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Summary/Abstract

Campylobacter spp. are responsible for more cases of gastroenteritis than any
other bacteria in humans. Up to 80% of cases originate from poultry. Infections in both
chickens and humans follow a seasonal pattern, with an increase in incidence during
warmer months. This study aims to determine which causal factors are associated with
the seasonal onset of Campylobacter infection in housed chickens.

Eleven farms around Herefordshire, UK, were assessed daily for Campylobacter
spp. presence by quantitative PCR on swabs taken inside one chicken house per farm.
Weather, farm performance indicators and background information about each farm
were recorded and used in statistical models to determine the strength of association
between parameters and Campylobacter presence. Increased detections of
Campylobacter were associated with wooden house construction, and how well
temperature and humidity were managed within the house.

A subset of four farms was observed for a further seven production cycles, with
the same sampling regime as before, along with paired daily swabs of the external
farm environment. At slaughter, sections of ilea were collected, tested for
Campylobacter presence by PCR and for gut damage using histopathology, and caecal
contents were collected for community 16S rRNA gene analysis. Damage to ileal villi
was observed primarily in summer months. The diversity of caecal bacteria increased
with Campylobacter infection and during summer months.

Campylobacter infection of chickens was found to be unlikely to originate from
the farmyard environment. Changes to the chicken gut were identified as varying with
season, in similar patterns as observed under Campylobacter infection. This study
identifies risk factors associated with Campylobacter infection that will guide how
future chicken farms may be constructed to improve control of Campylobacter
contamination risk factors, and proposes interaction between chicken gut microbiota
and the environment inside the chicken house as being a potential explanation of
Campylobacter seasonality.
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Figure 3.13: Graph showing the relationship between date (Figure 3.13A, left) and
maximum daily external temperature (Figure 3.13B, left) on deviation of internal house
temperature away from the company standard temperature profile. Shaded area
represents 95% confidence interval. All lines represent Gaussian Process smoothing. 74

Figure 3.14: Details from a Generalised Additive Model output, predicting the
impact of bird age at clearance (Figure 3.14A, top left; p < 0.0001), average age of
parent flock (Figure 3.14B, top centre; p = 0.0065), percentage of wheat incorporated
in feed (Figure 3.14C, top right; p =0.0049) Campylobacter status at final clearance
(Figure 3.14D, bottom left; p = 0.625) and farm (Figure 3.14E, bottom centre) on
average bird weight at ClearanCe. ... 76

Figure 3.15: Cumulative probability plots of the number of days since a flock
changed diet for all observed Campylobacter negative days (n = 2471) and days on
which a flock transitioned to Campylobacter positive (N =29). ...ccccceeveviveeiviiieeeeeienn. 77

Figure 3.16: Details from a Generalised Additive Model output, predicting the
impact of bird age system (Figure 3.16A, top left; p < 0.001), mean daily external
temperature (Figure 3.16B, top right; p < 0.001), farm (Figure 3.16C, bottom left) and
Campylobacter status (Figure 3.16D, bottom right; p = 0.021) on daily water
consumption (litres per 1,000 birds; N = 2664)........ccccveeeeieeeeiiiiiireeeeeee e e e e 78

Figure 3.17: Details from a Generalised Additive Model output, predicting the
impact of ventilation system (Figure 3.17A, top left), house construction (Figure 3.17B,
top centre) heating system (Figure 3.17C, top right), external daily average
temperature (Figure 3.17D, bottom left; p = 0.0136) and bird age (Figure 3.17E, bottom
centre; p < 0.001) on the probability of a flock being Campylobacter positive. ............ 79

Figure 3.18: Cox Proportional-Hazards Model adjusted survival analysis curves
showing probability of a flock being Campylobacter positive against bird age, separated
by chicken house ventilation type (Figure 3.18A, left; p = 0.170), construction style
(Figure 3.18B, centre; p = 0.720) and heating system (Figure 3.18C, right; p = 0.200)..80

Figure 3.19: Dot plots showing the temperature difference observed between the
cycle average temperature and temperature observed the week preceding
Campylobacter infection, broken down by ventilation system, heating system and
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Figure 3.20: Details from a Generalised Additive Model output, predicting the
impact of month of the year (Figure 3.20A, left; numbered according to order, from
January to December; p = 0.178) and farm (Figure 3.20B, right) on the bird age at
which Campylobacter infection began. .........cooovviiiiiiiiiie e 82

Figure 3.21: Cox Proportional-Hazards Model adjusted survival analysis curves
showing probability of a flock being Campylobacter positive against bird age, separated
by season (summer defined as April to September, winter as October to March)........ 83

Figure 4.1: Testing results of air samples for Campylobacter spp., collected across
eleven broiler chicken farms. White space indicates that no sample was collected. ....97

Figure 4.2: Daily testing results for Campylobacter detections inside and outside a
poultry house across four broiler chicken farms, observed over seven production
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Figure 4.3: Mosaic plot displaying frequencies of bootsocks taken from the interior
and exterior of four poultry farms being Campylobacter positive, along with Pearson
residuals and Chi-Squared Test P-ValUe. .......coocuveieiiiiiie it 101

Figure 4.4: Campylobacter detection in six different sample types, taken from chick
placement across eleven broiler chicken farms. .......ccccce i, 102

Figure 4.5: Testing results for Campylobacter presence on bootsocks collected from
thinning and clearance across eleven chicken houses. ........cccccceeeiriccciiiieee e, 104

Figure 4.6: Mosaic plots displaying frequencies of positive and negative
Campylobacter detections at thinning and clearance amongst poultry flocks, along with
Pearson residuals and Chi-Squared Test p-value, by season (summer defined as April to
September, winter as October to March)........ccocouveeieciiiee e 105

Figure 4.7: Mosaic plots displaying frequencies of positive and negative
Campylobacter detections at final clearance and whether the same Campylobacter
detection result was observed in the preceding flock, along with Pearson residuals and
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Figure 5.1: Example of chicken ileal tissue, stained with H&E, with crypt depth and
villus length recorded. Three villi lengths are given on the right of the image, three

crypt depths inside the circular structures on the left. ......cccoeevvvveeeeeiiicciiieeeee e, 116
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Figure 5.2: Proportions of each Campylobacter species tested for present on each
FArmM N the STUAY. .ooeiiee e e e e 118
Figure 5.3: Mosaic plot displaying the frequencies of infections in broiler chicken

flocks by Campylobacter jejuni, Campylobacter coli, and coinfections of the two
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Figure 5.4: Villus:Crypt Ratios observed in chicken ileal sections, separated by
season of year of collection. Autumn is defined as September and October, winter as
November and December, and spring as February and March..........cccccceeeiiiiennnnnnee. 121
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Figure 5.7: Villus length in chicken ileal sections separated by season of year of
collection and Campylobacter detection at qPCR. Autumn is defined as September and
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Figure 5.8: Boxplots demonstrating the variation in copy numbers of
Campylobacter observed in caecal sample total DNA extracts, separated by season
(Figure 5.8A, left) and by farm (Figure 5.8B, right). n=100 samples. Y-axes are
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Figure 5.9: Details from a Generalised Additive Model output, predicting the
impact of farm (Figure 5.9A, top left), season (Figure 5.9B, top right; p = 0.195) and
DNA concentration recorded on a NanoDrop One device (Figure 5.9C, bottom left; p =
0.002) on the copy number of Campylobacter observed in caecal samples obtained
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Figure 5.10: Details from a Generalised Additive Model output, predicting the
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1 Literature review

1.1 General characteristics of Campylobacter

1.1.1 History of Campylobacter

Early historical observations of Campylobacter spp. are attributed to Theodor
Escherich, who noted spiral-shaped organisms in microscope observations of infant
gastrointestinal illness (Escherich, 1886). Whilst it had been known as a veterinary
pathogen in various livestock species since the start of the 20™ century, it had been
classified as ‘Vibrio-like’ rather than as an independent species (McFadyean and
Stockman, 1913; Smith and Taylor, 1919). Cases of Campylobacter-linked enteritis were
recorded as early as 1938 (Levy, 1946) and a link with diarrhoea was known in literature
within a few decades (Wheeler and Borchers, 1961), but it was not a commonly reported
human pathogen nor was it able to be isolated from the faeces of patients until later in

the 1960s (Butzler, 2004).

The first known successful isolation of Campylobacter from a clinical case via faecal
sample took place in 1968 from a patient suffering acute diarrhoea (Dekeyser et al.,
1972). It was identified as being the origin of the pathology presented and offered the
first viable method of isolating and culturing Campylobacter spp. directly from
gastrointestinal tract contents (Dekeyser et al., 1972). Improved isolation from faecal
samples of diarrhoea patients led to a more widespread acceptance of Campylobacter-

induced enteritis testing and international epidemiological studies (Skirrow, 1977).

The genus of Campylobacter (named from the Greek for ‘curved rod’) was first
described in 1963 (Sebald and Véron, 1963) as a means of better classifying the then-
disparate species of ‘Vibrio-like’ organisms known, and was later elaborated upon
(Véron and Chatelain, 1973) to include specific species previously described as Vibrio,
such as Campylobacter jejuni and Campylobacter coli. However, it was not until 1991
that the modern definition of the family Campylobacteraceae that still broadly stand
today was codified (Vandamme et al., 1991). It includes the Campylobacter and
Helicobacter genera and forms the basic list of species traits that are used to

characterise members of the family.
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The recognition of Campylobacter as a family distinct from other agents which cause
similar disease states, alongside methods to identify, isolate and culture it, led to its

recognition as an important family of pathogens in humans and livestock.

1.1.2 Characteristics and biology

Members of the Campylobacter genus are spiralling rod-shaped, oxidase-positive,
Gram-negative bacteria, 0.5-5.0 um in length and 0.2-0.5 pum in diameter (Vandamme
et al.,, 1991; On et al., 2017). They are microaerophilic and thermophilic, with optimum
conditions of 3-15% O, at 42°C, and usually possess at least one polar flagellum for
motility (Ketley, 1997). Genome sizes are usually 1.6-1.7 Mbp, with a G/C ratio of around
30% (Parkhill et al., 2000).

Unlike most bacteria, Campylobacter spp. are unable to utilise common
carbohydrates such as glucose in their metabolic reactions, with few genes in their
genomes enabling them to degrade and utilise carbohydrates (Parkhill et al., 2000).
Instead, their primary metabolites are amino acids and some short chain fatty acids
(Wright et al., 2009), acquired both from the gut lumen contents of the host organism,

and from gut epithelial cells that the bacterium invades.

Iron is an extremely important micronutrient for Campylobacter spp. and its growth
is severely inhibited without its bioavailability (Palyada, Threadgill and Stintzi, 2004).
This is due to the role of iron-sulfur complexes within several key metabolic enzymes
(Stahl, Butcher and Stintzi, 2012) and as a result Campylobacter spp. have a large range
of iron acquisition mechanisms at their disposal (Palyada, Threadgill and Stintzi, 2004;

Miller et al., 2008; Stahl, Butcher and Stintzi, 2012).

Campylobacter spp. are highly sensitive to environmental stressors, such as osmotic
stress or low temperatures. However, they are capable of entering a state known as
Viable but Non-Culturable (VBNC), whereby the bacteria decrease their metabolic
functions and undergo a morphological shift to a coccoid state (Rollins and Colwell,
1986). This dormant phase allows the cells to cope with many different external
pressures that would normally result in cell death (Chaveerach et al., 2003; Cook and
Bolster, 2007). Whilst alive, VBNC cells are incapable of division and this may have been

a confounding factor in many attempts to isolate Campylobacter (Rollins and Colwell,

13



1986) while remaining prominent as a pathogen in the wild where it can be resuscitated

in vivo (Baffone et al., 2006).

1.1.3 Phylogeny and species distribution

There are 37 currently known species within the Campylobacter genus (Encyclopedia
Of Life, 2020). The broader family Campylobacteraceae contains three members:
Campylobacter, Acrobacter and Sulfurospirillum; they are closely related to the family
Helicobacteraceae (On et al., 2017). Both family and genus have proven to be relatively
dynamic, with Arcobacter proposed as a species within the past two decades
(Vandamme et al., 1991) and Helicobacter only being designated as part of its own family
outside of Campylobacteraceae within the past few years (Garrity, Bell and Lilburn,
2015). Both Campylobacteraceae and Helicobacteraceae are part of the class

Epsilonproteobacteria, a genetically distinct lineage of Proteobacteria (On et al., 2017).

Campylobacter jejuni, followed by Campylobacter coli, is the most prevalent
Campylobacter spp. internationally, both in terms of human clinical cases and in
livestock testing (BIOHAZ, 2010; Kaakoush et al., 2015). C. jejuni is most prominent in
domestic poultry and cattle populations, while C. coli is more often isolated from
domestic swine (Horrocks et al., 2009). Many other Campylobacter species, also capable
of causing human disease, have previously been thought of as ‘emerging’ pathogens
(Man, 2011; Kaakoush et al., 2015) but have not become more prevalent than 6.5% of
European cases of campylobacteriosis combined (EFSA and ECDC, 2018). These usually
arise from sources besides commercial livestock; for example, Campylobacter lari is
primarily associated with wild birds (Waldenstrom et al., 2002) and Campylobacter

upsaliensis is most common in dogs (Horrocks et al., 2009).

1.1.4 Genomics

The archetypical Campylobacter reference strain has, for most experiments, been C.
jejuni NCTC 11168, first isolated in 1977 (Skirrow, 1977) as part of the initial research
into the species as a human pathogen, and was the first strain to be whole genome
sequenced in 2000 (Parkhill et al., 2000). It has around 170 protein-coding genes that
are functionally essential for its survival (Mandal, Jiang and Kwon, 2017) out of a total

gene number of 1643 (Gundogdu et al., 2007). Compared to most bacterial genomes,
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Campylobacter spp. has an unusually low number of insertion or phage-associated
sequences (Parkhill et al., 2000), which could be indicative of a cell capsule derived
protection that Campylobacter possesses against phage attack (Young, Davis and DiRita,

2007).

One of the most unique structures present in the C. jejuni genome are hypervariable
regions on the chromosome which confer a high level of genomic plasticity; this enables
the organism to adapt rapidly to multiple host environments (Parkhill et al., 2000; Stahl
and Stintzi, 2011; Woodcock et al., 2017). The function of these regions is in part
evidenced by the fact that most of the hypervariable regions cover clusters of genes
strongly associated with virulence, such as flagellar modification and cell surface
polysaccharide genes (Parkhill et al., 2000; Duong and Konkel, 2009). The inherent
genetic diversity of Campylobacter spp. has enabled it to be one of the most successful
targets for using Multilocus Sequence Typing as a tool for speciation and genomic

analysis (Dingle et al., 2001; Duong and Konkel, 2009).

1.1.5 Virulence factors

The genes necessary for the survival of Campylobacter once inside the gut of its host
remain relatively unknown when compared to those recognised for pathogens such as
Salmonella (Bolton, 2015), although some have been identified relating to motility, cell

adhesion and invasion, and toxin production (Bang et al., 2004).

Campylobacter motility is unusual due to its polar flagellae and helical shape,
enabling it to move easily in a corkscrew fashion through viscous gut contents (Ferrero
and Lee, 1988). The gene for the extracellular filament multimer flaA is highly conserved
throughout Campylobacter species and is key for motility (Nachamkin, Yang and Stern,
1993; Jones et al., 2004; Bolton, 2015). Upregulation of motility-related genes has been

observed during colonisation of the avian gut (Hendrixson and DiRita, 2004).

Adhesion to gut epithelial cells is imperative for their invasion by Campylobacter.
This is primarily initiated through a bacterial cell surface protein encoded by the highly
conserved gene cadF, which binds to fibronectin, a glycoprotein found on gut epithelial
cell membranes (Konkel et al., 1997), and causes a gene expression cascade resulting in

cell invasion (Ziprin et al., 1999). The flagellum appears to have an important secondary
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role during the invasion process, particularly through utilising the flagellar export
apparatus to excrete a set of extracellular proteins which appear vital for invasion, the
Campylobacter invasion antigens (Konkel et al., 2000, 2004; Christensen, Pacheco and

Konkel, 2009).

Campylobacter spp. have been observed producing many toxins (Wassenaar, 1997),
the most well-known and well-studied of which is Cytolethal Distending Toxin (CDT)
(Bang et al., 2004). Some strains also produce lipo-oligosaccharides, which trigger the
human immune response in such a way as to bring about Guillian-Barré Syndrome (Yuki

et al., 2004; Godschalk et al., 2007), a rare side-effect of Campylobacter infection.

1.2 Campylobacter in humans

1.2.1 Campylobacter as a pathogen

Campylobacter infection in humans usually results in a disease known as
campylobacteriosis. The main symptom is acute diarrhoea, accompanied by abdominal
pain and occasionally fever, which is self-limiting and usually lasts around one week.
More infrequent symptoms include headache, muscular ache, blood in the diarrhoea
and vomiting (Blaser et al., 1979; Blaser, 1997; Allos, 2001; Zilbauer et al., 2008; Wilson
and Wilson, 2021). There is potential for these symptoms to persist up to several weeks,
but asymptomatic infections are not unknown (Allos, 2001; Wilson and Wilson, 2021).
These clinical manifestations are the result of acute inflammation caused by bacterial

invasion of the intestinal epithelium (Zilbauer et al., 2008).

1.2.2 Prevalence and impact on public health

Campylobacter spp. infection is probably responsible for most cases of bacterial
gastroenteritis observed internationally, particularly in the developed world (Wagenaar,
French and Havelaar, 2013; Kaakoush et al., 2015; EFSA and ECDC, 2021). There are an
estimated 250,000 cases of campylobacteriosis in the UK every year (McCarthy et al.,
2021), 1.3 million in the United States (Scallan et al., 2011) and 9 million in the European
Union (EFSA, 2014), although actual rate of reporting in all countries is much lower than
these estimates (Scallan et al., 2011; EFSA, 2014; Kaakoush et al., 2015). Disease caused
by Campylobacter is an enormous strain on public health and economies internationally;

in the European Union alone, an estimated €2.4 billion are lost in productivity each year
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due to workplace absence as a result of Campylobacter infection (EFSA, 2014). There
were over 20,000 reported hospitalisations due to campylobacteriosis in the European
Union in 2017, with 45 reported deaths (EFSA and ECDC, 2018). Over 80% of hospital
admissions in the UK for food poisoning and 80,000 annual medical consultations are
due to Campylobacter, with a national cost of £133 million from the organism in 2000

(Humphrey, 2006; Wilson and Wilson, 2021).

1.2.3 Sources of infection in humans

Campylobacteriosis is primarily a foodborne zoonosis (Humphrey, 2006; Silva et al.,
2011; Wagenaar, French and Havelaar, 2013; Skarp, Hanninen and Rautelin, 2016;
Wilson and Wilson, 2021), acquired from consumption of, or cross-contamination from,

undercooked contaminated chicken (Cody et al., 2010).

Human Campylobacter infection overwhelmingly arises from the poultry reservoir
as a whole (Wilson et al., 2008; Sheppard et al., 2009; BIOHAZ, 2010; Wagenaar, French
and Havelaar, 2013; Skarp, Hanninen and Rautelin, 2016; Rosner et al., 2017; Duarte et
al., 2019). Up to 80% of European human incidences of campylobacteriosis can be
attributed to poultry (BIOHAZ, 2010) and up to 70% of cases globally (Wilson and Wilson,
2021). Transmission from other livestock, such as cattle and swine, is also possible and
attested to in clinical cases, but less prevalent than from poultry (Wilson et al., 2008;
Sheppard et al., 2009; Wagenaar, French and Havelaar, 2013). A minority of cases may
also be acquired from environmental sources such as water and soil, although these too
are usually associated with the presence of livestock (Jones et al., 2017; Sanderson et

al., 2018).

1.2.4 Treatment of human infection

Since the infection is usually self-clearing after around one week, most treatment
involves rehydration and electrolyte management until symptoms pass (Allos, 2001;
Wilson and Wilson, 2021). Antibiotics will only be considered for unusually severe or
long-lasting symptoms, or for immunocompromised patients (Allos, 2001). However,

most cases do not require specific treatment.
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1.2.5 Post-infection complications

Campylobacter infection is a common precursor to some rare, but more severe and
long-lasting conditions. These include Guillain-Barré Syndrome, Miller-Fisher Syndrome,
Campylobacter bacteraemia and Reactive Arthritis (McCarthy, 2001; Hannu et al., 2002;
Humphrey, 2006; Louwen et al., 2012; Hansson et al., 2016). Guillain-Barré Syndrome is
highly associated with prior Campylobacter infection, with a C. jejuni infection providing
an antecedent to the onset of the syndrome in 25-30% of observed cases and raising the
chance of acquisition 100-fold compared to the general population (Allos, 2001;

McCarthy, 2001; Hansson et al., 2016).

1.3 Campylobacter epidemiology in broilers

1.3.1 Campylobacter in avian species

Although capable of colonising the gut of most homeothermic organisms,
Campylobacter spp. appear to be preferentially adapted to colonise the gastrointestinal
tracts of avian species, as their optimal growth conditions match well with environments
observed inside avian guts (Newell, 2001, 2002). Domestic poultry species, including

ducks, turkeys, and chickens, are especially prone to infection (Weber et al., 2014).

1.3.11 Campylobacter in chickens

Of all poultry species, the domesticated chicken is perhaps the one most associated
with Campylobacter (Sahin et al., 2015). A 2008 Europe-wide survey of broiler chicken
flocks (EFSA, 2010) determined that over 71.2% of batches sampled at point of slaughter
were contaminated with Campylobacter (n =10,132). Though highly prevalent in mature
flocks, Campylobacter is rarely detected in chickens under the age of around two weeks
(Newell and Fearnley, 2003), in part due to the protective presence of maternal
antibodies (Sahin et al., 2003). Infection is primarily acquired through the faecal-oral
route (Sahin, Morishita and Zhang, 2002) and therefore rapidly spreads through
commercial chicken production facilities, where birds are kept in proximity with shared
bedding and feed, usually infecting every bird within a few days of onset (Newell and

Fearnley, 2003; Awad, Hess and Hess, 2018; Sandilands et al., 2018).

Campylobacter is usually contained to the chickens’ caeca and small intestines but

can also spread to other tissues, such as the liver, in the case of the most virulent strains
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(Meade et al., 2009; Williams et al., 2013). Infection actively damages the chicken gut,
with observable injury occurring within seven days of exposure to Campylobacter,

irrespective of breed or production system (Humphrey et al., 2014; Awad et al., 2015).

1312 Commensal or pathogen?

For much of the history of the study of Campylobacter in non-human species, it has
been considered by some authors to primarily be a commensal in chickens (Newell,
2002; Newell and Fearnley, 2003; Lee and Newell, 2006; Sahin et al., 2015). However, in
the last decade, the consensus scientific opinion has been shifting towards
Campylobacter having a pathogenic effect, particularly in commercial chicken
populations (Smith et al., 2005; Humphrey et al., 2014; Wigley, 2015; Pielsticker et al.,
2016). Chickens produce a marked immune response upon infection (Smith et al., 2005;
Humphrey et al., 2014; John et al., 2017) as their gut epithelial cells are invaded (Van
Deun et al., 2008; Humphrey et al., 2014), resulting in inflammation of the intestinal

mucosa and caeca.

1.3.1.3 Environmental prevalence on farm

Campylobacter spp., despite their apparent fastidiousness, are often isolated from
environmental samples such as soil, sand, or water, though they are incapable of active
propagation under such circumstances (Bronowski, James and Winstanley, 2014; Golz
et al., 2018). Although keeping chickens in houses offers a degree of protection from
environmental Campylobacter compared to free-ranging birds (Nather et al., 2009; Allen
etal., 2011), numerous parts of the farm environment surrounding chicken houses can
be shown to act as potential reservoirs for infection. Nearby livestock and bodies of
water, wild animals such as rodents and birds, tarmac road surfaces, chicken transport
crates and vehicles, chicken house anterooms and even the air surrounding the chicken
houses can all contain detectable Campylobacter which may be horizontally transferred
to the chickens (Newell and Fearnley, 2003; Bull et al., 2006; Ridley et al., 2011; Ellis-
Iversen et al., 2012; Robyn et al., 2015; Battersby, Whyte and Bolton, 2016b; Frosth et
al., 2020).
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1.3.1.4 Flock infection risk factors
As there are diverse possible environmental reservoirs for Campylobacter in a
farmyard setting, it is perhaps unsurprising that many anthropogenic factors relating to

farm practice are considered risk factors for flock infection.

The practice of ‘thinning’ is commonplace in poultry production. Approximately one
third of the birds will be taken for slaughter at a first harvest, allowing the rest to grow
larger in the remaining space without overcrowding for a second harvest at a later date.
This allows for a range of carcass sizes available at retail and increases the number of
kilogrammes of meat that can be produced by a given size of poultry house floor area.
However, it does introduce a major breach in biosecurity when vehicles, equipment and
personnel move in and out of the poultry house as part of the catching process, all of
which have been shown to be potential vectors for Campylobacter (Allen et al., 2008;
Newell et al., 2011; Ridley et al., 2011; Battersby, Whyte and Bolton, 2016a). For this
reason, numerous studies have implicated thinning as a major route of horizontal
transmission for Campylobacter (Hald, Rattenborg and Madsen, 2001; Koolman, Whyte
and Bolton, 2014; Higham et al., 2018).

Certain chicken farming styles, such as free-range, have been observed as being
more conducive to Campylobacter acquisition than others, perhaps due to the reduced
barrier between the chickens and potential external contaminants (Nather et al., 2009;
Allen et al., 2011), but this is not reflected in carcass contamination seen at UK retail
(Jorgensen et al., 2019, 2021) or in strains of Campylobacter seen in sympatric wild and

domesticated birds (Griekspoor et al., 2013).

1.4 Campylobacter in other species

Campylobacter spp. are not only present in humans and birds, but in a range of other
species as well. Cattle have been noted as a prominent source of C. jejuni infection in
humans, second only to chickens (Wilson et al., 2008; Kaakoush et al., 2015), with the
additional risk of contaminated dairy products contributing to observed cases
(Fernandes et al., 2015; EFSA and ECDC, 2018, 2019, 2021). Swine and pork products are
also often associated with Campylobacter, but with C. coli as the dominant species

isolated from contaminated specimens (Horrocks et al., 2009; Kaakoush et al., 2015).
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Domestic companion animals, such as dogs and cats, are also known to be carriers of
Campylobacter, but primarily harbour species such as C. upsaliensis and C. helveticus
which do not contribute greatly to human disease (Horrocks et al., 2009; Kaakoush et

al., 2015).

