicin resistance; CIP5 = ciprofloxacin 
resistance; AUG30 = amoxicillin-clavulanate resistance; AP10 = ampicillin resistance; NA30 = 
nalidixic acid resistance. A green line between resistance phenotypes indicates co-resistance 
between phenotypes, whilst a red line indicates a lack of co-resistance between phenotypes. 
A thicker line indicates a stronger relationship. 
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Section 3: Additional Statistical Modelling Analyses 

General Additive Model (GAM) Plots to Assess Shape of Relationship Between the 
Continuous Explanatory Variable ‘Weight’ and Antimicrobial-Resistance Outcome 
Variables 

Outcome: Erythromycin-Resistance 

 

Figure 45: GAM plot demonstrating linear relationship between the binary outcome 
‘Erythromycin-Resistance’ and the continuous explanatory variable ‘Weight’. 

The GAM plot demonstrates a linear relationship between the binary outcome 

‘Erythromycin-Resistance’ and the continuous explanatory variable ‘Weight’. Polynomial 

terms were fitted into a Generalised Linear Model and the inclusion of a quadratic or cubic 

term did not improve the model fit further. 

Outcome: Ciprofloxacin-Resistance 

 

Figure 46: GAM plot demonstrating non-linear relationship between the binary outcome 
‘Ciprofloxacin-Resistance’ and the continuous explanatory variable ‘Weight’. 

The GAM plot demonstrates a non-linear relationship between the binary outcome 

‘Ciprofloxacin-Resistance’ and the continuous explanatory variable ‘Weight’. Polynomial 



Appendix 5: Appendix to Chapter 6 

 
371 

terms were fitted into a Generalised Linear Model and the inclusion of the quadratic term 

improved the model fit. The Akaike Information Criterion reduced to 549.15 for the quadratic 

model from 552.99 for the linear model. The inclusion of a cubic term did not improve the 

model fit further. 

Outcome: Antimicrobial-Resistance (AMR) 

 

Figure 47: GAM plot demonstrating non-linear relationship between the binary outcome 
‘AMR’ and the continuous explanatory variable ‘Weight’. 

The GAM plot demonstrates a non-linear relationship between the binary outcome ‘AMR’ 

and the continuous explanatory variable ‘Weight’. Polynomial terms were fitted into a 

Generalised Linear Model and the inclusion of the quadratic term improved the model fit. 

The Akaike Information Criterion reduced to 544.18 for the quadratic model from 553.65 for 

the linear model. The inclusion of a cubic term did not improve the model fit further. 

Outcome: Multidrug-Resistance (MDR) 

 

Figure 48: GAM plot demonstrating non-linear relationship between the binary outcome 
‘MDR’ and the continuous explanatory variable ‘Weight’. 
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The GAM plot demonstrates a non-linear relationship between the binary outcome ‘MDR’ 

and the continuous explanatory variable ‘Weight’. Polynomial terms were fitted into a 

Generalised Linear Model and the inclusion of the quadratic term improved the model fit. 

The Akaike Information Criterion reduced to 536.44 for the quadratic model from 540.62 for 

the linear model. The inclusion of a cubic term did not improve the model fit further.
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Additional Statistical Modelling Output from Risk Factor Analysis 

Table 100: Raw R output for final multi-level logistic regression models for the binomial outcomes, carriage of AMR and MDR Campylobacter spp., in 405 Halal 
chickens sampled from retailers between February and May 2017. B = Estimate (b); SE = Standard Error; OR = Odds Ratio; CI = Confidence Interval. 