It has been shown that a variety of animals can potentially carry Campylobacter to
environments where they can cause infections in humans or chickens, including bats
(Hazeleger et al., 2018) and rodents (Ellis-lversen et al., 2012; Kaakoush et al., 2015).
However, transmission and carriage amongst wild mammals remains relatively
unexplored in current literature, with little evidence presented in research for a
prominent role in their contributions to infections in chickens or humans (Kaakoush et

al., 2015).

1.5 Seasonality of Campylobacter incidence

1.5.1 Seasonal trends in humans

Campylobacteriosis is endemic in every country for which data is available (Kaakoush
et al., 2015). Monitoring by public health bodies has revealed a widespread and
distinctive seasonal pattern in human infection, collated by Lake et al. (2019) using
Europe-wide data. The pattern is broadly temperature-linked, with warmer summer
months corresponding with elevated infection rates, and colder winter months being
associated with reduced infection numbers. This pattern has also been observed outside
of Europe, with associations between high temperatures and high numbers of cases of
campylobacteriosis being found in areas such as Canada, Australia, and New Zealand
(Nylen et al., 2002; Sari Kovats et al., 2005; David et al., 2017). However, despite many
years of monitoring and study, the primary driving forces behind the seasonal trend in
cases has not been made clear and remains a topic of speculation (Nylen et al., 2002;
Patrick et al., 2004; Meldrum et al., 2005; Sari Kovats et al., 2005; Jore et al., 2010;
Strachan et al., 2013).

In the UK, the peak of human campylobacteriosis typically occurs in June (Louis et
al., 2005; Meldrum et al., 2005; Nichols et al., 2012; Lake et al., 2019). Overall case

numbers have increased over the course of decades of monitoring (Nichols et al., 2012),
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which has given rise to fears that temperature rises resulting from anthropogenic

climate change will cause an increase in Campylobacter infections (Lake, 2017).

1.5.2 Seasonal trends in broiler chicken flock infection

Much like the seasonal patterns observed with humans, Campylobacter infection in
broiler chicken flocks follows a predictable and recurrent annual pattern, corresponding
with temperature (Sari Kovats et al., 2005; Jore et al., 2010). Human and broiler chicken
Campylobacter case rates tend to align well in parallel time-series studies (Patrick et al.,
2004; Hartnack et al., 2009; Jore et al., 2010), suggesting that both are influenced by the
same seasonal factors. Warm, summer months correspond with heightened
Campylobacter infection amongst chickens in every EU country observed (Patrick et al.,
2004; Hartnack et al., 2009; Jonsson et al., 2010, 2012; Jore et al., 2010; Chowdhury et
al., 2013; Weber et al., 2014), the United Kingdom (McDowell et al., 2008; Jorgensen et
al., 2011) and Japan (Ishihara et al., 2017). Seasonal peaks and dips in broiler chicken
Campylobacter infection have also been observed in tropical countries without distinct
temperature-driven seasons, such as Sri Lanka and Thailand (Prachantasena et al., 2017;
Kalupahana et al., 2018). The principal causative agents behind these seasonal trends,
however, are equally as unidentified as those seen in human cases (Hansson et al.,

2016).

1.6 Defining the Problem

1.6.1 Understanding broiler chicken production in the United Kingdom

The UK poultry industry is a large and growing branch of agriculture, with over 1.4
billion eggs set to hatch for use as meat chickens in 2021 alone (DEFRA, 2022). Modern
broiler chickens, as used in the UK, are a fast-growing breed capable of reaching an
optimal slaughter weight in five weeks (Bennett et al., 2018). The average Briton
consumes around 30 kg of poultry meat per capita per annum, a trend that has been
increasing in recent years (AVEC, 2021). Although the precise percentage changes with
trends in global trade, the UK is 93-97% self-sufficient in terms of poultry meat
production (AVEC, 2021). A UK broiler chicken farm will undergo around 7-8 production
cycles per year (ADAS, 2019) and operates on an ‘all in, all out’ policy (Aviagen, 2018;

DEFRA, 2018), where for each production cycle, no new chicks are added after their
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initial introduction to the house, and no chickens are left remaining at the end. Figure

1.1 represents the interior of a typical UK broiler house.

O NE s

Figure 1.1: Interior photograph of a wooden posted poultry house on a UK broiler chicken farm in Herefordshire.
Annotated features are Liquefied Petroleum Gas (LPG) heating system (A), ventilation inlets (B), windows for natural
light (C), feed dispensers (D) and water nipples (E).

1.6.1.1 UK geography and climate
According to the Kdppen-Meier climate classification index, the UK is considered a

warm-temperate region, with a fully humid precipitation pattern and warm summer
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(Kottek et al., 2006). This means that annual average minimum temperatures are above
-3°C and rainfall occurs year-round. Considering its location in the northern hemisphere,
the longest days and highest temperatures tend to fall around July, and the shortest

days and lowest temperatures around December (National Geographic, 2022).

The area of the UK of particular importance to the presented body of work is the
county of Herefordshire and its immediate surroundings. This region, located in England
at the southern edge of the Welsh borders, sits at approximately 75 metres above sea
level and at a latitude of approximately 52° North (MET Office, 2022). Figure 1.2 presents

the recorded climate in the region between 1991 and 2020.
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Figure 1.2: Range of daily average temperatures (Flgure 2.2A; based on hour/y temperature readings) and total
rainfall (Figure 2.2B) observed at Credenhill Observing Site between 1991 and 2020 (MET Office, 2022).
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1.6.2 UK husbandry standards and biosecurity

Of chicken produced in the UK, approximately 90% conforms to the minimum
standards laid out by Red Tractor Assurance (Red Tractor, 2019). Additionally, legislation
ensures that housed broiler chicken flocks in the UK are not caged, but are instead
permitted the range of large, open-plan chicken houses (DEFRA, 2018; Avara Foods,
2022) and stocking densities are limited to 39 kg/m? to prevent overcrowding (DEFRA,
2018; Avara Foods, 2022). Windows providing natural light are recommended for all

chicken houses (Red Tractor, 2019).

To protect the birds under a farmer’s care from disease, and hence lower mortality
and raise expected yields, it is expected that biosecure areas and practices are adopted
throughout a poultry farm (Aviagen, 2018; DEFRA, 2018; Red Tractor, 2019). Many of
these have been legally mandated specifically to try and reduce Campylobacter
transmission (European Commission, 2017). Currently recommended practices include
removing soiled bedding and disinfecting chicken houses between flocks, ensuring new
farms are built at distance from existing ones, limiting site access to only necessary staff
and visitors, changing boots when entering biosecure areas, and providing sanitation
facilities for hands and boots (Aviagen, 2018; DEFRA, 2018; Red Tractor, 2019). These all
attempt to create a disease breaks, both during and between production cycles, to try

and minimise the risk of colonisation by Campylobacter and other pathogens.

The effects of heat stress are keenly felt by chickens and can impact their welfare
severely, weakening their ability to respond to infection challenges and resulting in
economic losses from reduced yields (Quinteiro-Filho et al., 2012; Lara and Rostagno,
2013; Rostagno, 2020). For this reason, integrated management of heating and
ventilation systems are of critical importance for ensuring optimal broiler chicken

husbandry standards (Aviagen, 2010).
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1.6.3 Campylobacter prevalence in the UK chicken industry

Campylobacter perseveres throughout the poultry meat industry; once infected
birds are slaughtered, the carcasses will often still be contaminated with Campylobacter
by the time they reach supermarket shelves, despite how sensitive Campylobacter is to
its environment (Golz et al., 2018). European Union and UK law has specified a mandate
for routine Campylobacter testing in poultry production environments since 2017,
specifying that, as of present, no more than 30% of carcasses tested may contain over
1,000 cfu/g before intervention is recommended. The threshold is due to be reduced to
20% of carcasses as of the beginning of 2025 (European Union, 2017; National Archives,

2017).

Unlike slaughterhouse testing, there is currently no mandated scheme for testing for
Campylobacter on poultry farms. However, despite this, on-farm testing is widely
practiced in the industry, with the most common broiler chicken flock methodology
utilising overshoe-style swabs worn over the farmers’ boots to collect a community

sample of the poultry house interior (Vidal et al., 2013; Madden et al., 2014, 2016).

1.6.3.1 Retail environment prevalence

Studies consistently show a high prevalence of Campylobacter on retail chicken
products, regardless of geographic location. Reports suggest that contamination
reaches almost 65% in the United States (Berrang et al., 2018), up to 90% in Australia
(Walker et al., 2019) and 55% in Japan (Ohnishi and Hara-Kudo, 2021). Europe-wide
surveillance (n = 13,445) shows a presence on shelves of almost 38% of samples tested
(EFSA and ECDC, 2018). A weighted average from studies across Africa suggests a
prevalence of around 45% in chicken meat on the continent (Asuming-Bediako et al.,

2019).

A comprehensive investigation following slaughterhouses that represent almost
90% of broiler flocks processed in the UK between 2007 and 2009 found that 79% of
carcass samples tested were contaminated with Campylobacter (Lawes et al., 2012).
Testing was conducted by the Food Standards Agency (FSA), the UK’s governmental
agency responsible for food-related public health, for Campylobacter presence on whole

chickens sold in UK supermarkets, commencing in 2014, at which point it was found that
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83% of supermarket carcasses were positive for Campylobacter, of which 22% were
contaminated with over 1,000 cfu/g (Food Standards Agency, 2015; Public Health
England, 2015). In their report on this, all supermarkets were named, along with the
corresponding Campylobacter prevalence that was found on their chickens. This spurred
action within the industry such that, by the time the ‘name and shame’ reports by the
FSA ceased in 2017-2018, contamination levels had been reduced such that 56% of
supermarket chicken carcasses assessed by public health bodies in the UK had some
level of Campylobacter present, with only 7% being 1,000 cfu/g or higher, well within
the limits outlined in government policy (Jorgensen et al., 2019). Jorgensen et al. (2019),
who reported these findings, could not speculate on what specific changes led to this
reduction. Industry publications from the time show that a number of major UK poultry
processors adopted the use of SonoSteam, developed by Force Technology, in their
production lines, which uses a combination of steam and ultrasound to remove bacterial
contamination (Poultry World, 2015; Refrigerated And Frozen Foods, 2015; Food And
Drink Business Europe, 2017). However, due to the competitive nature of the industry,
many of the precise mechanisms used to reduce Campylobacter contamination remain

trade secrets.

An EU report from 2011 stated that that a 50% reduction in Campylobacter
contamination incidence in UK broiler chicken flocks from the 76% reported at that time
would result in a 34% risk reduction for humans (BIOHAZ, 2011) While current carcass
contamination levels in the UK represent a distinct improvement compared to previous
years, no significant improvements have been made since 2016 (Jorgensen et al., 2021).
Considering that 360 cfu is estimated to be the minimum infectious dose for
Campylobacter in humans (Hara-Kudo and Takatori, 2011), this potentially does still

indicate a severe public health burden, despite the progress that has been made.

Control of Campylobacter at a processing plant level is implemented in multiple
ways. Carcass scalding, rinsing and rapid chilling, routinely used in EU and UK
slaughterhouses, all contribute to the removal and inactivation of microorganisms and
do give a measurable reduction in Campylobacter contamination (Alter, 2016; European
Commission, 2017; Umaraw et al., 2017). However, contamination levels at retail are

still high enough to warrant public health intervention. Newer, more experimental
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systems such as combined ultrasound-heat treatment, while proven to be effective, are

expensive to implement and lead to noticeable damage to the product (Alter, 2016).

According to polling, the most acceptable form of Campylobacter control on fresh
chicken, for UK consumers, was found to be improved farm hygiene practices. Opinions
on freezing, vaccination and feed additives are divisive, while extreme interventions
such as irradiation or chemical carcass washing are highly unpopular (MacRitchie,
Hunter and Strachan, 2014). This is broadly reflective of observed industry practice and
public policy, which currently does not allow for irradiation or chemical treatment of

carcasses.

Due to the considerable expenditure and limited results obtained from attempting
to reduce Campylobacter load on carcasses at the processing plant, attention has
increasingly been turning to limiting Campylobacter infections on farms before the
chickens reach the slaughterhouse. The primary defences employed on commercial
farms are biosecurity and farm hygiene (Aviagen, 2018). Control measures known to be
effective in preventing Campylobacter colonisation of a poultry house include boot
disinfection, changing boots before entering poultry houses, water treatment and
cleaning of the farm environment and inside the poultry house (Gibbens et al., 2001;
Newell et al., 2011; Ghareeb et al., 2013; Hansson et al., 2016; Meunier et al., 2016;
European Commission, 2017). However, current solutions are not universal, providing
more benefit in some farm environments than others, potentially burdening farmers
implementing certain control measures with a large cost and inconvenience while
providing minimal impact on Campylobacter contamination of their flocks (Havelaar et

al., 2007; Hansson et al., 2016; Pitter et al., 2018).

1.6.4 Prior findings in Campylobacter seasonality in UK flocks

An investigation by Lawes et al. (2012) assessing UK broiler chicken flocks
slaughtered between 2007 and 2009 revealed that the prevalence of Campylobacter
was highly seasonal, with incidence at a peak anywhere between June and November.
This is corroborated by other work, such as that of Ellis-lversen et al. (2009), who found
that UK broiler flocks are most likely to be contaminated with Campylobacter in July or

August.
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Given that this seasonal trend is well-documented in the UK, there has been some
investigation into its origins presented in published research. Hypotheses of the
underlying causes of the mirrored seasonality observed in humans have been put
forward by studies, but this has not been the case in chickens, despite them being a
primary source of human infections (Hansson et al., 2016). This is true not just in the UK,

but elsewhere in the world as well.

1.64.1 Key findings of UK-based research into Campylobacter in broiler chickens

Reference Finding

Meldrum et al. (2005) Both human and chicken cases of Campylobacter in the
UK peak in the summer, but are not strictly temporally
linked.

Bull et al. (2006) Strains of Campylobacter found in the environment

around the chicken house have been found to be
identical to those colonising the chickens.
Campylobacter from infected flocks could be found in
the air downstream of the chicken house.

Wilson et al. (2008) 97% of sporadic human incidence of Campylobacter
infection in humans can be genotypically traced to
farmed animals, such as chickens.

Ellis-lversen et al. (2009) Campylobacter peaks in UK chicken flocks between July
and August. Flocks were more likely to be infected if
the one that previously occupied the house was also
positive.

Lawes et al. (2012) Campylobacter amongst commercial chicken flocks in
the UK is at its highest in summer or autumn months.
Flocks were more likely to be infected if they had been
previously thinned.

Williams et al. (2013) Different breeds of chickens lend themselves to
different severities of illness when challenged by
Campylobacter.

Goddard et al. (2014) The majority of Campylobacter infections in UK broiler

chicken flocks begin towards the end of the production
cycle (30-35 days).
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1.6.5 Open problems and unanswered questions

At the time of writing, there are substantial knowledge gaps in understanding
Campylobacter infections amongst broiler chickens. Of primary concern to poultry
producers are the lack of knowledge regarding the transmission routes Campylobacter
takes to cause the initial infection of a flock, and the driving forces behind the
seasonality observed in chicken infections, both poorly understood as of the present
(Hansson et al., 2016). So far, only suggestions of what drives seasonality of
Campylobacter has been put forward in the form of associated risk, rather than

definitively identified factors which will result in flock infection.

1.7 Thesis Objectives

1.7.1 Working hypotheses

This thesis is guided by the assumption that incidence of campylobacteriosis in
broiler chickens normally follows a pronounced seasonal trend, with heightened cases
during warmer times of the year. Using this principle, we aim to test the following

hypotheses:

e That Campylobacter in the environment around chicken farms is capable of
transmission to broiler chickens, and this environmental Campylobacter is more
numerous or prevalent over warmer months.

e That chickens become more susceptible to Campylobacter during summer

months, through the impact of stressors less prevalent at other times of year.

1.7.2 Statement of objectives
The aim of the research detailed in this thesis is to elucidate the underlying reasons
behind the seasonal incidence of Campylobacter infection in commercial broiler chicken

flocks. It shall:

e Assess whether flocks become Campylobacter positive earlier in the production
cycle during summer months, and whether this impacts on the rate at which

flocks are infected with Campylobacter.
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e Monitor environmental levels of Campylobacter and compare with the
Campylobacter status of concurrent broiler chicken flocks, thereby assessing any
potential impact on infection levels.

e Determine whether any seasonal events (temperature and humidity
fluctuations, farming practices, etc.) or parameters pertaining to each farm
(ventilation system, house construction materials, etc.) can be associated with
more frequent Campylobacter infections.

e Determine whether proportional changes in the chicken gut microbiota
composition can be correlated with Campylobacter infections, and whether
there are seasonal fluctuations in its composition.

e Assess whether damage to the chicken gut as a result of Campylobacter
infection, or extraintestinal spread of Campylobacter, is more severe or

prevalent during certain seasons.

From this, a more complete picture of Campylobacter epidemiology in chicken flocks
shall be constructed. Through this, it is hoped that this research shall provide an

indication of where the industry can find better control solutions.
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2 General Methods

2.1 Statement of Ethics

2.1.1 Human Participants

This study was performed in accordance with the Declaration of Helsinki (World
Medical Association, 2013). Ethical approval was not sought from Swansea University
Research Integrity, Ethics and Governance Committee because humans were not the
subjects of the study. However, human volunteers did assist or facilitate sample
collection. All farm staff gave verbal consent before any sampling occurred on either

premises owned by the volunteers, or owned by Avara Foods Ltd.

2.1.2 Funding

The study was funded by Avara Foods Ltd, and conducted in association with Avara.
Avara approved the study before volunteers were sought amongst their contracted
farms. All farms were volunteered by their managers, who were informed before and
throughout the study of all procedures conducted on their farms and were given copies
of their corresponding results afterwards. No farmer was given identifiable information

from any farms other than their own.

2.1.3 Animals

All samples were collected by trained, approved, qualified staff, and were collected
in the course of routine duties and practices on farms and at the slaughterhouse. Staff,
both from the farms and from Avara Foods Ltd, did not interact directly with the
chickens for the specific purposes of the present study and did not collect samples from
live animals. As no samples were collected from live animals and no experiments were
conducted on live animals, approval was not required under the Animal Scientific
Procedures Act (1986) (National Archives, 2022). Furthermore, as no samples were
collected by Swansea University students or staff, approval was not required by Swansea

University Animal Welfare and Ethical Review Body.
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2.2 Farm descriptions and production routine

Farms were recruited through an email sent to the owners of all farms supplying
Avara Foods Ltd. Eleven responses were received and all were included in the
subsequent study. A survey was sent to each farm to gather information on the
construction and surroundings of each farm, the results of which are presented in Table

2.1.

All volunteer farms were located within an area of around 2,000 km? across the
counties of Herefordshire, Monmouthshire and Worcestershire in the United Kingdom
(Figure 2.1). Farms varied from between three and fifteen dedicated chicken houses,
with site capacities ranging from 78,000 to 327,000 birds per placement. One house on
each site was utilised for the study, selected to be most representative of the typical
house on that farm. Farms were assigned a code number to anonymise them in any

reports published; these codes shall henceforth be used to refer to individual farms.
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Figure 2.1: Map of the United Kingdom with highlighted area showing the location of farms used for the study. Red
farms are directly owned by the company, blue are contracted farms. Images from Google Maps (Google, 2020).
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Table 2.1: Summary of details collected from surveys of the eleven farms observed throughout the study period.

Farm 1A 1B 1C 1D 2A 2B 2C 3A 3B 3C 3D
Number
Year of 2015 2000 2014 1990 1987 2000 2014 2005 1989 1984 1980
House
Construction
House Area 2208 2231 2380 1333 2007 1673 2510 1314 1635 1636 948
(m?)
Construction | Steel Steel Steel Wooden Steel Steel Steel Steel Wooden Wooden Wooden
Clearspan Clearspan Clearspan Posted Posted Posted Clearspan Posted Posted Posted Posted
Heating | LPG Biomass Biomass LPG Biomass LPG Biomass LPG LPG LPG LPG
System | Overhead Overhead Underfloor | Overhead Overhead Overhead Overhead Overhead Overhead Overhead Overhead
Ventilation | Side Inlet, Ridge Inlet, | Side Inlet Side Inlet, Side Inlet Ridge Inlet | Side Inlet, Ridge Inlet | Side Inlet, Side Inlet, Crossflow
System | Summer Summer Summer Summer Summer Summer
Vents Vents, Vents, Vents Vents Vents
Gable End Gable End
Fans Fans
Total 4 6 4 3 5 4 4 8 6 7 15
Houses on
Site
Primary | Borehole Borehole Borehole Borehole Borehole Borehole Mains Borehole Borehole Mains Mains
Water
Source
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The eleven farms were observed for ten production cycles, hereby termed ‘Phase
One’. The duration of a production cycle is from when newly hatched chicks are first
placed in the chicken house, to when the last grown birds are taken for slaughter. This
is usually between 36 and 40 days, depending on how quickly the birds grow to a target
weight. Birds are removed on two occasions: A primary clearance, known as ‘thinning’,
at around 30 to 32 days of bird age whereupon approximately one third of birds are
taken for slaughter, and a final clearance at the end of the cycle, during which the
remaining birds are taken for slaughter. Upon completion of a production cycle, a period
of 8 to 10 days, known as ‘turnaround’, is taken to disinfect the house and replace the
bedding in preparation for the next production cycle. Table 2.2 gives the placement

dates associated with each production cycle.

Table 2.2: Median dates on which each production cycle commenced for chicken flocks observed through Phase One
of the project.

Production cycle number | Median placement date
1 20t September 2018
8" November 2018
27" December 2018
13t February 2019
31 April 2019
20t May 2019
4t July 2019
20t August 2019
5% October 2019
21 November 2019
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At the conclusion of Phase One, a subset of farms was selected for continued
monitoring for a further seven production cycles, hereby termed ‘Phase Two’. These
farms were 1A, 1B, 2A and 3A. Table 2.3 gives the placement dates associated with

each production cycle.
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Table 2.3: Median dates on which each production cycle commenced for chicken flocks observed through Phase Two
of the project.

Production cycle number Median placement date

11 15% April 2020

12 3 June 2020

13 215 July 2020

14 5th September 2020
15 22" October 2020
16 8 December 2020
17 24™ January 2021

2.3 Air Sample Preparation
Air samples were collected once per cycle on each farm using a Sartorius AirPort
MDS8 (Sartorius AG, Gottingen, Germany) as close to day five of the production cycle as

possible (range = 3 to 10 days since start of production cycle).

The AirPort MD8 was placed in an upright position within an area between the
chicken house incorporated in the study and a house immediately adjacent. The device
was loaded with one 80 mm gelatine membrane (Sartorius product no. 17528-80-ACD),
removed from its sterile packaging, using nitrile gloves to handle it, and one cubic metre
of air (1,000 litres) was passed through at a rate of 50 litres per minute. Upon
completion, the filter was detached and placed back into its original sterile packaging

and returned to the laboratory.

Upon sample return, the gelatine filter of the air sample was removed from its plastic
housing and manually broken up into small pieces, then fitted inside a 2 ml
microcentrifuge tube. To this, 1,350 ul of nuclease-free water and 150 ul of 1,000 mg/I
Proteinase K One (Thermo Scientific, Waltham, MA, USA) stock solution were added,
and the microcentrifuge tube shaken at room temperature until the filter had
completely degraded. The microcentrifuge tube was then centrifuged at 4,500 x g for
five minutes and the supernatant removed. The DNA was extracted from the resulting

pelleted material as per Section 2.6.
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2.4 Bootsock Swab Preparation

Disposable overshoes made from 40 g non-woven polypropylene (Tunika Safety
Products, Bolton, UK), henceforth referred to as bootsocks, were individually placed
inside resealable bags (Minigrip LLC, Alpharetta, GA, USA) and distributed to the
managers of each site in the study. One of these was used per day for every day in which
live chickens were within the house under observation. Site personnel carried out all

bootsock sampling duties.

24.1 Interior Swabs

For swabs taken within the poultry house, the bootsock was removed from its bag
only once on the inner side of the double-barrier biosecurity system in the control room
of the poultry house. From there, it was placed over one Wellington boot designated for
use within the house and worn for the duration of the first welfare check made of the
birds each day. Upon exiting the house on completion of duties, the bootsock was
immediately removed from the Wellington boot and returned to its corresponding bag
before leaving the inner double-barrier. The bag was then labelled with the date of

collection and returned to the laboratory.

24.2 Exterior Swabs

For swabs taken outside the poultry house, the bootsock was removed from its bag
at the site manager’s office. From there, it was placed over one Wellington boot used
for general farm purposes and worn for the walk from the site office, across the farm'’s
yard, to the front door of the poultry house involved in the project. Before entering, the
bootsock was immediately removed from the Wellington boot and returned to its
corresponding bag. The bag was then labelled with the date of collection and returned

to the laboratory.

2.4.3 Processing

Upon sample return, the sole of the bootsock with visible biological material adhered
to it was excised with sterile scissors, placed back in its resealable bag and stored at 4°C
until required for DNA extraction. When needed, the sample was placed in a stomacher
bag (Seward Ltd., Worthing, UK) and 25 ml of sterile isotonic saline solution (Oxoid Ltd.,

Basingstoke, UK) poured upon it. The bag was then manually kneaded for one minute to
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disperse any biological material collected into solution. The bag was left to stand for a
further ten minutes to allow inorganic solids to sediment, then 5 ml of supernatant
transferred to a bijou and stored at -20°C for future DNA re-extraction if needed. 1 ml
of supernatant was also transferred directly to a 1.5 ml microcentrifuge tube,
centrifuged at 8,000 x g for five minutes and the supernatant removed. DNA was

extracted from the resulting pelleted material as per Section 2.6.

2.5 Viscera Collection
Viscera were only collected over Phase Two of the project. Sampling was conducted
by factory quality assurance and laboratory staff at the Avara Foods Ltd. chicken

processing plant at Grandstand Road, Hereford.

For every ‘clearance’ arriving from a production cycle under observation as part of
the project, ten sets of viscera were collected from the FSA veterinary inspection point
and transported to Avara’s laboratory within the same site. From the viscera of each of

the ten chickens, the following were prepared:

e The contents of the ileum, placed in a 7 ml bijou (Thermo Scientific, Waltham,
MA, USA) and stored at -20°C.

e The contents of one caecum, placed in a 7 ml bijou and stored at -20°C.

e A section of ileum, approximately 1 cm in length, excised with sterile scissors,
placed in a 7 ml bijou containing 2 ml of formalin and stored at room

temperature.

Additionally, the liver was removed from the associated viscera, dipped in 70%
ethanol, and flamed to sterilise the surface. From this, a small cube of approximately 0.5
cm? was excised using sterile scissors, placed in a 2 ml microcentrifuge tube containing
1 ml RNAlater (Invitrogen, Waltham, MA, USA) and stored at -20°C. Where possible,

collected viscera samples were taken from the same chicken and identified together.

All samples stored at -20°C were transported to the laboratory at Swansea University
for testing monthly, shipped on ice packs. These were immediately returned to a -20°C

environment upon arrival.
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2.6 DNAIsolation

Total DNA was isolated from processed air samples, liquid bootsock extracts, initial
sample extracts and liver sections using a QIAGEN QlAamp DNA Mini Kit and from ileal
or caecal contents using a QIAGEN QlAamp Fast Stool Mini Kit (QIAGEN, Hilden,
Germany), both according to the manufacturers’ instructions. Total DNA concentration
for each sample was then determined using a NanoDrop One (Thermo Scientific,

Waltham, MA, USA).

2.7 gPCR for Campylobacter Detection and Speciation
A quantitative real-time PCR using dual-labelled fluorescent probes was used to test
for presence of Campylobacter spp. as a whole and provide a speciation if C. jejuni or C.

coli were present.

For each sample under test, a reaction was prepared (25 ul) containing 12.5 ul
Agilent Brilliant Il gPCR Master Mix (Agilent Technologies, Santa Clara, CA, USA), 1 ul of
each primer (Table 2.4), 0.25 ul of each probe (Table 2.5), 3.75 ul of nuclease-free water
and 2 pl of eluate from the DNA isolation detailed in Section 2.6. These were tested,
alongside reference DNA of known concentration extracted from control strains (NCTC
11168 or M1 for C. jejuni, RM2223 or NCTC 13366 for C. coli) and purified water blanks,
in an Agilent AriaMx Real-Time PCR System (Agilent Technologies, Santa Clara, CA, USA).
The gPCR conditions consisted of 10 minutes at 95°C, then 40 cycles of 1 minute at 95°C
then 1 minute at 55°C. Fluorescence results were analysed with Agilent AriaMx software
v1.8 (Agilent Technologies, Santa Clara, CA, USA). Any samples which produced only a
response in the Campylobacter spp. 16S probe and no response for either of the species-

specific probes were tested again through the PCR described in Section 2.8.
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Table 2.4: Primers used for quantitative PCR for Campylobacter detection and speciation.

Species Target | Primer Sequence (5’-3’) Reference
Gene
GTT ATT GGA AGG GGT GGT
Forward
Campylobacter HinO CA
jejuni p GCC ACA ATA AGC AAA GAA | Lisa K. Williams
Reverse
GCA (personal
GCG TGA ATT TAG CGG AAA | correspondence,
Forward
Campylobacter GIvA AG 2018)
coli Y TAA GGG CAG GCG TTC CTA
Reverse
AT
165 | ¢ 4 | CGT GCT ACA ATG GCA TAT
Campylobacter RNA orward | Aca ATG A Lund et al.
spp. gene | Reverse | CGATTC CGG CTT CAT GCT C | (2004)

Table 2.5: Fluorescent probes used for quantitative PCR for Campylobacter detection and speciation.

Species Target Sequence (5’-3’) Reference

Gene

Fa.mp'ylobacter HipO {E(H)();]Z?GT GCT CCA GAA AAG GCA AA Lisa K. Williams

Jejunt (personal

Campylobacter GIVA [FAM] GTG CCT GGC GAA ACT AGA AG correspondence,

coli Y21 [BHQ1] 2018)
16S

Campylobacter RNA [HEX] CAG AGA ACAATCCGAACT G Lund et al.

spp. gene [Eclip] (2004)

2.7.1 gPCR Standard Curves

Four reference strains of Campylobacter spp. (NCTC 11168 and M1 for C. jejuni,

RM2223 and NCTC 13366 for C. coli) were cultured on Columbia Blood Agar (Oxoid Ltd.,

Basingstoke, UK) and the DNA isolated and quantified as stated in Section 2.6. Using the

known concentration of DNA, a copy number per microlitre was calculated for each

strain by assuming an average genome size of 1.7 Mbp and a base pair molecular weight

of 650 Daltons. Serial dilutions of each known quantity of DNA were analysed by

guantitative PCR, as detailed in Section 2.7, producing the standard curves provided in

Figure 2.2.
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Figure 2.2: Standard curves used in calculations of DNA concentration from Cq values obtained at gPCR using
the primers detailed in Table 2.4 and probes detailed in Table 2.5. Demonstrated curves are for Campylobacter 165
(Figure 2.2A, top), Campylobacter jejuni (Figure 2.2B, middle) and Campylobacter coli (Figure 2.2C, bottom).
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2.7.2 gPCR Copy Number Calculations

The calculations used in this project to quantify the number of Campylobacter
detected in each sample are derived primarily from the established 2722t method (Livak
and Schmittgen, 2001). The derivation begins with the following known equations:

X=Xy X (14 Ey)Cex
Rt = RO X (1 + ER)Ct'R

Xt/ Ri= Copies of target gene at threshold (test/reference)
Xo / Ro= Copies at start (test/reference)

Ex Er = PCR efficiency (test/reference)

Cix / Cir=Threshold cycle no. (test/reference)

In which ‘test’ refers to the isolated reference Campylobacter strain DNA, of known
concentration, used in a given PCR, and ‘reference’ refers to the idealised version of the
same experiment calculated from the known concentration of reference Campylobacter
DNA and standard curves described in Section 2.7.1. Since DNA copy number is directly
proportionate to the nanograms of DNA present, assuming approximately the same
genome size for all species of Campylobacter, the two can be used interchangeably in

equivalent calculations.

First, the positive control and standard curve are used to calculate Cig, the
theoretical ideal C: for the given initial copy number. It is assumed that the DNA copy
number required to cross the C: threshold is same for both. Since a ratio of C: values is

required, Er is always given as 1.
Xt = XO X (1 + Ex)ct’x = Rt = Ro X th'r

Since the initial copy numbers, X: and Ry, are the same, any difference between Cix
and C:ir should be entirely due to the difference in efficiency between the observed
experiment and the theoretical ideal. Because of this, we can describe Ex in terms of

only Cix and Cir:

(1 + E,)Cex = 26er

_ e @R
EX = (2 t,R) tx” — 1

42



The equations described above can now be modified to calculate the initial copy
number So for an unknown sample S, the qPCR of which was conducted under identical
circumstances to the ‘test’ reference (ie. the PCR efficiency of S is known to be Ex), which
has a Cq of Cs and where R is the theoretical ideal copy number from the standard

curve given Cig.

SO X (1 + Ex)ct’s == RO,S X ZCt,s

L\t
So X ((zct,R) Cex > = Roy,s X 2Cts

Ryg X% 2Cts

1 \Cts
<(2€t,R)(W)>

In this way, an equation can be created which uses a positive control and standard

50:

curves to calculate the number of copies of target DNA present a sample of unknown
composition, provided that the positive control was tested under identical conditions to

the unknown sample.

2.8 PCR for Species Identity Confirmation

This PCR was used in the event of a 16S response only being present following qPCR
as described in Section 2.7. For each sample, two PCRs were conducted; one using a
generic Campylobacter spp. reverse primer and two forward primers, one specific to C.
jejuni and one specific to C. coli, and another PCR with Campylobacter spp. 16S primers.
Primer details are provided in Table 2.6. Each PCR reaction consisted of 12.5 pl
HotStarTaq Master Mix (QIAGEN, Hilden, Germany), 1 ul of each primer used, 2ul of
template DNA extracted from the sample to be tested, and nuclease-free water to make
up the remaining volume to 25 pl. For all PCRs, conditions consisted of 15 minutes at
95°C, followed by 35 cycles of one minute each at 94°C, 58°C and 72°C in order, followed
by a final extension of ten minutes at 72°C. Each sample was then combined with 5 pl
loading dye (Invitrogen, Waltham, MA, USA) and bands examined by gel electrophoresis.
Gels were made of TAE buffer, SybrSafe (Invitrogen, Waltham, MA, USA) and 2%

agarose. Samples were run alongside a 1 kb ladder (Promega, Madison, WI, USA).
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Electrophoresis was conducted at 70 volts for 30 minutes, extended from that point in
15-minute increments until dye had migrated to approximately three-quarters of the
distance of the gel. Bands were observed using the Bio-Rad Gel Doc XR system (Bio-Rad

Laboratories, Hercules, CA, USA) to confirm presence or absence.

Table 2.6: Primers used for PCR for Campylobacter detection and speciation.

Species Target | Primer Sequence (5’-3’) Reference
Gene
_Co{mpylobacter LpxA Forward ACA ACT TGG TGA CGA TGT
jejuni TGTA
Campylobacter L XA Forward AGA CAA ATA AGA GAG AAT Klena et al.
coli P CAG (2004)
Campylobacter L oxA Reverse CAA TCATGD GCD ATATGA
spp. p SAA TAH GCC AT
16S Forward | CTC AGT AAT GCA GCT AACG
Campylobacter RNA
spp. r Reverse | ACT AGT TTA GTA TTC CGG C
gene

The Campylobacter spp. 16S rRNA primers specified in Table 2.6 were designed in
Mega X (Kumar et al., 2018) through manual comparison of the genomes of C. jejuni
(NCTC 11168 and M1), C. coli (NCTC RM2223 and NCTC 13366) and Brachyspira
(GenBank accession number JX232353.1).

2.9 Testing for Campylobacter by Avara Foods Ltd.

Avara Foods Ltd. tests for Campylobacter on bootsocks collected from their farms
twice per production cycle, once approximately three days before thinning and once
between thinning and clear. These are primarily used to aid in the scheduling of flocks
to be delivered to factory, to minimise cross-contamination on the production line

between Campylobacter positive and negative flocks.

Testing is based around a Loop-Mediated Isothermal Amplification (LAMP) reaction,
using the Genie Il detection system and reagents (OptiGene Ltd., Horsham, England) and

using a Standard Operating Procedure provided by the manufacturer (OptiGene, 2016).
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This provides a positive or negative result, with no speciation. The primer/probe

sequences used are not available to the public.

Bootsock swabs, provided by Avara Foods Ltd., are taken by farm staff walking the
full length of the inside the poultry house to be tested on a day of the farm manager’s
choosing. This is sent to Avara’s internal laboratories via conventional postal services.
On arrival, the swab is placed inside a sample pot with a ball bearing and 100 ml of water.
The lid is fixed on and the sample pot is shaken for 15 seconds to loosen the biological
matter affixed to the bootsock swab. 3 ml of the resulting liquid is then removed with a
syringe and dispensed into a tube containing a lysis buffer, which is shaken to mix the
buffer with the bootsock extract and heated for 5 minutes at 80°C, then left to cool to
room temperature. 5 ul of the resulting lysate is then mixed with 20 ul of Campylobacter
reaction mix (OptiGene Ltd., Horsham, England) in a PCR reaction strip and a lid affixed.
The completed strip is then placed inside a Genie Il isothermal amplification platform
(OptiGene Ltd., Horsham, England), which will give a presence/absence reading based

on the detection of fluorescence produced by the LAMP reaction.

2.10 Statistical methods and data visualisation

Aresult of p = 0.05 was used as the cutoff value for statistical significance in all tests.
All tests were carried out using the R statistical computing environment (R Core Team,
2020), using reproducible add-on functions added on in the form of R packages,
obtained from the Comprehensive R Archive Network (CRAN) (Hornik, 2012). All graphic
representations of data were created with the R packages ggplot2 (Valero-Mora, 2010;

Wickham, 2016) and vcd (Meyer, Zeileis and Hornik, 2006).

2.10.1 Generalised Additive Models

Generalised Additive Models (GAMs) were used as described by Hastie and
Tibshirani (1986) through the R package mgcv (Wood, 2011). This process utilises the
sum of fitted smooth, non-parametric functions to capture the impact of each predictive
variable on the observed result. In this way, a GAM can incorporate a greater proportion
of the observed data into its model than linear or parametric regression models, as it is

more able to compensate for complex, nonlinear associations between variables.
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GAMs are initially derived from linear regressions. Linear regression can be

summarised as:

Yy =Pot Pixy+ e+ Ppxp t€

Where vy is the dependent variable to be explained by the model, x is each known
value to be used as a regressor, B is the weighting vector applied to each regressor and
€ is the error of the model. This model will provide the best possible linear association
between variables x and y, provided that an appropriate calculation for each B is used,
such as Least Squares. In the case of additive models, the simple linear model is
expanded upon by substituting B for a scatterplot smoothing function and using this to
describe the function linking the predictor variables to expected dependent variable
values, calculated from a description of the distribution of the data. Scatterplot
smoothers are nonlinear regressions which provide a best fit between two variables and
can be accomplished through several different techniques, some of which suit some
data better than others and should be chosen based on which provides the best fit for
the two parameters specified for the regression. Examples of smoothers include simple

linear regression, best-fit polynomial curves and moving averages.

The overall equation underlying a GAM can therefore be expressed as:

g(E(y)) = Bo + sp(x) + -+ Sp(xp)

Where E(y) is the expected value of the dependent variable, g denotes the link
function, Bo is the offset and s is the smooth function applied to each known regressor
variable x. Each smooth function provides an estimation of the relationship to
dependent variable and magnitude of impact for each predictor variable, and the sum
of these functions provides an estimation of the dependent variable for the complete

model accounting for all predictors.

2.10.2 Chi-Squared Test

Chi-Squared Tests are goodness-of-fit tests which determine the significance and
magnitude of any difference between expected and observed frequencies within a
contingency table. In this study, Chi-Squared tests were conducted as described by

Pearson (1900) using the functionality of base R (R Core Team, 2020). The Chi-Squared
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statistic is defined as the normalised sum of squared deviations between expected and

observed values.

The formula for calculating the Chi-Squared statistic can be given as:

n 2
<2 = 2 :(Oi_Ei)

. E;

i=1

In which X? is the Chi-Squared statistic, O is the observed frequency and E is the
expected frequency. This provides an indication of the likelihood that observed and

expected frequencies are independent of one another.

For contingency tables containing counts of five or less, the corrective factor
described by Yates (1934) was applied to alleviate the error of small sample sizes. This
corrective factor is an alteration of the Chi-Squared statistic, in which the difference
between observed (Oi) and expected (Ei) results is diminished by 0.5. This can be

represented as:

n 2

w2 z :(Ioi_EiI_O-S)
Yates — E
i=1 L

2.10.3 Wilcoxon Rank-Sum Test

The Wilcoxon Rank-Sum Test is a non-parametric test used to compare two
independent sample groups, the null hypothesis for which is that the medians of the
two sample groups are identical. In this study, Wilcoxon Rank-Sum Tests were used as
described by Mann and Whitney (1947) using the functionality of base R (R Core Team,
2020).

The U statistic, which serves as the basis for this test, is calculated with the following

equations:
ny(n; +1)
U1 =nn, T -4
n,(n, + 1)
U, =nyn, T_ 2
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In which U is the U statistic, n is the sample number and R is the sum of ranks. The
smallest U statistic out of these two formulae should be taken as the correct one for the
test. The U statistic is an estimator of difference between medians and hence provides

an indication of whether there is a difference between sample groups.

2.104 Kruskal-Wallis Rank-Sum Test

The Kruskal-Wallis Rank-Sum Test is a non-parametric test for assessing whether
multiple sample groups belong to the same underlying distribution, through a
comparison of the means of ranks. It effectively provides a similar function to the
Wilcoxon Rank-Sum Test, described in Section 2.10.3, but allows for the simultaneous
comparison of an arbitrary number of groups. In this study, Kruskal-Wallis Rank-Sum
Tests were carried out as described by Kruskal and Wallis (1952) using the functionality

of base R (R Core Team, 2020).

The basis for the Kruskal-Wallis Rank-Sum Test is the H statistic, which is given as:

H=— 22 ZC:R"Z 3(N +1
_N(N+1),1nl- ( )
1=

In which cis the number of samples, n; is the size of the it sample, N is the total sum
of all sample sizes and R; is the sum of ranks in the if" sample. The H statistic provides an
indication of the variance of ranks across sample groups and thus informs whether the

underlying distributions are comparable.

2.10.5 Wilcoxon Matched-Pairs Signed Rank Test
The Wilcoxon Signed Rank Test provides a non-parametric assessment of differences
in means between paired observations. In this study, these tests were carried out as

described by Wilcoxon (1945) using the functionality of base R (R Core Team, 2020).

For all pairs of observations, the sign (positive or negative) of the difference is
calculated. These are then ranked, with a rank of 1 assigned to the smallest difference,

2 for the second smallest and so on, and the sum of positive ranks and negative ranks
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(both denoted as R) is calculated: S* = XR; for positive ranks, S~ = XR; for negative
ranks. The smaller of these two rank-sum values is taken as the test statistic. For this, a

probability of difference can be calculated:

1=r-(3)

P=2 1+z Z I,
n

i=n

In which P is the probability of the observed rank-sum occurring under the null
hypothesis that there is no difference between groups, n is the total number of
observations, q is the number of paired differences, and r is the rank number under

consideration.

2.10.6 Welch Two-Sample t-Test

The Welch Two-Sample t-Test is an improved version of the canonical Student’s t-
Test which does not need to assume that the variances of the two sample groups to be
compared are equal. It provides a test of whether the means of two sample groups are
equal. In this study, these tests were carried out as described by Ruxton (2006) using the

functionality of base R (R Core Team, 2020).

The t- statistic is given as:

U1 — Uy
t=—
2 2

S1 .51

n; np

In which p is the sample mean, s? is the sample variance and n is the sample size. By
comparing the calculated t-statistic, along with the degrees of freedom for the sample
groups, against the t-distribution, a statistical relevancy can be calculated in the form of

a p-value.
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2.10.7 Kolmogorov-Smirnov Test
The Kolmogorov-Smirnov Test provides a non-parametric means of testing whether
two probability distributions are the different. In this study, these tests were carried out

as described by Massey (1951) using the functionality of base R (R Core Team, 2020).
The test statistic D is defined as:
D = maximum|F(x) — G(x)]|

In which F(x) is the observed cumulative distribution function of the first sample and
G(x) is the cumulative distribution function of the second sample. This statistic must be

compared to a critical value, defined as:

m+n

D it = c(a
crit ( ) mn

In which c(a) is the inverse of the Kolmogorov distribution at a, m is the sample size
of the first distribution and n is the sample size of the second distribution. If the test
statistic is greater than the critical value, then there is a significant difference between

the two distributions.

2.10.8 Cox Proportional Hazards Model

Proportional Hazards Models are useful for Survival Analysis in which the time
elapsed until an event occurs is the primary parameter of interest which may be
associated with cofactors. In this study, these tests were carried out as described by Cox

(1972) and Breslow (1975) using the R package survival (Therneau and Grambsch, 2000).

The initial basis of Cox Proportional Hazards is the Hazard Rate, defined as:

P(T =t

M=

In which A(t) is the Hazard Rate, P represents probability, T is the failure time of the

parameter under observation when treated as a random variable, t is the observed
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failure time, and S(t) is the proportion of proportion of observations still surviving at
time t. This statistic provides the probability of failure at a given time t. This is modified

under Cox Proportional Hazards to become:
() = Ay(£)e@ P

In which Ao(t) is the baseline hazard at time t, x is a covariate vector and B is a
coefficient vector. Through this, calculation of B is possible and hence estimation of the
contribution from each covariate to the Hazard Rate. Cox (1972) demonstrated that an

estimation of B is possible without prior knowledge of the baseline hazard:

T
(1= 6|R(H) =
Zi:tiztj exp x;

In which R(t) is the population at risk of failure at time t, and j is the subject under
observation. The equation provides the probability that observation j fails at time i,
rather than any other observation in the set. From this, a partial likelihood can be
calculated, focusing the contribution of covariate x to the survival model:

expx] 8

e(BIX) = Zlnm

In which € denotes the log-likelihood function. This is directly analogous to the
weighting that covariate x has on the survival probability for sample j, and hence

provides an estimate of the size of x’s impact on survival rate.

2.10.9 Gaussian Process Regression

The Gaussian Process, also known as ‘kriging’, is a means of interpolating a
regression fit to a set of given observations. In this study, these tests were carried out
as described by Rogers and Sedda (2012) using the functionality of base R (R Core Team,
2020).

The formula for calculating the value to be interpolated at a given point is given as:

}’i=zwd}’d+e
5

1



In which yi is the value to be interpolated at position i, yq is any known observed
value a distance of d from point i, wq is the weight given for the point a distance of d

away from i, and e is the error.

The weighting applied to each point is dependant on a model fitted to the data. In
the case of Gaussian processes performed with a computer, such as those employed in
the presented work of this thesis, this will be based upon the best fitting model out of

many different ones that are tried by software in turn.

2.10.10  Analysis of Variance (ANOVA) and confirmation with Tukey’s Honestly
Significant Difference (HSD)

Analysis of Variance (ANOVA) is a method of assessing the influence of categorical
variables on a single continuous, dependent variable. In this study, these tests were
carried out as described by Fujikoshi (1993) using the functionality of base R (R Core
Team, 2020).

ANOVA is performed by comparing the variation between sample group means
against the variation within each sample group. The variation between groups is

summarised using the Mean Squares, described as:

Yo% — %)?

MSB =
n—k

In which X is the mean, n is the number of samples, and j is one of k sample groups.

The variation within each group is also summarised using the Mean Squares,

described as:

k l =
j=1 Zj:l(x - xj)2

MSW =
k-1

In which X is the mean, and x is a sample within group j of k sample groups. From

these two values, the ANOVA statistic F can be calculated:

o MSB
T MSW
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If the result of an ANOVA analysis was found to be statistically significant,
confirmation as to which groups were statistically significant from one another was

performed using Tukey’s HSD Test. This was carried out as described by Tukey (1949).

The test is defined as:

Yy— Vg
SE

qs =

In which Ya is the larger of two means being compared, Yg is the smaller, SE is the
standard error of the sum of means and gs is the test statistic. This statistic is compared
to a corresponding value from a continuous probability distribution normalised against
the standard deviation of the original sample, and if gs is larger then the two means

under test are considered significantly different.

2.10.11  Similarity Percentages (SIMPER) Analysis

Similarity Percentages (SIMPER) analysis provides a means of assessing the
magnitude of contribution provided by each component species to the dissimilarity
between two sample groups. In this study, it was conducted as described by Clarke

(1993) using the R package vegan (Dixon, 2003).

The analysis is performed using the contribution of each species to the Bray-Curtis
dissimilarity, which is defined as:
ey xd
VT Y g + x
In which & is the contribution of species i to the difference between sample groups
jandk, and x is the abundance of speciesiin sample groups jand k. Through this pairwise

comparison, the contribution of each species to the dissimilarity between sample groups

j and k can be demonstrated.

2.10.12  Spearman’s Rho

Spearman’s Rho is a means of assessing the correlation between two variables by
measuring the similarity in the rank order of each variable. In this study, it was
conducted as described by Puth, Neuhduser and Ruxton (2015) using the functionality
of base R (R Core Team, 2020).
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Between two paired groups of samples x and y, Spearman’s Rho is defined as:

B (€5 (i)
VI G =02 VI, 0~ )

In which p is Spearman’s Rho, x;is the ith value of x, yiis the ith value of y, and X and
y are the means of x and y respectively. Rho will be positive for positive correlations and
negative for negative correlations, with magnitude providing an indication of the

strength of the correlation.

2.10.13  Shapiro-Wilk Test

For some of the analyses performed, such as ANOVA and t-tests, an assumption of
the data being well-modelled by the normal distribution is required for the test to be at
its most accurate. In these instances, the normality of the dataset was first confirmed
with the Shapiro-Wilk test for normality, carried out as described by Shapiro and Wilk
(1965) using the functionality of base R (R Core Team, 2020).

The test statistic, W, is defined as:

2
Qi aixg)

V=S -

In which xi is the ith sample in the dataset, x is the ith smallest number in the
dataset, X is the mean and aj is a coefficient based on expected values from a perfectly

normally distributed dataset.

2.10.14  Logarithmic transformation of data

In some of the analyses conducted in this thesis, some data required a logarithmic
transformation to approximate a normal distribution more closely. In these instances,
the natural logarithm of each value in the dataset was taken as a substitute in analyses.

The natural logarithm is defined as the logarithm to the base of Euler’s Number (e).
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3 The impact of weather, husbandry and disease on seasonal
variation of Campylobacter in commercial broiler chicken

flocks and on the timing of infection onset.

3.1 Introduction

The gastrointestinal tracts of newly hatched commercial chicks are generally
colonised with low, often undetectable, levels of bacteria, due to sanitised hatchery
conditions and the need for external sources of bacteria to colonise the juvenile
gastrointestinal tract (Kubasova et al., 2019a). Vertical transmission from breeder flocks
is considered by most research to be of negligible impact on subsequent infections on
broiler farms (Bull et al., 2006; Callicott et al., 2006; Battersby, Whyte and Bolton,
2016b). Most flock infections are thought to arise from horizontal transmission from the
farm site and its immediate surroundings (Hansson et al., 2007). Chicks are normally
placed on farm within 24 hours post-hatch and, indeed, Campylobacter spp. can be
isolated from the farm environment prior to the placement of any birds and the same
subtype can be shown to have infected the flock by the end of the production cycle (Bull
et al., 2006). However, the precise risk factors, vectors and sources of colonisation are

broad and poorly understood (Newell and Fearnley, 2003; Hansson et al., 2016).

Other farm animals, stagnant water, farm equipment and certain parts of the
chicken house, such as the anteroom and drinker lines, have all been implicated as
potential persistent reservoirs of Campylobacter (Newell and Fearnley, 2003; Bull et al.,
2006; Ridley et al., 2011; Ellis-lversen et al., 2012; Robyn et al., 2015; Battersby, Whyte
and Bolton, 2016b; Frosth et al., 2020). Sequence types observed in nearby animals and
ponds, or in previous positive flocks from the same chicken house, have been detected
in subsequent Campylobacter-positive flocks (Frosth et al., 2020), although the farm
environment can also become contaminated following on from Campylobacter spp.

detection in a chicken flock (Bull et al., 2006).