Resistance Outcome Covariates B SE OR Lower CI Upper CI z-value P-Value 

AMR 

scale(Weight) 4.4754 1.592 87.834 3.877 1989.785 2.811 0.00494 
scale(Weight^2) -4.0865 1.5692 0.017 0.001 0.364 -2.604 0.00921 
Weight (kg) 10.51084 3.739276 36711.33 36704 36718.66 2.811 0.00494 
Weight^2 (kg) -0.0029177 0.00112009 0.9970866 0.9948912 0.999282 -2.604 0.00921 

MDR 

scale(Weight) 2.6893 1.0646 14.722 1.827 118.626 2.526 0.0115 
scale(Weight^2) -2.2925 1.0627 0.101 0.013 0.811 -2.157 0.031 
Weight (kg) 6.3159 2.501463 553.2996 548.3967 558.2025 2.526 0.0115 
Weight^2 (kg) -0.0016362 0.00075886 0.9983651 0.9968777 0.9998525 -2.157 0.031 
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Section 4: Whole Genome Sequencing (WGS) Quality Control (QC) Metrics 

Table 101: Raw output of QC Metrics, including contig size and total genome length (bp), from WGS of 50 sequenced isolates, including ten packaging isolates 
and 40 chicken skin isolates, sampled from ten individual packages (N=164) and 40 individual Halal chicken carcasses (N=405) between February and May 
2017. 
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Not 
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Not 
Calculated 

Not 
Calcuated 

14 
174888

0 0 
174888

0 2 594815 
759344,594815,179674,102634,92649,15
565 

467,464,447,387,156,
128 

99.
7 0 

0.
3 0 C. jejuni 100.00  0.00 

15 
165544

1 0 
165544

1 2 331793 
793063,331793,178442,149685,103669,8
9102 

444,442,437,415,392,
128 

99.
7 0 

0.
3 0 C. jejuni 100.00  0.00 

18 
165555

9 0 
165555

9 2 325186 
792677,325186,178442,149685,103522,8
9102 

398,396,391,385,384,
155 

99.
6 

0.
3 

0.
3 

0.
1 C. jejuni 100.00  0.00 

18 
174896

8 0 
174896

8 2 411957 
759728,411957,182660,179656,102433,9
2649 

450,417,397,175,156,
128 

99.
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0.
3 

0.
3 

0.
1 C. jejuni 100.00  0.00 

22 
175102

1 0 
175102

1 2 411956 
759341,411956,182660,179707,102577,9
2649 

401,397,393,381,156,
128 

99.
6 

0.
3 

0.
3 

0.
1 C. jejuni 100.00  0.00 

22 
174461

5 0 
174461

5 3 187938 
596422,229628,187938,156243,124588,1
06526 

413,398,395,389,128,
128 

99.
7 0 

0.
3 0 C. jejuni 99.95  0.00 

22 
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6 0 
175203

6 2 594814 
759342,594814,179664,102433,92649,12
338 

410,395,394,385,383,
379 

99.
6 
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3 
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3 

0.
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24 
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3 0 
166576
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618642,259011,179202,178442,149686,1
04709 

407,406,401,397,335,
128 

99.
7 0 

0.
3 0 C. jejuni 100.00  0.00 

24 
167222

4 0 
167222

4 3 149533 
554990,188297,149533,106653,104550,1
04070 

414,395,391,379,158,
128 

99.
7 0 

0.
3 0 C. jejuni 100.00  0.00 

29 
174960

2 0 
174960

2 3 257422 
437598,285568,257422,190907,156914,1
19795 

530,463,436,435,415,
402 

99.
7 0 

0.
3 0 C. jejuni 99.89  0.00 

37 
174429

6 0 
174429

6 3 257027 
433815,285565,257027,190907,156915,1
18441 

379,236,236,233,133,
128 

99.
6 

0.
3 

0.
3 

0.
1 C. jejuni 100.00  0.00 

38 
172462

9 0 
172462

9 3 259804 
535678,324200,259804,176565,157277,1
02114 

390,386,342,142,130,
128 99 0 

0.
3 

0.
7 C. jejuni 99.98  0.00 
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39 
176321