Current best farming practice in the UK is designed to mitigate risk of Campylobacter

spp. crossing the threshold of the chicken house through various biosecurity practices,
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such as the implementation of a double-barrier entry system (Hansson et al., 2007;
European Commission, 2017). There are also restrictions on movements between
chicken houses, interspecies proximity, site visitors and an ‘all in, all out’ policy to create
disease breaks between flocks (DEFRA, 2018). Nonetheless, some farming practices will
pose an inherent risk of flock infection through a necessary break of biosecurity.
Processes such as thinning require that biosecurity is broken so birds can be caught and
involve bringing vehicles and equipment on site that has previously been on other farms
(Allen et al., 2008; Ellis-lversen et al., 2012). Other factors under the farmer’s control,
such as the cleaning regime of the chicken house in between flocks, the chicken house
construction or even the general tidiness of the farm can be linked to the likelihood of
Campylobacter infections occurring (Hansson et al., 2010). However, while biosecurity
defences are in place, there must be an inevitable balance between measures taken and

what is practical for the industry (Millman et al., 2017).

Annual patterns in Campylobacter infection of poultry flocks are observed globally
(Nylen et al., 2002; Jore et al., 2010; Jorgensen et al., 2011; Kalupahana et al., 2018). A
well-established link with temperature is noted, with flocks reared during months with
higher average temperatures being more likely to be Campylobacter positive by
slaughter (Nylen et al., 2002; Jore et al., 2010). The underlying causation behind these
observed seasonal trends, however, remains largely unknown at present (Hansson et
al., 2016; Sibanda et al., 2018), despite the efforts of published research to explore

which factors are likely to be contributory.

There is limited evidence to suggest that some animals whose presence on poultry
farms may occur in seasonal patterns, such as insects (Hald et al., 2004; Royden et al.,
2016), wild birds and other animals (Newell and Fearnley, 2003; Agunos et al., 2014;
Hald et al., 2016) may play some role in Campylobacter transmission to housed broilers
by moving through poultry house ventilation systems (Figure 3.1), though any impact
these make do not explain the bulk of observed infection data (Newell and Fearnley,

2003; Agunos et al., 2014; Sibanda et al., 2018).
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Figure 3.1: Diagrams illustrating broiler chicken house air flow in a side inlet (Figure 3.1A, top) and ridge
inlet ventilation system (Figure 3.1, bottom). (Aviagen, 2010)

To date, two studies attempted to explore differences in seasonal acquisition of
Campylobacter among broiler flocks by examining when the infection began in the
production cycle (Evans and Sayers, 2000; Weber et al., 2014). However, these
conflicted; Evans and Sayers (2000) found no difference in age of infection onset across
seasons, while Weber et al. (2014) suggested an earlier acquisition of Campylobacter
occurring at the time when infections are at their peak. However, both studies had
limitations. Evans and Sayers (2000) only began measuring Campylobacter at an age of
28 days, while infections can begin much earlier, and Weber et al. (2014) tested a limited

number of caeca for Campylobacter spp. per day through necropsy of already deceased
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birds, rather than testing the environment or live birds that would go on to slaughter,
and did not measure any farm or environmental statistics beyond the season the sample
was collected in. No published research has, so far, attempted to utilise the onset of a
Campylobacter infection in a broiler flock as a statistical factor in broader explanations
tying together climate, management, and welfare parameters to show what influences

lead to Campylobacter infections occurring in the first instance.

3.1.1 Chapter Aims

The aim of experiments detailed in this chapter was to ascertain if Campylobacter
infections among commercial broiler chicken farms could be linked to weather, or to
farm management practices which may be changed from season to season, or to
geographic factors that vary between farms. In this way, potentially causative

parameters could be linked to Campylobacter infection seasonality.

Specifically, objectives were to:

e Assess whether flocks become Campylobacter positive earlier in the
production cycle during summer months, and whether this impacts on the

rate at which flocks are infected with Campylobacter.

e Determine whether seasonally variable parameters, such as temperature,
farming practices or humidity, can be associated with increased

Campylobacter infections.

To achieve this, eleven farms were monitored daily for 16 months for the presence
of Campylobacter on their broiler chicken flocks, recorded alongside measured weather

and farm parameters.
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3.2 Methods

3.2.1

Data collection

All eleven farms described in Section 2.2 were observed for ten production cycles

commencing on or after the 20" August 2018. The final flock clearance in the study took

place on the 7t January 2020. Due to flocks that had to be excluded when farmers could

not collect samples, a total of 103 production cycles were observed overall.

A summary of what parameters were recorded, on both a daily and per-cycle basis,

is presented in Table 3.1. Farm staff were provided with a daily diary sheet for each

production cycle to fill in with results.

Table 3.1: Table of recorded parameters used in the present study.

Parameters with daily results

Parameters with results once
per cycle

Recorded by project
researchers

Recorded by farm staff

Recorded by Avara Foods Ltd.
staff

Campylobacter spp.
presence or absence

Environmental
temperature (°C,
maximum, minimum,
average)

Environmental
humidity (RH%,
maximum, minimum,
average)

Precipitation (mm)

Mortality
Culls (runt, leg, other)

Bird average weight (kg,
recorded by automatic
weighers)

Water consumption
(litres per 1,000 birds)

House temperature (°C,
maximum and minimum

House humidity (RH%,
maximum and minimum)

Feed type

Campylobacter spp. presence or
absence (once before thinning,
once before clearance)

Feed conversion ratio (farm-
wide only)

European Performance
Efficiency Factor (EPEF; farm-
wide only)

Wheat in feed (%, farm-wide
only)

Factory rejects (septicaemia,
runts, ascites, cellulitis,
hepatitis, pericarditis,
perihepatitis)

Parent flock age (weeks)
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Weather data was downloaded weekly from Meteoblue.com. This website provides
modelled hourly climate and weather data for any arbitrary set of map co-ordinates
(Meteoblue, 2022). At the time that research was conducted, Meteoblue offered up to
two weeks of historic data available for download from any given location, with an
explicit clause in their user licence permitting free use for educational and academic
purposes, although at time of publication of this thesis that particular service appears

to have been discontinued.

3.2.2 Bootsock Collection and Testing

Bootsocks were collected daily by farmers as per Section 2.4.1, as part of the first
welfare checks of each day. Bootsocks were stored on farm at ambient temperature and
collections of bootsocks were made at the end of every cycle for return to the
laboratory. Any bootsocks to be tested were processed by suspending collected
biological debris in isotonic saline, as per Section 2.4.3. DNA was isolated using a QIAGEN
QlAamp DNA Mini Kit (QIAGEN, Hilden, Germany) as per Section 2.6, then tested for
Campylobacter presence using a multiplex qPCR as detailed in Section 2.7, with
subsequent confirmatory PCR and gel electrophoresis as per Section 2.8 if species

identity could not be ascertained by the primary gPCR.

For the sake of efficiency, not every collected bootsock was tested. Instead, one
bootsock was tested every five days, from day ten until the final day of the production
cycle. Of these, if one was positive and one was negative, all bootsocks in between these
two points were also tested to isolate the first day of infection. This is exemplified in

Figure 3.2.
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Figure 3.2: Example data illustrating bootsock testing methodology. Presented testing is from Farm 2A, cycle 5.
Borders have been emphasised to show distinct days.

A flock was designated as ‘positive’ if Campylobacter was detected on two days
within any consecutive three-day window. If only the final day of the flock was found to
be Campylobacter positive, the flock was also deemed ‘positive’. The first positive day
out of these was deemed the day of transition, and hence the first day of the infection.
This first positive day, combined with the immediately preceding day with no detection
of Campylobacter, were deemed ‘transition days’, in which the infection was acquired

between the two samples being taken.
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3.2.3 Standards
Information on temperature and weight standards were provided by Avara Foods
(Figure 3.3). Bird growth (%) is calculated by expressing the actual measured bird weight

as a percentage of the idealised bird weight described in the standards, for a given age.
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Figure 3.3: Daily internal house temperature (Figure 3.3A, left) and bird weight (Figure 3.3B, right) standards, as
used by Avara Foods Ltd.

These standards are initially derived from the Ross 308 Broiler Manual (Aviagen,
2018), smoothed and adjusted by Avara according to observed best management

practice and expected performance on company farms.

3.24 Statistical methods

All analyses were constructed in R (R Core Team, 2020) as described in Section 2.10.

The impact of observed parameters (Table 3.1) and categorical parameters recorded
in the site survey (Table 2.1) on the likelihood of Campylobacter being present in a
chicken house was determined through a series of GAMs as described in Section 2.10.1.

Survival analysis was conducted as described in Section 2.10.8.
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Graphs and visualisations were constructed out using ggplot2 (Valero-Mora, 2010;
Wickham, 2016). For all plots describing the constituent model partials of GAMs, model
partial values are centred with a Y-axis value of zero representing the mean value for
the variable modelled in the graph. Therefore, positive values indicate when an
explanatory variable, on the X-axis, has affected the model in a way that moves the
modelled variable in a positive direction away from the mean, and vice-versa, with Y-
axis magnitude showing any change in the variable predicted by the model away from
the mean. For purposes of graphing each model partial, all other covariates not
represented by the Y-axis but incorporated in the model are held at their mean value.
For GAM model partial graphs describing categorical variables, such as farm, the X and

Y axes are reversed.

European Performance Efficiency Factor (EPEF) was calculated as per the equations

defined in Kryeziu et al. (2018), with the formula given as:

(100 — Mortality) X Body Weight

EPEF =
Age x (Feed Used /Weight Gained)

In which Mortality is the percentage of birds which died before slaughter, Body
Weight is the average bird weight in kilograms, Age is the final bird age at slaughter in
days, Feed Used is the cumulative kilograms of feed used by all birds, and Weight Gained

is the total accumulative weight gained by the flock over the entire production cycle.

3.3 Results

3.3.1 Historic Data

Campylobacter spp. infection data from Avara Foods Ltd., from both prior to and
over the course of the study, was made available for all 168 farms owned or contracted
by the company at the time of the study. This was collated internally using Avara’s
internal Campylobacter testing regime, as per Section 2.9. Plotting the percentage of
flocks entering the factory each week that were identified by Avara as Campylobacter
positive (Figure 3.4) shows a clear and distinct seasonal trend. The trendline indicates

summer peaks in infections occurring anywhere between May and September, lasting
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three to four months at a time and ranging between 70% and 95% of farms becoming
positive, depending on the year. Conversely, the winter dip in infections occurred
anywhere between December and May, lasting three to four months with between 20%

and 35% of farms becoming positive, depending on the year.
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Figure 3.4: Graph of weekly percentage of flocks contaminated with Campylobacter spp. tested prior to slaughter by
Avara Foods Ltd. against time. Trendline is a fitted additive model. Shaded grey area shows 95% confidence interval.
Dotted lines indicate year start/end.

3.3.2 Bootsock Testing Overview and Descriptive Statistics

Over the course of the study, approximately 3,900 daily bootsocks were collected,
of which 988 were tested and 203 were positive for C. jejuni or C. coli (21%). The
bootsocks were collected for ten production cycles over eleven farms, for a total of 103
tested production cycles, of which 51 never contained a positive sample (50%). Cycles
varied in length from 36 to 41 days. The basic statistics for each farm are summarised in

Table 3.2 and full results for testing is visualised in Figure 3.5.
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Table 3.2: Summary statistics for farms analysed in Chapter 3.

Farm 1A | 1B 1C 1D | 2A | 2B 2C | 3A | 3B 3C | 3D
Cycles 10 9 8 10 10 10 10 10 10 9 7
Tested

Positive 5 2 2 7 6 2 7 5 3 5 3
Cycles

Mean Age 31.4|126.0(29.5|22.3|30.8|34.0(33.9(24.4|28.3|27.8|28.3
of Infection

Onset

Standard 59 |10.0| 45 |100| 75 | 3.0 | 64 | 6.4 | 25 | 49 | 7.0
Deviation

281
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Figure 3.5: Daily Campylobacter testing results for eleven broiler flocks, over ten production cycles.
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According to daily bootsock tests, the probability of a flock being contaminated with
Campylobacter increased with bird age, within a production cycle. A fitted GAM of bird
age against a binomial distribution of Campylobacter status (1 for positive, 0 for
negative; Figure 3.6A) gave a statistically significant nonlinear fit but does not explain
most of the observed variance (p < 0.001, adj. R?> = 0.135). The mean age of infection
onset was 28.6 days (mode = 36, SEM = 1.07), and 64.7% of positive flocks remained
consistently positive after contracting an infection. Including farm as a categorical
variable that can affect Campylobacter status in the additive model (Figure 3.6B) shows

that there is a farm-specific effect on the probability of a flock becoming Campylobacter

positive.
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Figure 3.6: Details from a Generalised Additive Model output, predicting the impact of bird age (Figure 3.6A, left; p <
0.001) and farm (Figure 3.68B, right) on the probability of a flock being Campylobacter positive.

3.33 Comparison of Campylobacter Testing Methodologies

A comparison was made between Avara’s internally reported Campylobacter testing
regime and the detection of Campylobacter at the end of each production cycle within
this study. A Chi-Squared test comparing the frequencies of positive and negative
detections within each group (Table 3.3) does not suggest a statistically significant

association (p = 0.059).
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Table 3.3: Contingency table comparing Campylobacter detections at final clearance as reported by Avara and by
the testing methodology used in this study.

Reported Negative
at Laboratory

Reported Positive
at Laboratory

by Avara

Reported Negative 33 21
by Avara
Reported Positive 18 25

To further investigate the differences between Campylobacter detections by Avara
and the present study, a time-series graph was constructed by representing
Campylobacter detection as a binary variable and plotting Gaussian Process regressions
of each dataset against the date of clearance (Figure 3.7). This revealed a notable
difference between the two testing methodologies. Avara’s internal testing showed a

seasonal trend, with a reduction in detections around April 2019 and January 2020,

while no comparable reduction in detections is noted for laboratory testing in 2019.
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Figure 3.7: Graph showing Gaussian Process regressions of binomial Campylobacter data, based on detection at final

Jan-2020

clearance, from testing using Avara’s internal Campylobacter detection methodology and the PCR described in
Chapter 2.7. Shaded areas represent 95% confidence intervals.
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3.34 Climate and Campylobacter Incidence

Environmental temperature observed across the observation period ranged from
33.4°Cto -5.7°C. Humidity tended to decrease when temperatures were at their highest.
Rainfall was sporadic and year-round, with the driest period occurring around January
and February each year. Graphs describing the weather observed over the course of this

study are presented in Figure 3.8
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Figure 3.8: Charts describing weather parameters observed across the farms studied. Graphs for temperature (Figure
3.8A, top) and relative humidity (Figure 3.8B, centre) display mean daily reading, along with average daily maximum
and minimum for each month. Precipitation (mm per day, average) is presented in Figure 3.8C (bottom).
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A fitted GAM of binomial data derived from daily Campylobacter status (1 for
positive, 0 for negative) using the daily maximum environmental temperature, the daily
average environmental relative humidity, bird age and farm as predictor variables
(Figure 3.9) demonstrates that, along with the farm- and age-dependent effect observed
previously in section 3.3.2, there is also a significant nonlinear effect from the external
temperature of the environment (Figure 3.9A; p = 0.012) and significant negative
correlation from relative humidity (Figure 3.9C; p < 0.001). However, since this does not
explain most of the observed Campylobacter (adj. R?>= 0.189), the absolute temperature
or humidity around the poultry house had only a slight bearing on the overall picture of
whether a flock is positive or not. This was confirmed by conducting a Welch Two-
Sample t-Test to assess difference in the means of maximum temperature values
observed on Campylobacter positive and negative flocks; no significant difference was

found (t = -0.457, p = 0.648, df = 443.96).
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Figure 3.9: Details from a Generalised Additive Model output, predicting the impact of maximum environmental
temperature (Figure 3.9A, top left; p = 0.012), bird age (Figure 3.9B, top right; p < 0.001), environmental relative
humidity (Figure 3.9C, bottom left; p < 0.001) and farm (Figure 3.9D, bottom right) on the probability of a flock being
Campylobacter positive.

To assess whether sudden increases in environmental temperature preceded the
onset of Campylobacter infection, the day preceding infection onset and first day of
infection for each positive flock (n = 54) were labelled as ‘transition days’ (detailed in
Section 3.2.2) so they could be isolated for analysis. The daily mean of hourly
temperature readings for the first transition day of a positive flock was 1.40°C warmer
than the same measurement for that flock (SD = 3.94) and the preceding week was, on
average, 1.38°C warmer than the average for that flock (daily mean of hourly readings;

SD = 4.49). However, both these differences are not significant according to Wilcoxon
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Matched-Pairs Signed Rank test (p = 0.091 and p = 0.085 respectively). When these
differences are visualised (Figure 3.10), there is no observable difference between
transition day temperatures, or those of the preceding week, and the flock average
temperature when it is above approximately 9°C, but a divergence in the trendline

occurs below this point.

Temperature on Day of Transition (°C)

Average Temperature on Week Preceding Transition (°C)

4 ] 12 16 4 8 12 16
Average Temperature for Whole Cycle (°C) Average Temperature for Whole Cycle (°C)
Figure 3.10: Scatter plots demonstrating temperature differences between the mean daily environmental
temperature, temperature observed on the day of transition to Campylobacter positive (Figure 3.10A, left) and the

week preceding Campylobacter infection (Figure 3.108B, right). Isocline (black; indicates where parameters are equal)
and Loess regression (blue) are plotted. Shaded area represents 95% confidence interval.
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A one-way ANOVA analysis comparing all transition days (n = 110), days on which
any flock is positive (n = 288) and days on which any flock is negative (n = 2981) revealed
no significant difference between the means of each group (F = 1.864, p = 0.166; Figure

3.11).
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Figure 3.11: Boxplot of maximum daily environmental temperature observed on poultry farms, according to
Campylobacter status. Dots represent outliers, lines represent maximum/minimum values, boxes represent 25th-75th
percentiles, horizontal lines represent medians.

A Wilcoxon Rank-Sum test comparing the daily precipitation levels during the week
preceding infection onset and the precipitation measured for all other observations
revealed that precipitation during the week preceding a Campylobacter infection was

not significantly different to precipitation levels recorded at other times (p = 0.105).

3.35 Husbandry Practices and Campylobacter Incidence

The internal temperature and humidity of the chicken house is controlled by the
farmer throughout the birds’ lives, through a combination of heating and ventilation
systems. Other parameters, too, such as changes in feeding regime and lighting, are
altered frequently in response to bird requirements. The control of these parameters

broadly follows guidance laid out by the parent company that the farms supply, but
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there is flexibility permitted and it is reasonably expected that the farmer will deviate
from strict adherence to company standards in response to the needs of the birds. It is
therefore important to explore differences in management style and how they might

impact on the likelihood of Campylobacter infection of the flock.

To assess whether the internal house temperature was regulated well across all
seasons and bird temperature requirements, a fitted GAM was constructed of the
difference between observed internal house temperature on all eleven farms sampled
over Phase One of the project and the equivalent temperature on Avara’s standard (as
described in Section 3.2.3), using external temperature, bird age and farm as predictor
variables (Figure 3.12). External temperature was observed to be highly positively
correlated with positive deviation in house internal temperature from the Avara
standard (p < 0.001). The week of bird age also correlated positively, with weeks further
along in the birds’ life corresponding with positive deviation from the Avara standard (p
< 0.001), and all farms are distinct, with some being hotter or cooler than others (p <
0.001). This model explains over half of the observed deviation in house internal

temperature (adj. R?=0.634).
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Figure 3.12: Details from a Generalised Additive Model output, predicting the impact of average daily external
temperature (Figure 3.12A, left; p < 0.001), bird age (Figure 3.12B, centre; p < 0.001) and farm (Figure 3.12C, right)
on deviation of internal house temperature away from the company standard temperature profile. This graph
shows only farms for which the internal house temperature information was made available by the farmer.
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When visualised against date (Figure 3.13A), there are apparent spikes in internal
house temperature during summer months away from Avara’s temperature standard,
with peaks increasing in magnitude with bird age. This difference is also apparent when
plotted against maximum daily external temperature (Figure 3.13B), implying that
temperature control is considerably harder for the farmer in warmer months and at

more advanced bird ages.
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Figure 3.13: Graph showing the relationship between date (Figure 3.13A, left) and maximum daily external
temperature (Figure 3.13B, left) on deviation of internal house temperature away from the company standard

temperature profile. Shaded area represents 95% confidence interval. All lines represent Gaussian Process
smoothing.

3.36 Disease, Performance and Campylobacter Incidence

European Production Efficiency Factor (EPEF) is a standardised poultry performance
metric, derived from feed conversion ratio, daily weight gain and mortality rates and is
defined in Section 3.2.4. This figure is calculated and reported by Avara for each farm at
the end of each production cycle, across an entire farm rather than for individual chicken
houses. A Welch Two-Sample t-Test comparing EPEF on farms where the house
examined in this project cleared as Campylobacter positive versus Campylobacter
negative revealed no significant difference between groups (t = 0.509, p = 0.613, df =

76.365).
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Table 3.4 gives results of the statistical analysis of Campylobacter positive and
negative farms at clearance. No statistically significant difference can be seen for any
tested parameter.

Table 3.4: Results of Wilcoxon Rank-Sum tests, comparing Campylobacter positive (n=29) and negative (n=54)
farms at final clearance.

Parameter Mean Value for Mean Value for Wilcoxon Rank-
Negative Flocks (%) | Positive Flocks (%) Sum P value
Mortality 2.232 2.269 0.761
Culls 1.949 1.957 0.278
Septicaemia 0.265 0.264 0.667
Runts 0.013 0.014 0.861
Ascites 0.158 0.157 0.767
Cellulitis 0.182 0.185 0.924
Hepatitis 0.059 0.059 0.372
Pericarditis 0.011 0.012 0.648
Perihepatitis 0.063 0.064 0.437

To assess whether Campylobacter had an impact on bird weight, a fitted GAM was
constructed of mean bird weight reported by the Avara factory at final house clearance
(n =83 production cycles), using age of birds at clearance, the age in weeks of the parent
flock that initially supplied chicks to the farm, percentage of feed made up of raw wheat,
Campylobacter status at clearance and farm (Figure 3.14; adj. R?> = 0.748; mean bird
weight = 2.344 kg). From this, it can be inferred that there is no statistical impact from
Campylobacter status at clearance on final bird weight. All other parameters did show a
significant impact on final weight, with bird age having a linear correlation, and wheat

inclusion in the feed and parent flock age having nonlinear associations.
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Figure 3.14: Details from a Generalised Additive Model output, predicting the impact of bird age at clearance (Figure
3.14A, top left; p < 0.0001), average age of parent flock (Figure 3.148B, top centre; p = 0.0065), percentage of wheat
incorporated in feed (Figure 3.14C, top right; p = 0.0049) Campylobacter status at final clearance (Figure 3.14D,
bottom left; p = 0.625) and farm (Figure 3.14E, bottom centre) on average bird weight at clearance.

The feed supplied to the chickens is changed throughout their lives to meet their
dietary needs. These changes are discrete and are at defined points to coincide with
growth, with four to five different feeds used in succession. To assess the impact of
changes in diet on likelihood of a flock becoming Campylobacter positive, a Kolmogorov-
Smirnov test was conducted to compare the frequency distribution of the number of
days since a feed change that a flock became Campylobacter positive and the frequency
distribution of days since a feed change for all negative days observed (Figure 3.15). This
revealed that there was no difference between the distributions (D = 0.110, p = 0.505),
and hence showing a flock is not more or less likely to become infected immediately

following a diet change.
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Figure 3.15: Cumulative probability plots of the number of days since a flock changed diet for all observed
Campylobacter negative days (n = 2471) and days on which a flock transitioned to Campylobacter positive (n = 29).

A fitted GAM of water consumption, using bird age, average external temperature,
farm, and Campylobacter status as predictor variable (Figure 3.16) revealed that all the
parameters included in the model had a statistically significant impact on the amount of
water consumed by a flock. Water demand increased linearly with age over most of the
birds’ life. Consumption also increased linearly with temperature, although the impact
of temperature is slight, with a 25°C temperature difference only representing an
increase of under 10 litres per 1,000 birds within the additive model. Water
consumption varied by farm and by Campylobacter status, with positive flocks drinking

less than negative flocks, with the impact of Campylobacter being more minor than that

of farm.
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Figure 3.16: Details from a Generalised Additive Model output, predicting the impact of bird age system (Figure
3.16A, top left; p < 0.001), mean daily external temperature (Figure 3.16B, top right; p < 0.001), farm (Figure 3.16C,
bottom left) and Campylobacter status (Figure 3.16D, bottom right; p = 0.021) on daily water consumption (litres
per 1,000 birds; n = 2664). This graph shows only farms for which the water consumption information was made
available by the farmer.

3.3.7 Farm Construction and Campylobacter Incidence
Since different farms have distinct rates of Campylobacter infection incidence, it is
important to consider the physical differences between farms and assess the impact

that each variable could potentially have on the risk of Campylobacter infection.

A fitted GAM of binomial data derived from daily Campylobacter status (1 for
positive, 0 for negative) using maximum observed daily external temperature, bird age,
ventilation system, house construction as predictor variables (Figure 3.17) revealed that

side inlet ventilation (Figure 3.17B; p = 0.015) and wood posted house construction
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(Figure 3.17C; p < 0.001) were significantly linked to an increased probability of
Campylobacter acquisition. This implies that flocks housed in structures with these

attributes were more likely to develop an infection.
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Figure 3.17: Details from a Generalised Additive Model output, predicting the impact of ventilation system (Figure
3.17A, top left), house construction (Figure 3.17B, top centre) heating system (Figure 3.17C, top right), external daily
average temperature (Figure 3.17D, bottom left; p = 0.0136) and bird age (Figure 3.17E, bottom centre; p < 0.001)
on the probability of a flock being Campylobacter positive.

To assess the impact of house construction parameters on flock infection onset
timing, a Survival Analysis was conducted using Cox Proportional-Hazards, assessing the
impact of ventilation, construction, and heating types on the duration a flock remains
Campylobacter negative (Figure 3.18). There are no statistically significant differences
between each group. Underfloor biomass heating does initially appear to have a
protective effect against Campylobacter, but this is confounded by the fact that there
was only a single farm with this attribute, hence there was no statistical significance (p

= 0.200).
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Figure 3.18: Cox Proportional-Hazards Model adjusted survival analysis curves showing probability of a flock being
Campylobacter positive against bird age, separated by chicken house ventilation type (Figure 3.18A, left; p = 0.170),
construction style (Figure 3.18B, centre; p = 0.720) and heating system (Figure 3.18C, right; p = 0.200).

Based on the findings of the impact of weather (Section 3.3.4), an analysis was
conducted comparing environmental temperature difference between production cycle
daily mean and the mean observed during the week prior to Campylobacter infection,
separated by house construction parameters, for Campylobacter positive production
cycles on which the average temperature was below 9°C (Figure 3.19). A Wilcoxon Rank-
Sum test, comparing the temperature difference between cycle average and the week
preceding infection onset between ventilation systems, suggests that there is not
significant difference, but due to the low sample size statistical power is not strong
enough to provide conclusive evidence (p =0.053, 1-B = 0.253). Kruskal-Wallis Rank-Sum
tests, comparing the temperature difference between cycle average and the week
preceding infection onset between construction and heating systems, gives no

statistically significant difference between each group.
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Figure 3.19: Dot plots showing the temperature difference observed between the cycle average temperature and

temperature observed the week preceding Campylobacter infection, broken down by ventilation system, heating
system and house construction, for cycles on which the average temperature was below 9°C.

3.3.8 Infection Timing

To assess the impact of time of year on the age at which Campylobacter infects
chicken flocks, a fitted GAM of bird age at the onset of infection was created, using a
subset of data consisting only of production cycles which acquired a Campylobacter

infection, using month of the year and farm as predictor variables (Figure 3.20). From
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this, no statistically significant impact on flock infection timing was found between

different times of year (Figure 3.20A, p = 0.178).

10

Additive Model Partial

Month of Year
Figure 3.20: Details from a Generalised Additive Model output, predicting the impact of month of the year (Figure
3.20A, left; numbered according to order, from January to December; p = 0.178) and farm (Figure 3.208B, right) on
the bird age at which Campylobacter infection began.
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To further elaborate on the observed lack of statistical impact of month of the year

on the age of the bird at the onset of Campylobacter infection shown in Figure 3.20, a

Survival Analysis was conducted using Cox Proportional-Hazards, assessing the impact

of season on the duration a flock remains Campylobacter negative (Figure 3.21). This

showed no difference between seasons (p = 0.695). A Chi-Squared analysis of whether

a flock was more or less likely to be infected before or after thinning in different seasons

similarly showed no significant difference (Table 3.5, p = 0.238).
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Table 3.5: Contingency table comparing whether a flock acquired a Campylobacter infection before
or after thinning, and what season the flock was cleared in (summer defined as April to September,
winter as October to March).

Infection Onset Infection Onset
Pre-Thin Post-Thin
Flock Cleared in 11 11
Summer
Flock Cleared in 18 9
Winter
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Figure 3.21: Cox Proportional-Hazards Model adjusted survival analysis curves showing probability of a flock being
Campylobacter positive against bird age, separated by season (summer defined as April to September, winter as
October to March).
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3.4 Discussion

In this study, a set of continuous and discrete parameters, including weather and
season information, dietary information, house internal temperature and house
construction types were recorded across eleven broiler chicken houses on different
farms, and compared with presence of Campylobacter spp. within the chicken flocks
housed within to find statistical associations. Of these, the most significant connections
were seen in the type of house construction and ventilation system in use, with wooden
posted houses and side inlet ventilation both being associated with a higher risk of
Campylobacter infection. This study also aimed to test whether there was any seasonal
variation in the age of onset of Campylobacter infection in these flocks, and none was

apparent in the data.

One of the largest noted co-factors corresponding with Campylobacter acquisition
amongst broiler chickens in the work presented here is the way the farm is constructed.
Out of overall construction styles, poultry houses with a wooden posted frame were
found to be the most at-risk for flock contamination. This is an older construction
method that is not commonly implemented (Morspan Ltd., 2021), but still available from
some contractors. The findings of research into risk factors associated with flock
Campylobacter colonisation by Sommer, Nauta and Rosenquist (2016) suggest that
upgrading to more modern poultry houses can reduce risk of flock infection. Whilst
wood may have putative contact antimicrobial effects in a poultry production
environment (Munir et al., 2019), the increased risk of infection observed here may be
due to factors intrinsic to the material itself as wood is considerably harder to disinfect
than other materials such as plastics (Welker et al., 1997). All the wooden houses
observed in this study are over three decades old (Table 2.1), and while retrofits and
refurbishments of the houses have been conducted by the farms’ owners over the years,
they are still forced to design the ventilation and heating systems around the constraints
of an increasingly antiquated design. This is reflected in the fact that none of the wooden
houses had any heating system other than the more outdated LPG overhead heaters.
Since, in the presented work, these legacy systems were associated with an increased
risk of Campylobacter infection among the birds contained within these houses, it is

possible that these heating and ventilation systems may predispose the chickens to heat
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stress, which is known to be conducive to infection of the gut by organisms such as
Campylobacter (Humphrey, 2006; Rostagno, 2009; Quinteiro-Filho et al., 2012;
Verbrugghe et al., 2012; Lara and Rostagno, 2013).

Ventilation system was also implicated in the presented study as being closely linked
to the probability of a flock becoming Campylobacter positive. The two main systems in
current production, side inlet and ridge inlet, each make up around half of UK broiler
chicken houses in 2012 (Pollard, 2012). However, the data presented here indicates that
ridge inlet houses are associated with a lower risk of Campylobacter infection, a
conclusion supported by Hansson et al. (2010), with tentative evidence also presented
here that Campylobacter infections among chickens in ridge inlet houses begin at a more
advanced bird age than comparable infections among chickens in side inlet ventilated
houses. Since air is drawn in from a higher point with ridge inlet ventilation, it may be
protective against airborne debris and insects. Insects tend to fly close to the ground,
with greatest density occurring between 0.2 and 5.4 metres above ground, dependent
on species and local geography and climate (Byers, 2011).This may mean that the bulk
of flying insects do not get exposed to the air intake of ridge inlet houses but could enter
a side inlet house, due to its air intakes being physically lower. Insects, particularly flies,
have been implicated as a potential source of Campylobacter for broiler flocks (Hald et
al., 2004; Royden et al., 2016) and so excluding them from ventilation inlets may be
conducive to preventing infection. Different ventilation techniques may also represent
different levels of thermal performance, and thus the observed distinction in
Campylobacter infection rates between ventilation system could be due to heat stress
events. Figure 3.19 demonstrates that a higher environmental temperature differential
between cycle average and the week preceding onset correlated with positive flocks in
ridge inlet houses during colder months, when compared to side inlet houses, which
were more likely to be positive at less extreme environmental temperature swings.
While no thermal or insect-excluding abilities can be inferred from the data presented
here, it suggests that research into ventilation implementation in broiler houses may
prove a promising route for developing new Campylobacter-excluding biosecurity

measures.
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The age of onset of Campylobacter infection in broiler chickens, according to the
research presented in this chapter, does not vary with season. This is in keeping with the
findings of Evans and Sayers (2000), although there are differences between this chapter
and that study. The collection time of Evans and Sayers (2000) was weekly, commencing
from 28 days to 56 days, and is based on cloacal swabs of 16 birds per assessment, while
the presented work in this chapter is based on daily bootsocks of the broiler house
bedding, with a maximum age of 41 days observed through the sampling period. The
median bird age on which Campylobacter infection began in the present chapter was 30
days, while the finding of Evans and Sayers (2000) was that the 50t percentile for
infections fell between 36 and 42 days of bird age. While cloacal swabs tend to be
preferable to bootsocks in strictly culture-based studies due to improved detection rates
(Vidal et al., 2013; Ingresa-Capaccioni et al., 2014), PCR analysis of bootsocks has proven
to be more sensitive when assessing the Campylobacter status of a flock than culture of

caecal swabs from the same flock (Matt et al., 2016).

A noted discrepancy was found between paired Campylobacter results between
Avara’s internal testing regime and the methodology used in this study. Results at
clearance disagreed approximately 40% of the time, representing a substantial conflict
in findings. Avara’s testing is based around a Loop-Mediated Isothermal Amplification
(LAMP) reaction, using the Genie Il detection system and reagents (OptiGene Ltd.,
Horsham, England), and using a protocol written by the manufacturer (OptiGene, 2016).
However, recent field trials of the system (Llarena et al., 2022) comparing against the
‘gold standard’ qPCR for the Campylobacter spp. 16S rRNA gene, as used in the study
presented here and first described by Lund et al. (2004), found that the OptiGene system
only had a sensitivity of 65%, in keeping with findings presented here. Further indication
of the robustness of the data collected for this study is evidenced by the detection of
subsequent positives on almost every day after the first detection on positive farms, as
demonstrated in Figure 3.2 and Figure 3.5, giving credence to the acquisition and
persistence of Campylobacter in a flock being readily detected by the methodology

described here.

What is perhaps more confounding is the absence of any ‘winter dip’ away from the

summer peak in infections, over the winter of 2018-2019, seen outside of Avara’s
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testing. Whilst positive flocks did decrease in numbers as expected over the winter of
2019-2020, the previous winter unexpectedly breaks the trends observed in historic
data from Avara and from general trends seen in broader literature (Patrick et al., 2004;
Hartnack et al., 2009; Jonsson et al., 2010, 2012; Jore et al., 2010; Chowdhury et al.,
2013; Weber et al., 2014). Historic data from Avara’s previous years of Campylobacter
records show a predictable, repeating pattern in infections, demonstrated in Section
3.3.1, with a peak in infections occurring anywhere between May and September every
year. Public health records indicate that there was a peak in human campylobacteriosis
in England and Wales of 1764 cases in week 23 of 2018 (Public Health England, 2018),
followed by a dip to 530 cases in week 52 (Public Health England, 2019b), followed by a
return to a peak of 1645 cases in week 23 of 2019 (Public Health England, 2019a), and
so the lack of seasonality observed in chickens in this project was not reciprocated in
contemporaneous human cases. A late summer peak in infections was seen over the
course of the project presented here in Avara’s testing data, however this too seemed
incongruous with the historic record. Figure 3.4 demonstrates that the dip in infections
across all of Avara’s farms was at its lowest in January 2019, but Figure 3.7 reveals that
the lowest rate of detection amongst Avara’s tests for this project occurred in April 2020,
four months after the dip observed across all other farms. This discrepancy from the
historic trend and that seen across all of Avara’s farms is, in part, due to the small sample
size and limited timeframe for seasonal observations, but additionally it was revealed in
Figure 3.9 that environmental temperature and humidity only have a weak effect on

Campylobacter incidence among the flocks observed in this project.

Taking into consideration the other notable findings from the work put forward in
the present study, such as the impact of poultry house ventilation and construction
materials, it is likely that atmospheric temperature and humidity contribute towards the
likelihood of Campylobacter acquisition of a flock by a more indirect means than
anticipated. Ishihara et al. (2017) demonstrate the secondary nature of this relationship
by demonstrating that Campylobacter acquisition by a broiler chicken flock displays
different levels of correlation with temperature and humidity across different seasons,
a trend observed in the presented study to a degree in Figure 3.10, in which a stronger

influence of temperature fluctuation on Campylobacter acquisition becomes apparent
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below a threshold of approximately 9°C. In addition, Line (2006) found that low humidity
was able to delay Campylobacter acquisition by a newly placed broiler chicken flock from
a contaminated poultry house. Given the findings presented here regarding the link
between house ventilation and construction and the likelihood of an infection occurring
(Figure 3.17) and negative association between humidity and Campylobacter incidence
(Figure 3.9), there is a possibility that Campylobacter seasonality observed on some
farms is driven by the house construction materials allowing some pathogens to evade
the house disinfection process between poultry flocks, and subsequent high humidity

predisposing the new flock to acquisition of Campylobacter.

The regulation of internal house temperature is noted as being one of the most
intensely controlled parameters under the farmer’s control in broiler chicken production
(Aviagen, 2010; Aviagen, 2018; DEFRA, 2018). This is due to the risk of thermal stress on
the birds, a condition noted as having severe impacts on bird welfare (Humphrey, 2006;
Lara and Rostagno, 2013) including the induction of gut inflammation under the
pressure of pathogens (Quinteiro-Filho et al., 2012). For this reason, deviation in internal
house temperature away from the standards laid down by Avara was measured as a
potential risk factor in flock acquisition of Campylobacter. While no direct correlation
could be shown in the data between Campylobacter infection and deviation from
temperature standards, external temperature and bird age were intrinsically linked to
deviation away from the temperature standard, with advanced bird ages and higher
external temperatures contributing to often severe deviation in internal house
temperature away from ideal conditions (Figure 3.13). Heat stress events in warmer
months may therefore be a contributing factor to Campylobacter seasonality observed

in broiler chicken flocks.

3.5 Conclusions

This work demonstrates that the age of onset of Campylobacter spp. infections
among broiler chickens does not vary with season, and there is no impact on rate of
detection of Campylobacter arising from differences in infection timing. Temperature

alone is not responsible for most of the seasonal variation in Campylobacter infection
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rates. Several important risk factors were identified as associated with increased
Campylobacter infections, such as ventilation system and house construction form,
which point towards prospective interventions to exclude Campylobacter from poultry

houses, predominantly in the design considerations of new poultry house constructions.
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4 Campylobacter detection on broiler chicken farms, its impact
on incidence of broiler Campylobacter infection and variation

aCross season.

4.1 Introduction

Persistence of Campylobacter within a poultry house, from one production cycle to
the next, has been examined by previous studies for its likelihood as a source of flock
infection in UK broiler chicken production, with some studies supporting the
continuation of Campylobacter within a chicken house environment (Battersby et al.,
2017; de Castro Burbarelli et al., 2018; Frosth et al., 2020) and some suggesting that it
is not a likely origin of new infections (Evans and Sayers, 2000; Shreeve et al., 2002;
Rushton et al., 2009). Attention has also been placed on environmental sources of
Campylobacter spp., such as wild animals or bodies of water, as reservoirs for flock
infection. Campylobacter spp. are readily detected in soils and other outdoor surfaces
across the countryside of the UK (Jones et al., 2017) and commercial chicken flock
infection has been shown to be influenced by Campylobacter infections on nearby
chicken farms (Chowdhury et al., 2012). Persistent detection of Campylobacter spp.
from multiple points across a farm site has been repeatedly demonstrated as being a
risk factor in flock infection (Newell and Fearnley, 2003; Bull et al., 2006; Ellis-lversen et

al., 2012; Robyn et al., 2015; Battersby, Whyte and Bolton, 2016b; Frosth et al., 2020).

Chicken houses are not sealed environments and there are multiple necessary
breaches in biosecurity, both continuous and intermittent. Farm staff must enter the
chicken house environment multiple times per day (DEFRA, 2018). The risk of
transmission of pathogens by staff entry is mitigated through biosecurity protocols
(European Commission, 2017), as specified both in codes of practice (DEFRA, 2018) and
company policy. Many commonly implemented biosecurity measures, such as
establishing hygiene barriers at the entrances to chicken houses or mandating the use
of disinfectant footbaths, have been shown to reduce the risk of Campylobacter
contamination of a chicken flock (Adkin et al., 2006; Newell et al., 2011; Sibanda et al.,

2018). However, these measures are not infallible and contact between staff and birds
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can be linked to Campylobacter acquisition (Battersby, Whyte and Bolton, 2016a).
Catching of birds to be taken away for slaughter is a considerable interaction between
staff and birds, resulting in inevitable reductions in biosecurity (Millman et al., 2017),
with some studies suggesting that catches which partially depopulate a flock increase
the incidence of Campylobacter infection in remaining birds (Ellis-lversen et al., 2012;

Koolman, Whyte and Bolton, 2014; Higham et al., 2018).

Mechanical ventilation of broiler chicken houses has been postulated as a route for
infection (Hald et al., 2004; Hansson et al., 2007; Royden et al., 2016). The possibility of
insect-borne transmission of Campylobacter to broiler flocks has been suggested (Hald
et al., 2004; Royden et al., 2016), but other materials capable of passing through
ventilation systems, such as dust and aerosols, can also carry airborne Campylobacter
within the farm environment (Chinivasagam et al., 2009; Olsen et al., 2009; Sgndergaard
et al., 2014). This is further evidenced through detection of culturable airborne
Campylobacter downwind of contaminated poultry houses by Bull et al. (2006),
indicating that contaminated particulates can carry viable organisms through chicken

house ventilation systems.

Given the broad variety of environmental reservoirs that have been posited as risk
factors in chicken flock Campylobacter infection, a substantial body of explorative
studies are attested to in modern literature. However, reports conflict as to the degree
to which each potential source of infection contributes to flock contamination (Sibanda
etal., 2018), and none have been posited as having a substantive impact on the seasonal
pattern seen in Campylobacter infection in commercial broiler chickens (Robyn et al.,

2015; Hansson et al., 2016; Sibanda et al., 2018).

41.1 Chapter Aims

The aim of experiments detailed in this chapter is to ascertain whether the detection
of Campylobacter spp. in the immediate farm environment can be correlated with the
detection of Campylobacter spp. in the broiler chicken flocks grown on the same farm.
In this way, the risk posed by horizontal transfer from the farm environment can be
assessed for its role in flock infection and hence corresponded with the seasonal

incidence of Campylobacter infection in broiler chickens.
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Specifically, objectives were to:

e Monitor the air around poultry houses for aerosolised Campylobacter and assess
its likelihood as a source of infection.

e Evaluate the presence of Campylobacter in the farm environment and assess the
likelihood of transmission from the surroundings to interior of the poultry house
by personnel.

e Assess the prevalence of Campylobacter on materials and consumables being

brought into the poultry house for routine husbandry activities.

This was achieved by monitoring eleven farms over a period of 16 months, with four
monitored for an additional 12 months afterwards, and recording the Campylobacter
status of the flocks present daily, along with that of environmental samples collected

simultaneously.

4.2 Methods

For the first ten cycles of the project detailed in this chapter, the flocks observed
were the same as those described as observed in Chapter 3. Of these, farms 1A, 1B, 2A
and 3A were observed for a further seven production cycles (cycles 11 to 17). These
additional cycles were observed between April 2020 and March 2021. Cycles 11 to 17
shall henceforth be referred to as ‘Phase Two’ of the project, and all previous cycles as

‘Phase One’, as attested to in Section 2.2.

42.1 Air Sample Collection

Air samples were collected using a commercial Sartorius AirPort MD8 air sampler
(Sartorius AG, Gottingen, Germany) once per production cycle. This device has been
proven as effective in this specific role in prior published research (Sgndergaard et al.,
2014; Hoorfar et al., 2020; Johannessen et al., 2020). The age of the birds at sample
collection was chosen to represent a timepoint where chickens were present in the
house, but very unlikely to be Campylobacter positive, and hence maximising the chance
that detected Campylobacter originated from environmental sources. The full

methodology is detailed in Section 2.3.
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4.2.2 DNA Extraction from Air Samples

The DNA extraction protocol used for processing air samples was based on the
findings of Chen et al. (2003), which showed that a gelatine cell entrapment matrix could
be removed without affecting any entrapped cells through enzymatic processing, and
was verified with a pilot study using spiked air filters. The pilot study and the results

from it are detailed in Section 4.3.1, and the procedure itself is detailed in Section 2.3.

4.2.3 Bootsock Collection

Paired internal/external bootsocks were only taken for Phase Two of the project.

Bootsock swabs of the inside of the poultry house were collected daily by farmers as
per Section 2.4.1, as part of the first welfare checks of each day. Farmers were also
instructed to take an additional environmental bootsock swab each day, as part of the
first daily welfare check of the birds, as detailed in Section 2.4.2. The route walked was
between the site management office and the front door of the poultry house under

study.

Collections of bootsocks were made at the end of every cycle for return to the
laboratory. Any bootsocks to be tested were processed by suspending collected
biological debris in isotonic saline, as per Section 2.4.3. DNA was isolated using a QIAGEN
QlAamp DNA Mini Kit (QIAGEN, Hilden, Germany) as per Section 2.6, then tested for
Campylobacter presence using a multiplex qPCR as detailed in Section 2.7, with
subsequent confirmatory PCR and gel electrophoresis as per Section 2.8 if species

identity could not be ascertained by the primary gPCR.

For the sake of efficiency, not every house interior collected bootsock was tested.
Instead, one bootsock was tested every five days, from day ten until the final day of the
production cycle. Of these, if one was positive and one was negative, all bootsocks in
between these two points were also tested to isolate the first day of infection. All

environmental bootsocks were tested (n = 655).
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4.2.4 Testing of Initial Conditions prior to Chick Placement

4241 Sample Collection

At the beginning of every crop cycle, on the day of arrival of chicks for the production
process, farmers were instructed to collect six materials utilised in the placement of new

chicks, henceforth referred to as ‘initial samples’. These consisted of:

e One resealable bag (Minigrip LLC, Alpharetta, GA, USA) filled with bedding or
litter material.

e One resealable bag filled with the contents of an enrichment bale.

e One 25 ml universal tube (Starstedt AG & Co. KG, Niimbrecht, Germany) filled
with water from drinker lines.

e One 25 ml universal tube filled with starter crumb feed.

e One resealable bag containing an approximately 10 cm x 10 cm square of the
paper liner used in chick delivery boxes.

e One resealable bag containing an approximately 10 cm x 10 cm square of

cardboard sheet used to corral chicks into an area.

Farmers were instructed to take all samples while wearing nitrile gloves and store
the samples in a refrigerated environment until they could be returned to the

laboratory.

4.2.4.2 DNA Extraction and PCR Testing

Upon sample return, all initial samples were stored at 4°C until required for DNA
extraction. When needed, all samples other than water were placed in individual
stomacher bags (Seward Ltd., Worthing, UK) and 25 ml of sterile isotonic saline solution
poured upon each. The bags were then manually kneaded for one minute to disperse
any biological material collected into solution. The bags were left to stand for a further
ten minutes to allow inorganic solids to sediment, then 5 ml of supernatant transferred
to bijous and stored at -20°C for future DNA re-extraction if needed. 1 ml of supernatant
was also transferred directly to a 1.5 ml microcentrifuge tube, centrifuged at 8,000 x g

for five minutes and the supernatant removed. DNA was extracted from the resulting
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pelleted material using a QIAGEN QlAamp DNA Mini Kit (QIAGEN, Hilden, Germany) as

per Section 2.6.

Water samples were processed by placing 1 ml of the sample in a 1.5 ml
microcentrifuge tube, centrifuging at 8,000 x g for five minutes and removing the
supernatant. This process was repeated sequentially a further five times, so the total
particulate matter of 5ml of water was pelleted. DNA was extracted from the resulting
pelleted material using a QIAGEN QlAamp DNA Mini Kit (QIAGEN, Hilden, Germany) as

per Section 2.6.

4.2.5 Statistical Methods

All analyses were constructed in R (R Core Team, 2020) as detailed in Section 2.10.

For testing the independence of categorical variables, the Chi-Squared Test was
used (Section 2.10.2). Graphing and visualisation were conducted using ggplot2

(Valero-Mora, 2010; Wickham, 2016) and vcd (Meyer, Zeileis and Hornik, 2006).

4.3 Results

43.1 Extraction of DNA from Air Samples — Pilot Study Findings

A pilot study was conducted to ensure the efficacy of techniques used to separate
cells for DNA extraction from the gelatine matrix that they were adhered to. The pilot
study was based off the findings of Chen et al. (2003), regarding enzymatic treatment of

gelatine matrices to release entrapped cells.

Five gelatine membranes were streaked with colonies from a stock culture of C.
jejuni (NCTC 11168), manually broken up into small pieces and placed inside individual
2ml microcentrifuge tubes containing 1,350 ul of nuclease-free water. To each, 150 pl
of a range of five different dilutions of Proteinase K was added (0 mg/I, 1 mg/I, 10 mg/I,
100 mg/l, 1,000 mg/l). The microcentrifuge tube lids were closed and incubated at room
temperature with vigorous shaking by affixing the microcentrifuge tube to a vortex
mixer for one hour. After this, each microcentrifuge tube was centrifuged at 4,500 x g
for five minutes and the supernatant removed. DNA was extracted from the resulting

pelleted material in each microcentrifuge tube as per Section 2.6, and the concentration
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of C. jejuni DNA present in the final sample assessed using a NanoDrop One (Thermo
Scientific, Waltham, MA, USA). The results of this experiment are detailed in Table 4.1.
Based on these findings, it was determined that a concentration of 100 mg/I of
Proteinase K would be used in the final protocol, to maximise potential recovery of

Campylobacter cells from the entrapment matrix.

Table 4.1: Results from a pilot study determining the efficacy of DNA recovery of Campylobacter jejuni from gelatine
membranes used in air sampling.

Concentration of DNA Concentration
Proteinase K in Final Detected at NanoDrop
Solution (mg/l) (ng/ul)

0 8.9
0.1 14.4

1 17.9

10 6.3
100 13.3

4.3.2 Detection of Airborne Campylobacter

Due to logistical issues, air samples could only be taken from cycles 4 to 10. Of the
53 air samples collected, five were found to be Campylobacter positive (9.4%). Three of

these occurred during cycle four. The full testing results are presented in Figure 4.1.
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Figure 4.1: Testing results of air samples for Campylobacter spp., collected across eleven
broiler chicken farms. White space indicates that no sample was collected.

To assess whether the detected positive air samples were associated with the flock
subsequently becoming Campylobacter positive, a Chi-Squared Test with Yates

Correction was conducted (Table 4.2). No significant impact was found (p = 1.00).
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Table 4.2: Contingency table comparing whether an air sample taken in the farm environment at a bird age of five
days is Campylobacter positive, against whether the flock subsequently becomes Campylobacter positive at final
clearance (n = 53 production cycles).

Flock positive | Flock negative
at clearance at clearance
Air sample
positive 3 2
Air sample
negative 26 22
433 Detection of Campylobacter within the Farm Environment

Campylobacter detection in paired bootsocks, collected over Phase Two, is shown in
Figure 4.2. In total, 652 bootsocks were collected from the inside of poultry houses, of
which 233 were tested. Environmental bootsocks (n = 655) were collected and all were
tested. A summary of descriptive statistics for bootsocks collected from the house

interior can be found in Table 4.3.
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Figure 4.2: Daily testing results for Campylobacter detections inside and outside a poultry house across four broiler
chicken farms, observed over seven production cycles.

Table 4.3: Summary statistics for positive bootsocks collected inside poultry houses on farms analysed in Section
4.3.3.