0 0 
176321

0 3 259265 
343267,287635,259265,238070,180127,1
55630 

405,397,267,143,141,
138 

99.
6 

0.
3 

0.
3 

0.
1 C. jejuni 100.00  0.00 

40 
168094

0 0 
168094

0 2 188282 
657683,188282,160062,118329,106653,1
03160 

398,386,385,383,381,
128 

99.
7 0 

0.
3 0 C. jejuni 99.98  0.00 

41 
172757

9 0 
172757

9 3 259803 
324124,311808,259803,223376,176539,1
57277 

383,382,379,177,142,
128 99 0 

0.
3 

0.
7 C. jejuni 100.00  0.00 

46 
176203

5 0 
176203

5 4 237666 
303575,287453,256668,237666,180128,1
55630 

382,269,195,175,146,
128 

99.
6 

0.
3 

0.
3 

0.
1 C. jejuni 100.00  0.00 

46 
175068

5 0 
175068

5 3 219476 
574836,281683,219476,186033,106505,1
03550 

381,380,322,256,137,
128 

99.
7 0 

0.
3 0 C. jejuni 100.00  0.00 

48 
180244

9 0 
180244

9 4 237602 
329929,287401,256669,237602,180127,1
55630 

386,384,269,175,140,
128 

99.
7 0 

0.
3 0 C. jejuni 100.00  0.00 

50 
173027

3 0 
173027

3 3 227543 
632071,228421,227543,186572,154058,1
03068 

387,386,385,382,382,
381 

99.
7 0 

0.
3 0 C. jejuni 99.85  0.00 

51 
175091

0 0 
175091

0 5 123296 
292940,175190,160033,130813,123296,1
18242 

409,405,405,398,262,
128 

99.
7 0 

0.
3 0 C. jejuni 100.00  0.00 

60 
178545

0 0 
178545

0 2 322178 
775451,322178,175369,158254,102817,8
6351 

316,309,273,234,189,
167 

99.
6 

0.
3 

0.
3 

0.
1 C. jejuni 100.00  0.00 

61 
176898

5 0 
176898

5 5 180139 
256882,228792,210210,187964,180139,1
55631 

387,350,301,271,158,
141 

99.
7 0 

0.
3 0 C. jejuni 99.87  0.00 

68 
182938

2 0 
182938

2 3 236100 
580188,271709,236100,177329,150517,1
01669 

207,198,198,176,130,
128 

98.
9 

0.
3 

0.
3 

0.
8 C. jejuni 99.83  0.00 

73 
182979

0 0 
182979

0 3 240949 
579802,271710,240949,177349,150517,1
01916 

207,198,198,193,176,
130 

98.
9 

0.
3 

0.
3 

0.
8 C. jejuni 99.86  0.00 

85 
175857

2 0 
175857

2 3 245165 
335693,302505,245165,244645,213051,1
79605 

216,178,152,104,66,6
6 

99.
7 0 

0.
3 0 C. jejuni 99.51  0.00 

85 
180443

4 0 
180443

4 4 176507 
323609,245666,222546,176507,168874,1
57540 

142,141,133,132,129,
128 99 0 

0.
3 

0.
7 C. jejuni 100.00  0.00 

88 
185023

1 0 
185023

1 4 218672 
286329,281149,243110,218672,178313,1
48743 

208,196,186,177,170,
134 99 0 

0.
3 

0.
7 C. jejuni 100.00  0.00 

94 
176149

8 0 
176149

8 3 245165 
335690,302501,245165,244645,213355,1
79605 

216,216,152,132,66,6
6 

99.
7 0 

0.
3 0 C. jejuni 99.71  0.00 
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0 
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5 0 
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5 4 242813 

292350,281004,275172,242813,218644,1
78160 

177,148,141,129,128,
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98.
9 

0.
3 

0.
3 

0.
8 C. jejuni 99.97  0.00 

10
0 

182809
0 0 

182809
0 4 218783 

286243,281212,243021,218783,178314,1
48752 

148,143,138,136,129,
128 99 0 

0.
3 

0.
7 C. jejuni 100.00  0.00 

10
3 

176139
9 0 

176139
9 4 244648 

330017,302500,245165,244648,213051,1
79605 152,144,69,66,66,66 

99.
6 

0.
3 

0.
3 

0.
1 C. jejuni 99.53  0.00 

10
8 
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7 0 

187705
7 4 211304 

278057,229712,219640,211304,178232,1
49235 

252,209,189,160,128,
128 99 0 

0.
3 

0.
7 C. jejuni 100.00  0.00 
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11
0 

176340
9 0 
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9 3 292727 

335693,302501,292727,245165,244644,1
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