Farm 1A 1B 2A 2B
Number of Cycles Tested 7 3 7 5
Number of Positive Cycles 2 1 1 4

Mean Age of Infection Onset (+SD) | 25.0+7 | 19.0 35.0 243 +6.5
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Campylobacter was only detected on bootsocks taken in the external farm
environment for two continuous periods. Positive environmental samples began
appearing on farms 1B and 3A for cycle 11 only, nine days and four days after a
Campylobacter infection had established inside the chicken house respectively. No
Campylobacter was ever found to be present in the farm environment without the
chicken house under study first being Campylobacter positive. These positive external

bootsocks occurred between 3" June and 215t June 2020.

To assess whether the pattern of Campylobacter detection observed in
environmental bootsocks could have arisen by chance, a Chi-Squared Test was
conducted (Figure 4.3). A statistically significant result was produced (p < 0.001),
indicating that there is a link between Campylobacter detection on the inside and
outside of a poultry house (X? = 107.81). The Pearson residuals of the test indicate that
positive indoor and positive outdoor bootsocks, occurring on the same farm on the same

day, came about at above the expected rate.
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Figure 4.3: Mosaic plot displaying frequencies of bootsocks taken from the interior and exterior of four poultry farms
being Campylobacter positive, along with Pearson residuals and Chi-Squared Test p-value.

434 Detection of Campylobacter in Initial Samples

Of the 516 initial samples collected, Campylobacter was only detected in five

(0.97%). Two were samples of feed, two were cardboard intended for corralling chicks,

and one was drinking water. The full testing results are presented in Figure 4.4. Table

4.4 presents the contingency table of Campylobacter detections on any of the initial

materials and the subsequently placed flock becoming Campylobacter positive.
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Figure 4.4: Campylobacter detection in six different sample types, taken from chick placement across eleven

broiler chicken farms.

Table 4.4: Contingency table giving frequencies of chicken flocks acquiring a Campylobacter infection and the
presence of Campylobacter on any of the initial materials utilised at the beginning of the production cycle.

Flock positive | Flock negative
at clearance at clearance
Campylobacter
detected on initial 2 3
materials
Campylobacter not
detected on initial 47 53
materials
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On the two occasions for which Campylobacter was detected both on initial
materials and at final flock clearance, one was a positive cardboard sample, and one

was a positive feed sample.

For all feed samples besides the single confirmed Campylobacter positive
sample, a strong 16S presence was detected by the initial PCR for Campylobacter
detection (Section 2.7), but no response was detected on any of the species-specific
primers. A subsequent enquiry utilising the primers used, as described by Lund et al.
(2004), was conducted using the National Center for Biotechnology Information’s
Basic Local Alignment Search Tool (BLAST) service (NCBI, 1988). Through this, it was
revealed that, while the primers are indeed highly selective for Campylobacter spp.,
there are other organisms that have sequences that match, including the common
agricultural gastrointestinal pathogen Brachyspira (GenBank accession number
JX232353.1), which is capable of infecting swine, birds, dogs and humans. Using the
Brachyspira 16S rRNA gene sequence as a comparative template, new primers were
designed in MEGA7 (Kumar, Stecher and Tamura, 2016) specifically to exclude
Brachyspira but include Campylobacter spp. 16S rRNA genes. These are described in
the PCR for species confirmation (Section 2.8). All feed samples were further tested
according to this method and, for all samples besides the singular sample previously
identified as Campylobacter positive, no Campylobacter 16S rRNA genes were

detected.

4.3.5 Thinning, Previous Flocks and Campylobacter incidence

Full testing results for collected pairs of bootsocks is presented in Figure 4.5. Of
the 119 thin/clear sample pairs collected, 44 were found to be positive at clearance
(37%), of which 24 were already positive at thinning and 20 were found to have

acquired their infection between thinning and clearance.
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Figure 4.5: Testing results for Campylobacter presence on bootsocks collected from thinning and clearance across
eleven chicken houses.

104



To assess whether flock acquisition of Campylobacter between thinning and
clearance varied seasonally, a Chi-Square analysis with Yates’ Correction was performed
(Figure 4.6; p < 0.001). It was found that there was a statistically significant association
between a flock being Campylobacter positive at thinning and subsequently being
positive at clearance, regardless of season. For production cycles presenting as
Campylobacter negative at thinning, fewer became subsequently positive in the winter

than summer (17% and 28% respectively).
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Figure 4.6: Mosaic plots displaying frequencies of positive and negative Campylobacter detections at thinning and
clearance amongst poultry flocks, along with Pearson residuals and Chi-Squared Test p-value, by season (summer
defined as April to September, winter as October to March).
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To assess whether the Campylobacter status of the preceding flock impacted the
status of the succeeding one, a Chi-Square analysis was performed (Figure 4.7; p =
0.187). No significant difference was observed, both for whether the Campylobacter

status of a previous flock influences the next, or whether this varies with season.
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Figure 4.7: Mosaic plots displaying frequencies of positive and negative Campylobacter detections at final clearance
and whether the same Campylobacter detection result was observed in the preceding flock, along with Pearson
residuals and Chi-Squared Test p-value, by season (summer defined as April to September, winter as October to
March).
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4.4 Discussion

In this study, materials entering and surrounding chicken houses were assessed for
Campylobacter spp. presence, in addition to routine monitoring of the Campylobacter
infection status of chicken flocks kept within the same houses. Through statistical
comparison, the author aimed to assess the likelihood of breaches in biosecurity, such
as air that could be passed through ventilation, personnel entering the chicken house
and consumable materials routinely brought inside, as origins of Campylobacter
infection in the chicken flocks housed within. However, detections of Campylobacter
across all sample typed did not reveal any widespread contamination, and so no
hypothesis of external origins of Campylobacter infection could be supported by the

work conducted.

There is limited evidence in the findings presented here that materials required at
the beginning of a broiler chicken production cycle, such as bedding and feed, are
contaminated with Campylobacter spp. and hence are unlikely to be a primary source
of subsequent flock infections. There are comparable studies in published literature,
such as Battersby, Whyte and Bolton (2016b), which tested chick paper for
contamination with Campylobacter using PCR-based techniques and found no
contamination present on any samples, across several farms and production cycles. This
provides good evidence to back up the conventional wisdom in research of
Campylobacter in broiler chickens that vertical transmission does not play a role in flock

acquisition of the bacterium (Bull et al., 2006; Callicott et al., 2006).

Campylobacter was found on chick starter feed on two occasions in this study, and
hence represents a rare event which cannot be connected to subsequent flock infection.
Feed has been explored as a potential route of Campylobacter infection in prior
published research and confirms our presented findings as being absent of
Campylobacter on delivery from the supplying feedmill (Bull et al., 2006; Hansson et al.,
2007), but it has been suggested as a potential intra-flock vector, becoming
contaminated once in the poultry house and communicating Campylobacter between
individual birds (Bull et al., 2006; Alves et al., 2017). One surprising finding from the
results presented here is the presence of a strong response on all feed samples when

analysed by PCR according to the 16S rRNA gene primers described by Lund et al. (2004)

107



for Campylobacter detection. The feed used throughout this project is made exclusively
by Avara Foods Ltd. for use with their own flocks and primarily consists of wheat, soya
bean meal and vegetable oil (Avara Foods Ltd., personal correspondence, 2018). No
sequences in the wheat or soya genome were discovered upon an investigation using
NCBI BLAST (NCBI, 1988) which matched to any significant degree with the PCR primers,
suggesting that it is not a coincidental match in the products which make up the feed
that is causing the spurious result. A match was, however, found with a yet-unclassified
Brachyspira spp. isolated in swine, and the observed spurious amplification did not
manifest when using primers specifically designed to exclude it. Brachyspira are known
to infect avian species and can cause a disease known as spirochaetosis, although non-
pathogenic strains which colonise chickens also exist (Medhanie et al., 2013; Mappley,
La Ragione and Woodward, 2014). The results presented here do not necessarily suggest
the presence of Brachyspira as there is potential for the sequence to match a yet
unidentified bacterial species, nor do they suggest the presence of a live pathogen in
the feed as it is heat-treated prior to delivery and the PCR will readily pick up the DNA
of dead cells. Overall, the presented work suggests that Campylobacter spp. were not
present in feed, as presented to the poultry house from the feedmill, at any prevalence

that would suggest it as a primary disease vector.

Of flocks that were Campylobacter positive at clearance, fewer acquired their
infection over the period between thinning and clearance (45%) than already had
acquired an infection prior to thinning. These findings align with another study of UK
broiler flocks by Goddard et al. (2014), which found that, of flocks that were positive at
clearance and had previously been thinned, 48% acquired their infection within two
days of thinning. However, since no comparison can be made in the novel work
presented in the current chapter to equivalent flocks that were not thinned, any
conclusions from it concerning whether the practice of thinning has an impact on
Campylobacter acquisition are limited. Most studies of UK broiler chicken flocks agree
that the practice of thinning does represent a substantial risk to flock infection (Allen et
al., 2008; Lawes et al., 2012; Goddard et al., 2014; Higham et al., 2018). However, no
current studies, to the knowledge of the author, have found evidence of variability in

the risk posed by thinning on flock Campylobacter infection between seasons. A
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significant difference is presented here in the proportions of flocks acquiring
Campylobacter post-thin between summer and winter (Figure 4.6). This is consistent
with a decreased risk of Campylobacter acquisition brought about by a breach in

biosecurity during winter months.

No Campylobacter was detected within the farm surroundings outside of an active
and ongoing infection of a flock (Figure 4.2). Campylobacter spp. were found on two
occasions on bootsocks collected in the farm environment. These detections happened
on two separate farms during concurrent production cycles. On both occasions,
detection occurred only after an infection had begun within the chicken house under
study. This finding is in keeping with the hypothesis that movement of Campylobacter
in the farm environment is predominantly from inside the chicken house to outside.
During related research, Bull et al. (2006) found that Campylobacter originating from a
positive chicken flock were readily detectable in the air outside of the infected house.
Both farms in the study detailed in this section that had Campylobacter-positive
environmental samples had ventilation that extracted from the poultry house directly
onto the margins between houses, and thus could potentially be more prone to
contaminating the environment than houses which extract from the roof ridge, at an
altitude away from farm personnel. The fact that no Campylobacter was found in the
environment outside of these isolated incidents provided some evidence that
Campylobacter infections in chicken flocks are not likely to originate from environmental
contamination being carried in by farm staff. However, Battersby, Whyte and Bolton
(2016a) demonstrated that chickens that did not come into contact with farm staff were
significantly more protected from Campylobacter than those with regular staff contact,
and so staff picking up these external Campylobacter originating from within the chicken
shed may be responsible for intra-farm transmission, from house to house on the same
farm, once an infection has begun in at least one house. (Battersby, Whyte and Bolton
(2016b), contrary to the work presented in this study, detected Campylobacter on the
tarmac apron outside poultry houses before the flocks contained within became
Campylobacter positive, noting that levels detected on the tarmac increased once a flock
had become positive. These swabs were, however, of a different type to the ones

utilised in this chapter, consisting of sponges moistened in Maximum Recovery Diluent
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(MRD), as opposed to the bootsocks. While bootsocks are likely to provide the more
accurate representation of what is likely to be carried into the broiler house by farm
personnel, the sponges used by Battersby, Whyte and Bolton (2016b) are more likely to
dislodge organisms present due to the friction applied with the sponge compared to the
brief contact made with the surface to be sampled with the bootsock. In pairwise
comparisons, dampened swabs have been shown to be more effective at sampling
poultry environments for human pathogens (Byrd et al., 1997) and so the MRD applied
to the sponge may have improved the ability of by Battersby, Whyte and Bolton (2016b)

to recover organisms.

The air samples collected during the research presented in this chapter represent
the only samples on which Campylobacter was detected in the environment surrounding
the chicken house when Campylobacter was not already present and established within.
However, no statistical link was found to suggest that a positive air sample at a bird age
of five days can influence the terminal Campylobacter state of the associated production
cycle, in part due to the limited sample number and resulting lack of statistical power.
The device used was the same model that was successfully used in Campylobacter
detection studies (S@ndergaard et al., 2014; Hoorfar et al., 2020; Johannessen et al.,
2020), all of which managed to successfully use the same apparatus as utilised in the
present study to detect airborne Campylobacter in chicken farm environments, and so
any lack of detection is not likely due to the ineffectiveness of the sampling procedure.
All the aforementioned studies, however, used the device for sampling within the
interior of a chicken house, rather than the external environment as detailed in the work
presented in this chapter, and so a direct comparison in findings cannot be made.
Zweifel et al. (2008) attempted to culture Campylobacter from the air entering a chicken
house across different bird ages but was unable to culture any from any sample taken.
Bull et al. (2006) was able to detect Campylobacter in the air near a chicken house, but
this was achieved by sampling downwind of a house containing Campylobacter-positive
birds, and hence the organisms are likely to have originated from the infected flock.
Based on the lack of detection noted on air samples in the work presented in this
chapter, along with the proven effectiveness of the sampling methodology both in the

pilot study and in research published by other authors, we hypothesise that airborne
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transmission of Campylobacter is unlikely to be a contributing factor to flock infection.
Evidence could not be found to suggest that poultry house ventilation is a substantial
enough breach of biosecurity to allow a flock to become infected with Campylobacter

through contaminated particulates.

4.5 Conclusions

This study found little evidence of Campylobacter contamination on bedding, feed
or other materials routinely brought into contact with broiler chickens. There is also
limited evidence of environmental Campylobacter from outside the chicken house
providing a source of infection. For these reasons, the origin of Campylobacter
seasonality is likely to originate from other factors that encourage proliferation of extant
Campylobacter within the chicken house, rather than any seasonal emergence of

Campylobacter reservoirs capable of transfer to housed chickens.
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5 Extraintestinal spread, loading and species variation of

Campylobacter in broiler chickens across seasons.

5.1 Introduction

The gut microbial composition of broiler chickens is of high commercial importance,
not only because it is vital in its role of efficient conversion of feed to body mass and
hence more saleable chicken meat (Torok et al., 2011; Bae et al., 2017), but also in its
ability to help regulate and prevent pathogens from infecting the gastrointestinal tract,
when it is properly established with appropriate species (Choi, Lee and Sul, 2015; Clavijo
and Fldrez, 2018; Rychlik, 2020). For this reason, feed additives with the potential to
modulate gut microflora have been in recent development for use in Campylobacter
control (Thibodeau et al., 2015; Guyard-Nicodeme et al., 2016; Meunier et al., 2016;
Clavijo and Flérez, 2018), although this is still an emerging field of research with little
impact on actual industrial practice as of present. Due to the emerging nature of this
field of research, no good characterisation of a ‘healthy’ chicken gut has been put
forward yet, with particular confoundment brought on by the potential impact of
differences in diet and genetics across different production systems (Borda-Molina,

Seifert and Camarinha-Silva, 2018).

Campylobacter infection amongst broiler chicken flocks is not a uniform disease, but
instead can cause a range of pathologies. The breed of chicken has an impact on the
resulting disease manifestation post-infection, with greater extraintestinal spread of
Campylobacter, intensified clinical symptoms, and heightened immune responses
manifesting in faster-growing breeds such as those used in commercial broiler chicken
production (Williams et al., 2013; Humphrey et al., 2014). Different C. jejuni strains have
been shown to induce highly varied immune responses from chicken intestinal tissues
(John et al., 2017), with some strains taking on distinct infection dynamics from others,
both inside the chicken gut and in their systemic spread to other tissues (Chaloner et al.,
2014). There is also evidence to suggest that environmental stresses placed upon broiler
chickens, such as heat stress, transport, and pre-slaughter feed withdrawal, can increase

their susceptibility to colonisation by organisms such as Campylobacter, but the
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underlying mechanisms have not been well-explored in literature to date (Humphrey,
2006; Rostagno, 2009; Quinteiro-Filho et al., 2012; Verbrugghe et al., 2012; Lara and
Rostagno, 2013).

Campylobacter spp. have been noted to cause symptoms of hepatitis in broiler
chickens, known as ‘spotty liver disease’ within the poultry industry (Jennings et al.,
2011; Crawshaw et al., 2015; Van, Elshagmani, et al., 2017). While in recent years the
precise Campylobacter species responsible for causing spotty liver disease has been
proposed as a novel species closely related to C. jejuni, named as C. hepaticus (Van et
al., 2016), C. jejuni has been noted to cause identical symptoms under certain conditions
(Jennings et al., 2011) and C. hepaticus has been found within the gut as well as the liver
(Van, Gor, et al., 2017). Since this is an emerging body of research, it is possible that
various species of Campylobacter may be responsible for incidences of both spotty liver

disease and gastrointestinal infection reported in the poultry industry.

Itis known from prior research that both Campylobacter strains present in UK broiler
chicken flocks, and the composition of the chicken gut microbiomes they inhabit, alter
seasonally, although the interaction and magnitude of these factors are not known
(Jorgensen et al., 2011; Oakley et al., 2018). Considering how the complex host-
pathogen-environment interaction demonstrated in current research can be influenced
by parameters that alter according to season, investigating this as a potential source of
the seasonal trends observed in Campylobacter infections in broiler chickens is not only

possible, but paramount. However, to date, this has not been conducted.

5.1.1 Chapter Aims

The aim of experiments detailed in this chapter was to ascertain whether the
dominant species of Campylobacter infecting commercial broiler chicken flocks, and the
loading of Campylobacter observed, altered seasonally. Additionally, further
experiments sought to examine whether changes to the composition of the chicken gut
microflora, gut damage caused by Campylobacter infection, and extraintestinal spread
of Campylobacter, change between summer and winter. In this way, seasonal variations

in the infection dynamics of Campylobacter, and the bird gut which it infects, can be
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examined for explanatory factors in driving the observed seasonality of Campylobacter

infections.
Specifically, objectives were to:

e Evaluate whether the species or loading of Campylobacter observed infecting
broiler chicken flocks changed across the year.

e Assess the damage acquired by the chicken gut upon Campylobacter
infection, and whether it differed with season or species.

e Assess extraintestinal spread of Campylobacter to the liver, and whether it
differed with season or species.

e Measure the community 16S rRNA gene composition of the chicken gut and
evaluate whether any changes occurred upon infection with Campylobacter,

or if there are apparent differences across seasons.

This was achieved by monitoring eleven farms over a period of 16 months and
recording the Campylobacter status of the flocks daily. Following this, a subset of four
farms were monitored for an additional 12 months afterwards, with environmental
samples collected simultaneously alongside those collected for Campylobacter

detection.

5.2 Methods

For the first ten cycles of the project, the flocks observed were the same as those
described as observed in Section 3. Of these, farms 1A, 1B, 2A and 3A were observed for
a further seven production cycles (cycles 11 to 17). These additional cycles were
observed between April 2020 and March 2021. Cycles 11 to 17 shall henceforth be
referred to as ‘Phase Two’ of the project, and all previous cycles as ‘Phase One’, as

reported in Section 2.2.

5.2.1 Bootsock Collection and Testing
The bootsocks collected and tested for the research conducted in this section are
the same as those detailed in Section 3.2.2, occurring through Phase One of the project.

These were collected by the farmer as part of the first welfare check of the day.
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5.2.2 Viscera Sample Collection

Viscera collection and testing only occurred over Phase Two of the project and was
carried out as detailed in Section 2.5 on ten birds per clearance per farm. This gave one
set of ileal contents, caecal contents, liver section and ileal section for every bird

sampled, stored at -20°C after collection.

5.2.2.1 PCR Testing

For ileal and caecal contents, DNA extraction was performed using a QIAGEN
QlAamp Fast Stool Mini Kit (QIAGEN, Hilden, Germany), as detailed in Section 2.6. Lysis
was conducted at 95°C to ensure that total bacterial DNA was extracted. Each extract
was tested for Campylobacter presence using a multiplex gPCR as detailed in Section
2.7, with subsequent confirmatory PCR and gel electrophoresis as per Section 2.8 if

species identity could not be ascertained by the primary qPCR.

5.2.2.2 lleal Section Assessment

Histological preparations were carried out by a third party within NHS Wales. Tissue
specimens were fixed and embedded in paraffin, sections cut and stained with
haematoxylin and eosin (H&E) using standard NHS histology protocols. These were then
photographed using a microscopy system and examined in Aperio ImageScope 12.4.6
(Leica Biosystems Imaging, Inc., Wetzlar, Germany). On each viable micrograph, ten
villus lengths and ten corresponding crypt depths were measured in the software using

the ruler annotation tool, as demonstrated in Figure 5.1.

115



Figure 5.1: Example of chicken ileal tissue, stained with H&E, with crypt depth and villus length recorded. Three villi
lengths are given on the right of the image, three crypt depths inside the circular structures on the left.

5.2.3 Community 16S rRNA Gene Analysis

The DNA extracted from caecal and ileal contents, as described in Section 2.5, were
further assessed for their microbiome composition. This was conducted by a third party
within Swansea University, using the Illlumina MiSeq system (lllumina Inc., San Diego,
CA, USA). The resulting reads were analysed using the mothur software suite v1.46.1
(Schloss et al., 2009), following the SOP for preparation of a single dataset described by
(Kozich et al., 2013). Accepted reads were limited to any between 248 and 256 base
pairs in length, with no ambiguous base pairs. All reads were aligned with the SILVA
ribosomal RNA database v132 (Quast et al., 2013), consisting of 695,171 ribosomal RNA
reference sequences with at least a 1% dissimilarity to each other. All chimaeric

sequences were excluded from the final dataset.
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5.2.4 Statistical Methods

All analyses were constructed in R (R Core Team, 2020) as detailed in Section 2.10.

For testing the independence of categorical variables, the Chi-Squared Test was used
(Section 2.10.2). Graphing and visualisation were conducted using ggplot2 (Valero-
Mora, 2010; Wickham, 2016) and vcd (Meyer, Zeileis and Hornik, 2006). Graphs and
visualisations were constructed using ggplot2 (Valero-Mora, 2010; Wickham, 2016) and
vcd (Meyer, Zeileis and Hornik, 2006). For all plots describing the constituent model
partials of GAMs, model partial values are centred with a Y-axis value of zero
representing the mean value for the variable modelled in the graph. Therefore, positive
values indicate when an explanatory variable, on the X-axis, has affected the model in a
way that moves the modelled variable in a positive direction away from the mean, and
vice-versa, with Y-axis magnitude showing any change in the variable predicted by the
model away from the mean. For graphing each model partial, all other variables not
represented by the Y-axis but incorporated in the model are held at their mean value.
For GAM model partial graphs describing categorical variables, such as farm, the X and

Y axes are reversed.

5.24.1 Shannon Diversity Index

The Shannon Diversity Index (SDI) is a means of measuring the diversity of a given
sample set, given the proportion of each of its constituent sample groupings, such as
species or genera, present. In this study, it was calculated as described by Shannon

(1948).

The formula for SDI is given as:

SDI = —Zpi X In (p;)

In which pi is the proportion of the entire set of constituting of sample group i.
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5.3 Results

531 Campylobacter Species Across Seasons

Of the 119 production cycles tested, Campylobacter was present in 47 of them
(39%), of which 37 were C. jejuni (79%), 3 were C. coli (6%) and 7 were a coinfection of
C. coli and C. jejuni (15%). Farms 1B, 1C, 2B, 3B and 3D never acquired an infection with

C. coli, either on its own or as part of a coinfection. Figure 5.2 demonstrates the

proportions of each species detected on each farm throughout the present study.

Farm 3A had a higher proportion of C. coli among Campylobacter infections than

other farms. Only farms 3A and 3C had infections with only C. coli present.
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Figure 5.2: Proportions of each Campylobacter species tested for present on each farm in the study.
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To assess whether different species are more likely to appear at certain times of year
than others, a Chi-Square analysis with Yates’ Correction was conducted (Figure 5.3).
While it was not found that there is a statistically significant difference in the ratios
observed in C. jejuni and C. coli between summer and winter (p = 0.150), infections
resulting from C. coli alone were only present in summer months, and of the ten

infections observed with C. coli present, seven of them occurred between April and

September.
Season
Summer Winter
S
= Pearson
D 4 3 residuals:
[
O
8 3
2]
=3
T
b
1
8
Q — 00
£
L}
= =
o C
£ 2 16 21
3=
— 12
p-value =
0.14965

Figure 5.3: Mosaic plot displaying the frequencies of infections in broiler chicken flocks by Campylobacter jejuni,
Campylobacter coli, and coinfections of the two organisms, against season (summer defined as April to September,
winter as October to March).

5.3.2 Damage to the Chicken Gut
To assess damage sustained by the chicken gut, sections taken from the ilea of flocks

slaughtered through Phase Two were analysed as per the method described in Section
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5.2.2.2. Histological preparations were photographed using microscopy and the villus-
to-crypt ratio was determined in Aperio ImageScope 12.4.6 (Leica Biosystems Imaging,
Inc., Wetzlar, Germany). In total, 87 ileal sections were assessed out of the 100 collected,
with the remainder excluded due to an inability to distinguish gut features correctly,

through improper slide preparation or sample degradation.

A summary of analysed samples can be found in Table 5.1.

Table 5.1: Summary of villi lengths (um), crypt depths (um) and villus:crypt ratios of chickens sampled from four
different farms across three production cycles. n = 10 villi and 10 crypts per sample, 87 samples total. Standard
deviation = 286.0 for villus lengths, 62.3 for crypt depths. Grand mean = 676.7um for villus lengths, 123.3um for
crypt depths.

Villus Length Cycle 14 Cycle 15 Cycle 17
1A 481.1 1197.0
1B 534.7 658.5
2A 855.4 619.7 639.6
3A 586.6 868.5
Crypt Depth Cycle 14 Cycle 15 Cycle 17
1A 136.9 129.0
1B 113.5 84.5
2A 151.3 109.1 110.5
3A 134.3 127.7
Villus:Crypt Ratio Cycle 14 Cycle 15 Cycle 17
1A 3.51 9.28
1B 4,71 7.79
2A 5.65 5.68 5.79
3A 4.37 6.80

Due to issues with receiving and delivering necessary reagents through the COVID-
19 pandemic in 2020, samples could only be collected over a relatively small length of
time. Figure 5.5 gives the number of positive and negative ileal sections received over

the project, with ileal contents tested by qPCR as described in Section 5.2.2.1 and
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corresponding with a matching ileal section collected at the same time from the same

chicken. Figure 5.4 gives villus:crypt ratios separated by season.
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Figure 5.4: Villus:Crypt Ratios observed in chicken ileal sections, separated by season of year of collection. Autumn is
defined as September and October, winter as November and December, and spring as February and March.
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Figure 5.5: Histogram of the number of ileal sections from chickens both Campylobacter positive and negative, as
collected and histologically analysed in Phase Two of the project.
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Villus:crypt ratios and the number of negative ilea can be seen to increase together
over the observation period (Figure 5.4, Figure 5.5). An ANOVA analysis testing the
differences in villus:crypt ratios between seasons, shown in Figure 5.4, showed a
statistically significant difference (F = 38.580, p < 0.001, df = 2). Subsequent comparison
of means by Tukey’s HSD revealed that the villus:crypt ratios observed were statistically
distinct across all seasons (p < 0.001 between spring and autumn, p < 0.001 between

winter and autumn, p = 0.049 between winter and spring).

Comparisons were made between the length of villi and depth of crypts in
Campylobacter positive (n = 40) and negative (n = 47) birds through a two-way ANOVA,
as described in Section 2.10.10. The villus:crypt ratio was found to be statistically
significantly lower in ileal samples taken from chickens infected with Campylobacter (F
=20.039, p < 0.001, df = 1), with a mean villus:crypt ratio of 6.64 for negative birds and
4.70 for positive. Further ANOVA analyses revealed that villus length was significantly
different between Campylobacter positive and negative samples (F = 19.186, p < 0.001,
df = 1; mean negative length 770 um, mean positive length 567 um), but not crypt depth
(F = 1.064, p = 0.305, df = 1). The farm the bird was raised on was found to have a
statistically significant impact on villus length (F = 8.733, p < 0.001) and crypt depth (F =
6.464, p < 0.001), but not the villus:crypt ratio (F = 1.651, p = 0.184, df = 3). The Tukey
HSD results for ANOVA analyses of villus length and crypt depth against farm are given
in Table 5.2.

Table 5.2: p-values for Tukey’s HSD Tests, comparing villus length and crypt depth on histological examination of
chicken ileal sections against farm of chicken origin (1A, 1B, 2A, 3A). p-values less than 0.05 are highlighted in bold.

Villus Length Crypt Depth
1A 1B 2A 1A 1B 2A
1B | <0.001 1B | 0.001
2A| 0.349 0.008 2A| 0.580 0.058
3A| 0.145 0.175 3A| 1.000 0.008

0.891
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The differences between Campylobacter positive and negative flocks for observed

parameters are displayed in the boxplot presented in Figure 5.6.
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Figure 5.6: Villus lengths and crypt depths for Campylobacter positive and negative ileal samples taken from
slaughtered chickens through Phase Two of the presented project.

To assess the interaction of season and Campylobacter status in determining the
extent of damage to the chicken gut, a two-way ANOVA was conducted, with
Campylobacter detection at gqPCR, season and farm as factors used to describe the
length of villi observed in ileal sections. It was found that there was no statistical impact
from Campylobacter detection (F=1.413, p =0.238, df = 1) and the interaction of season
and Campylobacter detection (F = 0.027, p = 0.869, df = 1), but there was from season
(F = 13.780, p < 0.001, df = 2) and farm (F = 9.371, p < 0.001, df = 3). Statistically

significant results of this analysis are shown in Figure 5.7.
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Figure 5.7: Villus length in chicken ileal sections separated by season of year of collection and Campylobacter
detection at gPCR. Autumn is defined as September and October, winter as November and December, and spring as
February and March.

Average body weights from each flock at slaughter were provided from the records
of Avara Foods Ltd. In order to assess if the observed differences in gut villus length
manifested in different final weights of each flock, a Spearman’s Rho calculation was
conducted between the recorded average body weights and villus length of each flock

assessed (n = 9). However, no correlation could be found (p = 0.810, p =-0.10).
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5.3.3 Bacterial Loading of Campylobacter Across Seasons

To assess the loading of Campylobacter, caecal samples from final bird clearances
were analysed using quantitative PCR, described in Section 2.7. An initial DNA
concentration for each sample was measured using a NanoDrop One (Thermo Scientific,
Waltham, MA, USA) and, using the Cq values of each PCR, a copy number present within
each sample for each Campylobacter gene tested for was also calculated using the
formulae described in Section 2.7.2. From this, it is possible to calculate the number of
copies of Campylobacter genes present in the initial known concentration of DNA
extracted. Overall, this constituted 100 samples. Figure 5.8 presents the results

separated by farm and season.
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Figure 5.8: Boxplots demonstrating the variation in copy numbers of Campylobacter observed in caecal sample total
DNA extracts, separated by season (Figure 5.8A, left) and by farm (Figure 5.8B, right). n=100 samples. Y-axes are
logarithmic.
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To test whether season has an impact on the levels of Campylobacter observed in
caecal samples, a GAM was constructed, using DNA concentration, season, and farm as
predictors in the copy number of Campylobacter observed. The output measures from

this model are detailed in Figure 5.9.

According to the model, Farm 3A was found to have significantly higher levels of
Campylobacter loading than other farms tested (p = 0.033). No significant difference was
observed across season (p = 0.195). A positive correlation was detected with the

concentration of DNA detected on the NanoDrop One (p = 0.002).
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Figure 5.9: Details from a Generalised Additive Model output, predicting the impact of farm (Figure 5.9A, top left),
season (Figure 5.9B, top right; p = 0.195) and DNA concentration recorded on a NanoDrop One device (Figure 5.9C,
bottom left; p = 0.002) on the copy number of Campylobacter observed in caecal samples obtained from cleared
broiler chicken flocks (n = 100). Summer defined as April to September, winter as October to March.

126



To assess the bacterial load of Campylobacter on positive bootsocks across seasons,
the qPCR enumeration data analysed in Phase One of the project were assessed across
seasons. To achieve this, a GAM was constructed, using the month of the year, the
number of days the sample was taken after the infection first began in the flock and the
concentration of the DNA in the sample to predict the number of copies of
Campylobacter DNA, calculated from the qPCR Cq values as detailed in Section 2.7.2,

observed in the quantitative PCR output. This is demonstrated in Figure 5.10.
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Figure 5.10: Details from a Generalised Additive Model output, predicting the impact of month (Figure 5.10A, left; p
<0.001), days since the onset of infection (Figure 5.10B, middle; p = 0.018) and extracted DNA concentration (Figure
5.10C, right; p = 0.033) on the logarithmic (base 2) transformation of the number of copies of Campylobacter DNA
detected in bootsock samples collected inside chicken houses (n = 189).

All three parameters were found to be statistically significant. The month of year
was found to be statistically linked to Campylobacter abundance in the sample (p <
0.001), with a maximum occurring around April and a minimum occurring around
October. The copy number of Campylobacter was found to be linearly associated with
the number of days after a Campylobacter infection began that the sample was taken (p
=0.018) and the total concentration of DNA that was obtained after extraction from the

bootsock sample (p = 0.033).
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5.3.4 Extraintestinal Spread of Campylobacter
To assess whether more virulent Campylobacter strains occurred at certain times of
year, all collected liver samples (n = 80) were tested by qPCR as detailed in Section

5.2.2.1. The results of this testing is given in Figure 5.11.
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Figure 5.11: Campylobacter detections in broiler chicken livers, by gPCR across four farms and three production
cycles.

Only four positive liver detections were made, two each in cycles 14 and 15 on farm
2A. These four livers all came from chickens that also had Campylobacter positive caecal
contents. However, bootsocks collected from farm 2A across both cycles 14 and 15, both

interior and exterior, did not test positive for Campylobacter at any point.

Welch’s Two-Sample t-Tests were conducted comparing Campylobacter detection in

the liver of a chicken with matching villus lengths (p = 0.650, df = 3.848) and crypt depths
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(p = 0.539, df = 3.581); neither showed a statistically significant difference between

positive and negative groups.

5.3.5 The Chicken Gut Microbiome and Campylobacter

Community 16S rRNA gene data was derived from DNA extracted from the caecal
contents of 191 birds, collected across four farms and five production cycles. A summary
of the proportions of each phylum seen for each farm and production cycle can be found

in Figure 5.12.
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Figure 5.12: Proportions of abundance of different phyla of bacteria observed in 16S microbiome analysis of broiler
chicken caecal contents (1,225,542 reads from 191 samples), separated by farm and production cycle. Any phyla
with under 5000 reads (Cyanobacteria, Epsilonbacteraeota, Fusobacteria, Patescibacteria, Proteobacteria,
Synergistetes and Verrucomicrobia) were excluded from this graph due to lack of visibility.
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Most reads were from Firmicutes (50.1%), followed by unclassified bacteria (20.1%),
Tenericutes (13.1%), Bacteroidetes (11.8%) and Actinobacteria (4.5%). Seven other
phyla (Cyanobacteria, Epsilonbacteraeota, Fusobacteria, Patescibacteria,
Proteobacteria, Synergistetes and Verrucomicrobia) constituted 0.3% of observed reads

combined.

Figure 5.13 gives the proportions of Campylobacter positive and negative caecal
contents across seasons, after testing by qPCR as described in Section 5.2.2.1. A peak in

positive detections can be observed to last from July to October.
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Figure 5.13 Histogram of the number of caecal contents with and without Campylobacter on qPCR testing.

The Shannon Diversity Index (SDI; Section 5.2.4.1) was calculated, to describe
diversity across genera, for each sample with over 1,000 reads (n = 186, mean = 1.931).
To assess whether differences in diversity of genera are apparent in the caecal contents
of broiler chickens across seasons, and with the presence or absence of Campylobacter
detection in the caeca, an ANOVA analysis was constructed. The Shannon Diversity Index

of the caeca, as explored in this analysis can be seen in Figure 5.14.
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Figure 5.14: Boxplots demonstrating the variation in Shannon Diversity Index amongst the caecal contents of broiler
chickens (n=186) across season of collection, farm and whether Campylobacter was detected in the same sample at
gPCR.

In the information provided in Figure 5.14, the season of sample collection (F=5.772,
p = 0.017) and Campylobacter status (F = 4.938, p = 0.028) of each caecum proved to
have a statistically significant impact on SDI, but the interaction of these parameters was
not statistically significant (F = 3.465, p = 0.06). Average SDI was greater in winter than

summer, and in Campylobacter positive samples.

To understand whether any differences in the proportions of each observed phylum
in caecal contents influenced whether a flock was Campylobacter positive, a fitted GAM

was constructed with binomial data derived from the Campylobacter status of each bird
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with at least 1,000 bacterial reads (1 for positive, O for negative; n = 189), derived from
PCR testing of caecal contents, using the natural logarithm of the count of each phylum
observed in the same caeca, farm, season and the number of total bacteria observed
per sample as predictor variables (Figure 5.15). The logarithmic transformation was
applied to enable a more meaningful analysis of the data, given the distribution

observed.
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Figure 5.15: Details from a Generalised Additive Model output, predicting the impact of the natural logarithm counts
of Actinobacteria (Figure 5.15A; p = 0.817), unclassified bacteria (Figure 5.15B; p = 0.493), Bacteroidetes (Figure
5.15C; p < 0.001), Firmicutes (Figure 5.15D; p = 0.135) and Tenericutes (Figure 5.15E; p = 0.191) in caecal contents,
farm (Figure 5.15F), season (Figure 5.15G; p < 0.001), and the natural logarithm of the count of all bacteria observed
per sample (Figure 5.15H; p = 0.045) on the probability of a broiler chicken flock being Campylobacter positive at
final clearance.

Some farms were more prone to Campylobacter infection than others (p < 0.05 for
all farms), and Campylobacter was more prevalent in summer than winter (p < 0.001).

The presence of Bacteroidetes was associated with an increased probability of a
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Campylobacter infection (p < 0.001) and the total count of bacteria was negatively

correlated with the probability of a Campylobacter infection (p = 0.045).

To test if there were differences in the proportions of any of the genera of bacteria
discovered in 16S sequencing in Campylobacter positive and negative caeca, a SIMPER
analysis was conducted, comparing the proportions of each of the 71 genera of bacteria
detected. A summary of the most statistically significant groups is presented in Table

5.3.

Table 5.3: Genera of bacteria present in community 16S analysis of broiler chicken caeca content with a p-value of
less than 0.05 for dissimilarity between Campylobacter positive and negative samples at SIMPER analysis, along with
the cumulative contribution made to difference between groups (%).

Abundance Abundance Cumulative
(Campylobacter | (Campylobacter | contribution
Genus positive) negative) (%) p-value
Campylobacter 7.8 4.3 98.8 0.001
Clostridiales 50.1 97.6 95.8 0.003
(unclassified)
Bilophilia 0.7 1.3 99.8 0.008
Gastranaerophilales 1.3 0.6 99.7 0.010
Helicobacter 33 1.5 99.5 0.012
Bacteroidia 46.9 135.1 87.8 0.020
(unclassified)
Ruminococcaceae 328.4 472.5 69.9 0.030
(unclassified)
Desulfovibrio 0.6 0.0 100.0 0.031
Flavonifractor 2.4 3.2 99.6 0.035
Odoribacter 513.7 366.5 61.4 0.039
Megasphaera 169.2 53.8 84.9 0.046
Bacillales 0.5 1.0 99.8 0.048
(unclassified)
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Of species observed to be significantly different between positive and negative
caeca, six increased in abundance when the caecum was Campylobacter positive, and
six decreased. All had been previously observed in published research of chicken gut or
caecal microbiota (Torok et al., 2011; Sergeant et al., 2014; Maki and Looft, 2018;
Kubasova et al., 2019b; Rychlik, 2020; Xiao et al., 2021). Odoribacter and unclassified
Ruminococcaceae were the largest groups present, each constituting around 7% of the
average composition of caecal samples, with the total species presented in Table 5.3
accounting for over 18% combined. A general trend was present of Gram-positive
organisms being lower in abundance and Gram-negative organisms being higher in
abundance in Campylobacter positive samples. The only exceptions to this were Gram-
positive Megasphaera, which was more abundant in Campylobacter positive samples,
and Gram-negative Bilophila and unclassified Bacteroidia, which were both less

abundant in Campylobacter positive samples.

To test if there were differences in the proportions of any of the genera of bacteria
discovered in 16S sequencing across seasons, a SIMPER analysis was conducted,
comparing the proportions of each of the 71 genera of bacteria detected. A summary of
the most statistically significant groups is presented in Table 5.4. Five genera proved to
be statistically significantly different both between Campylobacter positive and negative
samples and between samples collected in summer and winter: Campylobacter,
Clostridiales (unclassified), Bacteroidia (unclassified), Odoribacter and Bacillales
(unclassified). Ruminococcaceae was almost statistically significantly different between
seasons (p = 0.055). In samples collected during the summer, over which time a peak in
infections is expected, proportional changes in keeping with those observed in
Campylobacter positive caeca were seen in Bacteroidia (unclassified), Bacillales
(unclassified) and Clostridiales (unclassified). Campylobacter and Odoribacter both

decreased in summer, whereas they had increased with Campylobacter infection.
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Table 5.4: Genera of bacteria present in community 16S analysis of broiler chicken caeca content with a p-value of
less than 0.05 for dissimilarity between samples collected in summer and winter at SIMPER analysis, along with the
cumulative contribution made to difference between groups (%). Summer is defined as April to September, winter as
October to March.

Abundance Abundance Cumulative
Genus (Summer) (Winter) contribution (%) | p-value
Coriobacteriales 1.2 14.0 98.5 0.001
(unclassified)
Bacillales 0.4 1.6 99.7 0.001
(unclassified)
Mollicutes 39.0 197.6 79.5 0.003
(unclassified)
Clostridioles 0.1 0.5 100.0 0.006
Erysipelotrichaceae 225.8 425.1 69.2 0.007
(unclassified)
Clostridiales 58.4 119.5 95.7 0.007
(unclassified)
Faecalitalea 92.9 156.7 89.6 0.010
Bacteroidia 65.4 166.9 81.9 0.028
(unclassified)
Tyzzerella 1.1 4.2 99.5 0.028
Firmicutes 224.9 387.5 73.2 0.030
(unclassified)
Campylobacter 5.1 8.8 98.6 0.033
Atopobiaceae 14.3 65.4 96.5 0.037
(unclassified)
Tyzzerella (3) 0.0 0.1 100.0 0.047
Lactobacillus 8.5 14.6 98.1 0.048
Odoribacter 377.0 615.7 60.1 0.049
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Since Campylobacter 16S detections did not correlate across summer and winter as
it did between positive and negative flocks, a two-way ANOVA was conducted, with
Campylobacter detection at qPCR, season and farm as factors used to describe the
abundance of Campylobacter 16S detections. Figure 5.16 shows variation in
Campylobacter abundance in caeca separated by Campylobacter detection at qPCR and

season, and Table 5.5 and Table 5.6 gives resultant p-values from the ANOVA analysis.
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Figure 5.16: Campylobacter 16S copy numbers in chicken caecal contents, separated by Campylobacter detection via
gPCR and season. Summer is defined as April to September, winter as October to March.

Table 5.5: p-values from an ANOVA analysis of Campylobacter 16S abundance in chicken caecal contents.

Parameter p-value
Campylobacter detection 0.061
via qPCR
Season 0.012
Farm <0.001
Interaction between 0.946
Campylobacter detection
via gPCR and season
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Table 5.6: p-values for Tukey’s HSD Tests, comparing Campylobacter 16S abundance in chicken caecal contents
against farm of chicken origin (1A, 1B, 2A, 3A). p-values less than 0.05 are highlighted in bold.

1A 1B 2A
1B 0.421
2A 0.940 0.680
3A 0.055 <0.001 0.004

Table 5.5 shows that season and Campylobacter detection via gPCR showed no
interaction in determining the number of Campylobacter 16S detections in caecal
contents. Farm proved to be highly statistically significant in terms of Campylobacter
16S abundance. Farm 3C had the highest copy numbers, with an average of 13.5
detections per sample, and farm 1B had the lowest, with an average of 1.6 detections
per sample. While season proved to be statistically significant in the ANOVA detailed in
Table 5.5, a subsequent Welch’s Two-Sample t-Test comparing the abundance of
Campylobacter 16S in samples positive at qPCR testing collected in summer (n = 80,
mean = 7.2) and winter (n = 11, mean = 11.9) showed no significant difference between

seasons (p = 0.318, df = 84.411).

In order to assess whether gross proportional changes in the caecal phyla occur
across both seasons and Campylobacter status, a two-way ANOVA was conducted, with
Campylobacter detection at gPCR, season and farm as factors used to describe the ratio
of Firmicutes to Bacteroidetes observed in caecal contents. The results of this can be

seen in Table 5.7. No groups were statistically distinct from one another.
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Table 5.7: p-values from an ANOVA analysis of the Firmicutes:Bacteroidetes ratio in chicken caecal contents.

Parameter p-value
Campylobacter detection 0.259
via qPCR
Season 0.124
Farm 0.432
Interaction between 0.254
Campylobacter detection
via qPCR and season

5.4 Discussion

This chapter aimed to investigate whether physiological or microbiological changes
to the chicken gut altered between seasons, and if such changes could be associated
with Campylobacter incidence. This was achieved by examining the extent of gut
damage and 16S rRNA gene composition of caecal contents of broiler chickens, of known
Campylobacter status at gPCR examination of caecal contents, across seasons.
Significant changes were found in the microbial composition of chicken caeca, both
between summer and winter and in Campylobacter positive and negative birds. There
was a notable similarity in the changes that occurred between seasons and those that
occurred between Campylobacter positive and negative, suggesting that there is
interaction between Campylobacter infection, season, and chicken gut microbiota.
Additionally, gut damage was observed to be significantly increased in summer months,

which may have an impact on Campylobacter infection dynamics at that time of year.

The findings of this chapter corroborate most published research, in that C. jejuni is
the dominant species of Campylobacter observed in broiler chickens, followed by C. coli
(Bull et al., 2006; Nather et al., 2009; Jorgensen et al., 2011). However, no direct
statistical association could be found between season and the prevalence of either C.
jejuni or C. coli. Differences in the proportions of C. coli and C. jejuni in Italian broiler
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chicken flocks was found across seasons in work by Manfreda et al. (2006), with higher
proportions of C. jejuni found in winter. This is anecdotally supported in the study
presented in the current chapter by the fact that C. coli infections were exclusively
observed in summer months, but due to a very low statistical power (n = 3) this cannot
be resolved through statistical analysis. Nather et al. (2009) performed a similar study,
across 75 farms, and similarly determined no difference in the proportion of different
species across seasons, with an approximate split of 70% C. jejuni and 30% C. coli
observed year-round. However, Nather et al. (2009) detected far less C. jejuni - C. coli
coinfections than were found in the work presented in this chapter. This could be due
to the culture- and enrichment-based methodology of Nather et al. (2009), which is
known to have the potential to introduce bias in the species of Campylobacter that are
recovered (Williams et al., 2012), particularly in dealing with samples containing mixed
Campylobacter species when compared to detection by PCR (Arnold et al., 2015). For
these reasons, it can be stated that the findings of species proportionality can be
interpreted as having a more accurate representation of the actual composition of
infections on commercial farms, especially in terms of mixed populations of

Campylobacter spp.

The bacterial load of Campylobacter on bootsocks varied with season. However, the
peak in loading was observed in March and the lowest values were observed in October.
The GAM displayed in Figure 5.10 implies that this seasonal pattern alone is associated
with an approximately four-fold change in Campylobacter enumeration. This pattern
precedes the seasonality of incidence conventionally observed on UK broiler flocks by
around three months (Ellis-Iversen et al., 2009; Lawes et al., 2012). A comparable finding
to this pattern of timing was reported by Stern et al. (2001), who found that
Campylobacter contamination of excreted caecal contents among US broiler flocks
followed a seasonal pattern with a spring peak and autumn dip, while contamination of
faecal samples followed the more conventional summer peak and winter dip pattern.
This is suggestive of broader changes to chicken intestinal microflora, with regular
seasonal changes which may prove conducive to Campylobacter infection. Since
Campylobacter infection rates do not increase at the same time as loading levels, it also

suggests that it may be the faecal shedding of Campylobacter, the process which allows
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the organism to spread from one chicken to another, that follows a seasonal pattern,
with higher shedding in warmer months. This may point towards a more severe form of
the resultant iliness being more likely to occur in summer, possibly due to modulations

in the chicken gut microbiota or heat stress.

In the present study, ileal villus length was found to be 26% shorter, on average, in
broiler chickens which had been infected with Campylobacter. The atrophy of intestinal
villi has previously been reported as a prominent characteristic of Campylobacter
infection in chickens (Lamb-Rosteski et al., 2008; Humphrey et al., 2014; Awad et al.,
2015), possibly due to the production of Cytolethal Distending Toxin (Awad et al., 2015),
and is exacerbated in the faster-growing breeds of chicken used in commercial
production (Humphrey et al., 2014). Additionally, upon further statistical elucidation, it
was revealed that the season of sample collection played a larger, statistically significant
role in villus length than Campylobacter status, with a clear trend towards improved gut
integrity as the seasons associated with increased Campylobacter infections waned.
Inflammation and microbial composition of the chicken gut are known to have a
bidirectional relationship, each being capable of dramatically altering the other (Kogut
et al.,, 2018), and so the damage observed in this chapter may be indicative of
physiological damage in response to pressures other than Campylobacter infection. The
observed gut damage may be indicative of heat stress (Quinteiro-Filho et al., 2012;
Varasteh et al., 2015; Nanto-Hara et al., 2020; Ruff et al., 2020) and therefore serves as
an explanation of how Campylobacter infections spread more readily within a chicken
house in summer, due to diarrhoea brought on by an inflamed lower gastrointestinal

tract.

Campylobacter was only detected in the livers of chickens on four occasions (Figure
5.11). No statistical difference could be discerned between Campylobacter positive and
negative livers in the level of gut damage observed. However, all four of those detections
occurred on the same farm over two consecutive production cycles, and all occurred in
birds whose caecal contents tested positive for C. jejuni. Colonisation of the liver by C.
jejuni is posited to be strain-dependent, or to be reliant on other predisposing factors
being present for successful invasion of the liver (Jennings et al., 2011). It is also possible

that C. hepaticus, a close relative of C. jejuni which shows a high level of genetic likeness
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to it, could be the cause of Campylobacter presence in the liver (Van et al., 2016; Van,
Gor, et al., 2017), and the genomic similarity of these organisms could have resulted in
a false attribution by the qPCR method used for speciation. In either instance, the repeat
detection of Campylobacter in the livers of chickens from the same chicken house
suggests that it may have been the same strain or species of Campylobacter in each of
these instances. The fact that these occurred across successive production cycles
indicates that these infections may have originated from a common source that is

capable of repeat infections of that chicken house.

The Shannon Diversity Index of broiler chicken caecal contents changed both with
season and Campylobacter infection (Figure 5.14). Bacterial diversity in the chicken gut
is known to be significant in determining growth performance outcomes (Bae et al.,
2017), and hence these findings may be commercially relevant. However, while the
presented work here is highly indicative of an increase in diversity in winter months, this
contradicts the prior findings of Oakley et al. (2018), who noted a decrease in the
number of species present at the same time of year. It was also noted that
Campylobacter positive caeca from the work described in this chapter were consistently
more diverse than negative caeca. Sofka et al. (2015) assessed diversity across
Campylobacter status amongst faecal samples and, while a statistical significance was
not put forward, a tendency towards increased diversity when samples are
Campylobacter negative was noted. However, this project also identified a statistically
significant link between Campylobacter positive flocks and the total abundance of
bacteria, with both the gross amount of bacterial 16S rRNA gene DNA decreasing under
infection conditions, along with the abundance of most phyla identified as contributing
to the changes in microflora composition observed when Campylobacter positive. For
this reason, the increase in diversity may be due to a reduction in the population of
formerly numerous genera of bacteria, as a reduction in the most populous genera will
result in a higher proportion of the gut composition belonging to otherwise rarer

species, thereby increasing the SDI.

Firmicutes were observed to constitute the most numerous phylum out of all those
detected in chicken caeca (50.1%), an observation consistent with the vast majority of

prior studies of chicken intestinal microbiota (Clavijo and Flérez, 2018; Kers et al., 2018),
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and hence provides evidence that reported results are comparable with existing
research. Distinct changes to the microbial composition of caeca were found to be
present both when Campylobacter was detectable via qPCR, or across different seasons.
Thibodeau et al. (2015) noted a decrease in Mollicutes spp. when a Campylobacter
infection was present in the chicken gut, and similarly the work conducted in this
chapter suggests that a decrease in Mollicutes spp. occurs in summer months compared
to winter. Mollicutes species are generally pathogenic, such as Mycoplasma
gallisepticum which causes chronic respiratory disease in chickens (Saif, 2020).
Ruminococcaceae and Clostridiales were also noted to have decreased under
Campylobacter positive conditions in the work presented in this chapter. Two previous
studies have suggested that these increase with Campylobacter infection (Kaakoush et
al., 2014; Connerton et al., 2018), but Thibodeau et al. (2015) suggested that some
species of Clostridia show up to a five-fold reduction in the presence of Campylobacter.
Megasphaera, a butyrate-producing bacterial phylum usually associated with healthy
chicken gut flora (Maki and Looft, 2018; Rychlik, 2020), was found to have increased
with Campylobacter infection, despite purported associations between butyrate and
resistance against pathogens such as Campylobacter in literature (Sunkara et al., 2011;
Zhou et al., 2014; Fan et al., 2021). These changes are all suggestive of immunological
modulation of the gut brought about by the challenge represented by Campylobacter
(Clavijo and Flérez, 2018) and active responses to infection. The inconsistencies between
studies highlight the extent that additional factors that vary between research projects,
such as the breed of chicken used, the gut bacteria of the breeder birds from which the
study birds originated, or dietary regime employed, might have on the initial conditions
of the gut (Borda-Molina, Seifert and Camarinha-Silva, 2018; Clavijo and Flérez, 2018)

and hence the changes they undergo in response to an infection challenge.

Changes to the microbial composition of chicken caecal contents were noted as
occurring seasonally in this study. For the most part, these changes were remarkably
similar as those observed between Campylobacter positive and negative samples, with
summer caecal contents aligning well with Campylobacter positive caecal traits. In both
summer and Campylobacter positive caeca, the greatest magnitude of change from

winter or negative caeca was in a loss of Gram-positive organisms, with an unclassified
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Clostridiales spp. and other Firmicutes being particularly prominent in defining both. Of
all the phyla of bacteria observed in chicken caeca throughout the study, only
Bacteroidetes showed a correlation with Campylobacter infection of the same caecum
(Figure 5.15), a finding put forward anecdotally but not statistically by Sofka et al. (2015).
Firmicutes and Bacteroidetes are considered to be the two most important phyla in the
human gut, with the Firmicutes:Bacteroidetes Ratio widely used as a broad monitoring
statistic of gut dysbiosis (Stojanov, Berlec and Strukelj, 2020). This statistic has also been
posited as being biologically relevant to chicken gut regulation (Xu et al.,, 2016).
Alterations of this ratio in both positive and negative directions are indicative of poor
broiler performance or external stressors (Bae et al., 2017; Shi et al., 2019; Yin et al.,
2021). Between the finding in Figure 5.15 that Bacteroidetes are significantly increased
under Campylobacter infection conditions and the parallel trend of Firmicutes
populations significantly decreasing in both summer and in Campylobacter positive
caeca, there is evidence of gut dysregulation of the same type happening both in warmer
months and during Campylobacter infection. However, due to the relatively low number
of samples and narrow window of time over which they were collected, it is not possible
to statistically resolve how much of the observed changes were due to Campylobacter
infection or season independently. Higher rates of Campylobacter infection occurred
over the summer and this will put an inevitable skew on some of the analyses due to
interaction. The analysis in Table 5.7 which attempted to resolve whether
Firmicutes:Bacteroidetes ratios were distinctly different across both seasons and
Campylobacter status did not show any statistically significant result. However, since the
two SIMPER analyses conducted (Table 5.3 and Table 5.4) showed that different genera
of bacteria belonging to the same phylum were significant in the differences between
summer and winter caeca and the differences between Campylobacter positive and
negative caeca, there is evidence that these observed changes are, to a degree,

independent of one another.

5.5 Conclusions
This work demonstrates that chicken gut microflora undergoes seasonal alterations
that are in keeping with the changes seen when compromised by Campylobacter

infection. Several key correlations have been identified as important in linking season,
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Campylobacter infection and the integrity and composition of the chicken
gastrointestinal tract. For this reason, seasonal patterns of Campylobacter infection may

be explained through seasonal changes to the chicken gut microbiome.
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6 General Discussion

6.1 Seasonality of Campylobacter in commercial broiler chicken flocks

Human cases of campylobacteriosis are often directly attributable to prior exposure
to chicken meat contaminated with Campylobacter spp. (Cody et al., 2010; Silva et al.,
2011; Skarp, Hanninen and Rautelin, 2016), and therefore infected broiler chickens
destined for retail as fresh meat pose a significant public health risk. With an estimated
250,000 annual cases of human Campylobacter infection in the UK (McCarthy et al.,
2021) and mandated targets in UK law to reduce chicken carcass contamination
(European Union, 2017; National Archives, 2017), there is significant demand within the
poultry industry for farm-based interventions to prevent the inception of Campylobacter

infection in commercial broiler chickens raised for meat.

In the UK, Campylobacter infection of commercial chicken flocks occurs in a
predictable seasonal pattern, with a peak in infections during summers (McDowell et
al., 2008; Jorgensen et al., 2011). However, the origins of this seasonality remain
relatively unexplained by research up to the present (Hansson et al., 2016).
Understanding what drives seasonal trends in Campylobacter infection amongst chicken
flocks could reveal insights into how flocks initially become infected, and hence lead to

improvements in biosecurity and help keep Campylobacter out of the food supply chain.

6.2 Outcomes of research objectives

The work carried out in this thesis was based upon five initial research objectives,
detailed in Section 1.7.2 and based on gaps in current knowledge on Campylobacter
seasonality amongst commercial broiler chicken flocks. The resultant findings shall be

detailed in the present chapter.

By assessing whether broiler chicken flocks became Campylobacter positive sooner
in their lives during summer in Section 3.3.8, it was found that season did not have an
impact on the bird age at which infections began. Analyses of chicken house
construction parameters and Campylobacter incidence, as described in Section 3.3.7,
suggested that both wooden posted house construction and side inlet ventilation
systems are linked to increased risk of Campylobacter infection of the flocks contained

within. Through monitoring Campylobacter contamination of the farm vyard
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environment surrounding the chicken house and comparing to the Campylobacter
status of the flock housed within, as detailed in Sections 4.3.2 and 0, it was determined
that Campylobacter originating outside of the chicken house is not a likely origin of flock

infections.

Comparison of the microbial composition of chickens across seasons and both with
and without a detectable Campylobacter infection, as per Section 5.3.5, revealed that
seasonal changes occur to the proportions of different species within the chicken gut
microbiota, with summer gut composition having distinct parallels with those seen
under a Campylobacter infection state. Assessment of damage sustained to the chicken
gut throughout the project, as detailed in Section 5.3.2, showed decreased villus lengths

in summer months, indicating a higher level of damage or inflammation at this time.

6.3 Chicken house construction impacts flock Campylobacter incidence.

The construction of the house containing the observed chicken flocks proved to be
a key factor in determining the likelihood that the flock contained within went on to
acquire a Campylobacter infection. Specifically, wooden posted houses were found to
be more prone to infection than their steel and clearspan counterparts. Other factors,
such as heating system, also were implicated in the likelihood of Campylobacter
acquisition. These house construction parameters proved to have a higher impact upon
the probability of a given chicken flock becoming infected by Campylobacter than any
other recorded parameter throughout Phase One of the presented body of work. While
they are not able to be directly associated with the original aim of elucidating the origins
of seasonal trends in Campylobacter infections, the findings based on house
construction are worthy of note for their potential utility in reducing Campylobacter

burden in the poultry industry.

Itis possible that the observed relationships of certain house ventilation systems and
construction materials to Campylobacter infection of the flocks kept within could have
connections to Campylobacter infection seasonality. A combination of insect exposure
risk and temperature and humidity management issues during warmer months may
result in some housing systems being more able to cope with seasonal disease

challenges than others. Recent research also suggests that changes in chicken house
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disinfection routine can modulate the gut microflora and Campylobacter burden of the
chickens housed within immediately post-cleaning (Fan et al., 2021). Since wooden
surfaces are not as readily decontaminated as other materials (Welker et al., 1997) and
the work presented in Section 5.3.5 indicates that pronounced seasonal changes occur
to the populations of bacteria within the chicken gastrointestinal tract, it is possible that
there is a link between the broiler house construction material, how easily it can be
cleaned between production cycles and how susceptible the chicken gut environment is
to pathogenic colonisation by Campylobacter. Post-disinfection drying of surfaces
contaminated by chickens infected with Campylobacter is critical for effective
inactivation of any residual Campylobacter (Morgan et al., 2022), and different materials
will dry at different rates (Mujumdar, 2000). Environmental humidity, which impacts
drying time, is heightened in colder months as seen in Figure 3.8, but the temperature
differential between inside and outside the poultry house is greater in winter. As
disinfection occurs in the days preceding the arrival of new chicks, temperatures inside
the house are elevated so they will be at the required 34°C at time of placement. Since
air can hold more moisture at higher temperatures, the relative humidity of incoming
cold air is drastically reduced as it is heated by the house heating system (University of
Kentucky, 2022), thereby increasing the drying potential of a poultry house in cold
environmental conditions. However, it should be noted that UK broiler flocks tend to
experience issues when drying litter and bedding materials during the chicken rearing
process in winter months (Hermans et al., 2006), contrary to what may be expected. The
issue of ‘wet litter’ is linked to inadequate ventilation (Dunlop et al., 2016), a control
parameter that is indeed usually minimised in cold environments to reduce excessive
heat loss from the chicken house (Aviagen, 2010), but challenges in drying the chicken
house environment when birds are present does not necessarily hold true when there
are no birds present. For this reason, there is cause to believe that the differences in
house construction materials and ventilation systems may interact with disinfection
procedures through their inherent impact on drying, and consequently this may impact
the vulnerability of chickens contained within the house to Campylobacter infection.
This effect may become more pronounced under certain weather conditions, due to the

impacts of humidity and temperature on the ability to dry out the contents of the poultry
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house, thereby allowing Campylobacter a greater chance of surviving the disinfection

process.

6.4 Modulations in the chicken gut microflora occur across seasons and with

Campylobacter.

Numerous, congruent changes occurred in the chicken gut microbiota, both across
seasons and between Campylobacter positive and negative samples. Seasonal
differences in the composition of broiler chicken intestinal microbiota have been
detailed in prior research in the field (Oakley et al., 2018), along with observed changes
that occur with heat stress on the birds (Quinteiro-Filho et al., 2012; Shi et al., 2019;
Rostagno, 2020; Cao et al., 2021; He, Maltecca and Tiezzi, 2021; Yin et al., 2021). The
known interaction between chicken gastrointestinal microbiota and Campylobacter is
not unidirectional, with evidence in existing literature both for the pressure that gut
microflora can impart upon Campylobacter (Chintoan-Uta et al., 2020; Almansour et al.,
2021; Almansour, 2022) and for the impact that Campylobacter can have on the
constituent species in the chicken gut (Johansen et al., 2006; Sofka et al., 2015;
Connerton et al., 2018). Indeed, some authors have noted this two-way interaction
(Kaakoush et al., 2014; Sakaridis et al., 2018) and the difficulties it can place on knowing
whether statistically significant changes arise from Campylobacter infection or initial
differences in gut microbiota between chicken populations. The composition of bacteria
within the chicken gut is determined to a great extent by environmental factors, as
chickens evolved to acquire their microbiota from adult hens, which is generally not
possible in commercial chicken production due to the hatchery systems in place
(Kubasova et al., 2019a; Rychlik, 2020). For this reason, the level of biosecurity, diet and
housing conditions that young chicks are exposed to greatly determine their future
intestinal microflora (Kers et al., 2018). In this way, the chicken house environment,
thermal stressors and Campylobacter presence all feed into determining the species
present in the chicken gut, and hence how capable the chicken gut is at dealing with a
pathogen challenge such as Campylobacter. This explains why each farm was statistically
distinct in analyses throughout this project, due to differences in house microbial

composition and style of management employed by the farmer, and why it has been a
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challenge up to the present to identify the core factors which are responsible for

Campylobacter seasonality.

Changes in the chicken gut associated with Campylobacter infection tended towards
alterations in the gross numbers of bacteria, reflected in the lower total bacterial count
numbers and increase in diversity observed in Section 5.3.5. This contrasts with the
seasonal changes observed, which instead tended to reflect in gut damage and
differences in the abundance of bacterial species present in the gut. This difference may
suggest that each parameter is indeed having an independent impact on the chicken, to

a degree, and that the analyses conducted here can reflect this.

Physical damage to the chicken gut was observed when a Campylobacter infection
was detectable by gqPCR. This is in keeping with the current scientific consensus that
Campylobacter should not be considered a typical component of the gut microbiota of
broiler chickens (Smith et al., 2005; Humphrey et al., 2014; Wigley, 2015; Pielsticker et
al., 2016) and indicates the extent of damage that infection can bring about. However,
damage reduced over the course of the observation period during Phase Two of the
project, transitioning from a period of high risk of Campylobacter infection to one of
lower probability, and it was this temporal trend which was by far more strongly
associated with the observed shortening of villi. The integrity of the chicken gut is known
to be directly negatively affected by both acute and chronic thermal stress (Nanto-Hara
et al., 2020; Mazzoni et al., 2022), including the observed reduction in villus length
(Nanto-Hara et al., 2020; Rostagno, 2020), immunological inflammation responses
(Varasteh et al., 2015; Ahmad et al., 2022) and increased permeability of the intestinal
lumen to the point of gastrointestinal leakage (Ruff et al., 2020). Campylobacter infects
the chicken gut through adhesion and invasion into the epithelial cells of the lumen
(Hermans et al., 2011), and thus the damage that the gut appears to have sustained
during warmer months, independent of detectable levels of Campylobacter in the flock,

is likely to provide a boost in virulence of the bacterium.
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6.5 Environmental sources are not responsible for Campylobacter infections

in broiler chickens.

Potential environmental sources of Campylobacter were surveyed for causal
connection with acquisition of Campylobacter by concurrent broiler chicken flocks,
detailed in Chapter 4. However, very little evidence was found of environmental
reservoirs of Campylobacter with potential to breach the biosecurity of a chicken house.
Bootsocks collected along the paths farmers walk to enter the chicken houses were
consistently absent of Campylobacter unless an infection was already ongoing in the
chicken house. Few detections were made in samples of the air around the chicken
house, and a scant minority of samples collected from materials introduced to the

chicken house at initial chick placement tested positive for Campylobacter.

When compared to the findings of other published research which found
considerably more environmental Campylobacter outside of periods of flock infection
on similar sample types and locations, a temptation is present to question aspects of the
methodologies employed in this thesis. Purely molecular methodologies were used
here, to minimise species biasing from culturing in selective media (Williams et al., 2012)
and remove the necessity for any Campylobacter spp. present on swabs or within
samples to be still living at the point of testing. Bacterial DNA can survive at room
temperature in a state where it can be extracted and amplified by PCR for at least one
year (Young et al., 2007). Throughout the project, samples were refrigerated or frozen
upon return to the laboratory after experiencing at most one production cycle (up to 40
days) at ambient temperatures, and testing of stored samples proved to give positive
gPCR results at timepoints up to 12 months after collection. Consecutive positives are
also seen throughout the presented body of work in this thesis, with the majority of
flocks remaining Campylobacter positive in daily bootsock testing following the first
detection of Campylobacter, demonstrating the repeatable efficacy of the testing

regime employed here.

Previous research in isolating Campylobacter from rural environments has shown
that its seasonal prevalence does not correspond with infection patterns observed in
humans or chickens (Jones et al., 2017). Additionally, presence of environmental
Campylobacter on farms which routinely produce Campylobacter positive chickens has
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been shown to be no higher than on farms which do not (Hansson et al., 2007). Prior
studies have also found low detection rates similar to those presented here (Thakur et
al., 2013; 0.8% of samples) when testing swabs of the farm yard adjacent to the chicken
house, or samples of bedding and feed. However, despite its fastidious requirements for
active proliferation, environmental persistence of Campylobacter in soils, waters and
other materials can pose a risk of infection to chickens (Bronowski, James and
Winstanley, 2014), and persistent environmental Campylobacter in areas such as
chicken house anterooms has been identified as a known risk factor for chicken flock
Campylobacter infection (Ellis-lversen et al., 2012). Overall, based on the analyses
conducted as part of the research presented here and knowledge from prior studies,
environmental loading of Campylobacter seems an unlikely origin for the seasonal
trends observed in chicken flock infections. However, this leaves the authors unable to
comment on the likely ultimate origin of Campylobacter among broiler chickens, due to
limited evidence within the presented work for any likely sources. Campylobacter
transmission into the chicken house from outside may therefore comprise a ‘rare event’
that can seed multiple repeat infections in subsequent production cycles once it has

established itself in the chicken house environment.

6.6 Seasonality of Campylobacter infections is highly multi-factorial, and its

origins remain obscure.

The presented body of research identified no one single underlying factor that
contributes most heavily to Campylobacter seasonal variations in commercial chicken
flocks. Instead, the author hypothesises that many smaller factors each contribute to
the overall picture of seasonality. Many factors that were anticipated to have a causal
link to Campylobacter infection rates in broiler chickens in the working hypotheses of
this thesis either showed no associations with season or were not significant sources of

Campylobacter.

Given the lack of detection of environmental Campylobacter throughout the study,
the author does not posit direct transmission of Campylobacter from surfaces, aerosols
or dust as being likely origins of campylobacteriosis in commercial chicken production.
Similarly, transmission via materials such as bedding, water and feed, introduced
throughout the poultry process across biosecure barriers, is unlikely to be responsible
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for the onset of observed infections in this project. Considering the tendency of certain
farms towards infection by rarer species of Campylobacter, as seen in Section 5.3.1,
there is some evidence for re-infection of a given chicken house, cycle after cycle, from
a source such as the interior of the poultry house when insufficiently disinfected
between flocks. This is given further credence by the fact that houses constructed of
timber were observed to be more prone to Campylobacter acquisition by flocks of
chickens contained within, as this material choice is not as readily sanitised as the sheet

metal that more modern houses are constructed from (Welker et al., 1997).

There is evidence throughout this thesis that signs of heat stress, such as intestinal
damage, are apparent in warmer months, and that these may be conducive to
Campylobacter’s ability to infect chickens. As observed in Figure 3.13, a loss of control
of chicken house temperatures was noted in summer months, resulting in temperatures
exceeding those recommended for the chickens. However, a statistical link between
acute heat stress events and the onset of Campylobacter could not be established. In
fact, the onset of Campylobacter infection was not impacted by season, as observed in
Section 3.3.8, with the mean age of acquisition of Campylobacter remaining constant
year-round. This suggests that the heat stress symptoms observed are more subtle in
origin than simply elevated temperatures. Over winter months, the temperature
differential between the heated interior of the chicken house and the exterior are much
higher than in summer, resulting in lower relative humidity within the chicken house in
winter as the heated air is capable of holding more moisture (University of Kentucky,
2022). Chickens primarily thermoregulate through direct body-to-air heat transfer, and
can supplement this when temperatures are raised beyond a level they can tolerate by
evaporative means through panting (Aviagen, 2010). For this reason, thermal stresses
can be more effectively handled by chickens when humidity is lower. In this way, the
effect of elevated relative humidity in chicken houses in summer combined with
ineffective means of controlling house temperatures may induce symptoms of thermal
stress in chickens, which in turn may lead to an environment within the chicken gut

conducive to Campylobacter infection.
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6.7 Suggestions on future research

Technologies have been specifically developed for housed chicken production in hot
geographical climates, such as evaporative cooling pads, water misters and tunnel
ventilation. These have been shown to adequately reduce internal house temperatures
to within tolerable welfare conditions for chicken production (Datekin, Karaca and Yildiz,
2009; Dunlop and McAuley, 2021) and are not currently in widespread use in UK broiler
chicken production. Research into the impact of climate change trends on commercial
chicken production suggests that regions which previously did not usually employ any
cooling method beyond active ventilation are now considering implementing in-house
evaporative cooling measures, or even air conditioning (lzar-Tenorio et al., 2020). Given
the trends observed in UK climate in recent years, more cooling has been suggested as
a future welfare and productivity prerogative in management of all kinds of livestock,
not just chicken production (Wreford and Topp, 2020). For this reason, future
experiments assessing the feasibility in the UK of broiler production systems and house
ventilation or cooling designs adapted to warmer climates could be conducted for their

impact on Campylobacter control.

Control of chicken gut bacteria already plays an important role in the poultry
industry’s pathogen reduction strategy, with numerous commercial bacterial probiotic
products in regular use in UK hatcheries specifically with the intent of seeding the guts
of newly hatched chicks with bacteria which can outcompete pathogens such as
Campylobacter spp. (Heimesaat et al., 2021; Fortomaris et al., 2022). These products are
a relatively recent innovation and are still under constant improvement and efficacy
testing by their manufacturers. While it is known, both from the work conducted in this
thesis and prior findings, that chicken gut microbiota is altered by both elevated
temperatures and pathogenic infections (He, Maltecca and Tiezzi, 2021), the inverse also
appears to be true, with evidence of resistance to both heat stress and Campylobacter
infection being conferred from certain bacterial species which can be introduced to the
chicken gut (Chintoan-Uta et al., 2020; Almansour et al., 2021; Jiang et al., 2021;
Almansour, 2022). Development of new probiotics which take into account recent
findings in the interaction between gut microbiota, heat stress and immunological

modulation could provide effective control of Campylobacter across seasons.
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Additionally, feed additive solutions could be explored for long-term, continued
microbial modulation of the gut as a form of Campylobacter management (Molnar et

al., 2015; Guyard-Nicodéeme et al., 2016; Clavijo and Fldrez, 2018).

It is not only the observed changes in gut microbiota which could be a target of
future research, but also the damage sustained to the gut during periods of heightened
Campylobacter infections. Probiotics and feed additives have been put forward as a
means of alleviating these symptoms (Varasteh et al., 2015; Ahmad et al., 2022), but
utilising broader approaches such as employing more thermotolerant breeds of chicken
(Kennedy, Lichoti and Ommeh, 2022; Liang et al., 2022) or employing thermal
conditioning methods on young chicks (Ouchi et al., 2021) may prove to improve the
resilience of UK poultry producers to both thermal stress-induced production losses and

Campylobacter infections.

6.8 Project hindrances, their impact on stated objectives and critique of the

presented study

As stated in Section 1.7.2, the original purpose of the work contained in this thesis is
to explain what drives seasonal patterns in Campylobacter infections among commercial
broiler chicken flocks. To this purpose, all of the experiments carried out were originally
intended to take place over an unbroken span of many months, in an attempt to
examine parameters across a range of seasons. However, due to issues caused by the
COVID-19 pandemic, farmers withdrawing from the project or missed sample
collections, there are unavoidable gaps in the dataset when compared to the originally
planned number to be collected and assessed. For these reasons, and others, in some
cases it may not be possible to resolve statistical differences or infer seasonal trends,
due to incomplete sampling regimes and reduced sample numbers. Originally, the
methodology of Phase Two was to be informed by the findings of Phase One, resulting
in experiments tailored to answering the open questions left behind after analysing the
results of the first phase, but the restrictions of the pandemic resulted in a scaling back
of efforts to what was practical to implement at that time. The presented results
represent the extent of what could be ascertained under the limitations that the

circumstances imposed upon the work conducted.
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Whilst this thesis is able to give light to some of the many factors which lead to the
observed seasonal trends in Campylobacter infection among broiler chickens, it
ultimately cannot give a conclusive, comprehensive answer to the original question
posed. This is due to limitations in the presented work that manifested across the study
period. The eleven farms engaged with the study were self-selected from a recruitment
drive among the 168 farms supplying Avara Foods Ltd., and therefore only represent
those engaged enough with research to participate. This may have biased the farm
selection towards farmers more likely to take current research into account or otherwise
have practices in their management style that may not truly be reflective of widespread
industry practice. It also confines the farms involved in the study to only those in a single
geographic region, following the production guidelines of a single company, and hence
the results will only pertain as true to these exact circumstances. Future studies in this
field may wish to broaden the scope and number of farms to those under different
parent companies, or in other regions or nations, to assess if findings are more universal

than what can be ascertained here.

Another necessary practical limitation to the study was the transit time and storage
temperature of the routine bootsock swabs tested throughout both phases of the
project, as described in Section 3.2.2, which may have resulted in some degradation of
the DNA detected. However, bacterial DNA is surprisingly robust post cell death and will
persist for many months (Young et al., 2007), and the repeated detection on subsequent
days of Campylobacter in this study pays testament to this. Due to the limitations of
time and resources, it was also not possible to test every individual bootsock collected,
and instead a method of selecting samples for test which identifies the first day of
infection was devised, as detailed in Section 3.2.2. This may have resulted in some short-
duration infections being missed if they fell in the four-day window between negative
samples. The gPCR-based approach to Campylobacter detection employed throughout
this thesis is also not without flaws; Since no culture-based approach was used, there
can be no measurement of the viability of Campylobacter detected, and so some
detections in this project may have been of dead bacteria that could not have had any

impact on chicken infection.
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One of the major limiting factors of this research has been the length of time given
for research to be conducted over. When analysing seasonal trends, multiple years are
generally favoured for gaining statistical significance and ensuring that unique events
that affect a single year can be accounted for. This was not the case with this project,
as, due to the phased design and constraints on timespan, the longest continuous period
of testing occurred for a span of 18 months. This limitation is reflected in the fact that
the usual reduction of cases of Campylobacter infection among broiler chickens was not
observed over the winter of 2018-2019 in Phase One, but was observed in the winter of
2019-2020 and throughout Phase Two of the project. This curtailed the statistical power
of any analyses into Campylobacter seasonality attempted in Section 3.3. A significant
improvement to this study could have been gained through extending the period of time

over which samples were collected into multiple continuous years.

6.9 Implications of findings presented in this thesis on the poultry industry

Based on the understanding gained in Section 3.3.7 on the impact of house
construction on the likelihood of a chicken house to become Campylobacter positive,
efforts should be made to modernise older farms with wooden houses and LPG heating.
Particular attention should be made to aspects of house design concerning surfaces on
which Campylobacter could evade disinfection and the resilience of the heating and
ventilation systems against fluctuations in temperature in the outdoor environment, to
minimise the possibility of Campylobacter carrying from the previously placed flock to
the subsequent one and reduce possible stressors that could cause the infection to take

hold and spread.

The presented study has highlighted changes that could be implemented in the
poultry industry. Exposed wooden surfaces inside of poultry houses should be
minimsed, and heating systems that are capable of effective drying, both post-
disinfection and of soiled litter, should be employed. Ventilation intakes should be high
enough to be clear of risk of particulate or insect transmission from the farm
environment. Long-term goals for improving chicken gut health and thermal resilience
should be implemented to ensure that the industry evolves to cope with the increasing

pressures of modern poultry production.
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