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Abstract

The spiral Gram-negative bacterium Campylobacter jejuni is a microaerophile that lives in the
intestinal tract of many farmed animals in a commensal-like association, but on infection of
humans is pathogenic. It is the leading cause of bacterial gastroenteritis worldwide. Multi-locus
sequence typing (MLST) has identified subgroups belonging to ST21CC21 and ST45CC45
clonal complexes (CC) as generalists colonising different animals and causing human disease,
while others show a narrower host-specificity. C. jejuni depends on amino acids, short chain
fatty acids and intermediates of the TCA cycle as primary energy and carbon sources and cannot
utilise glucose as a growth substrate due to an incomplete Embden-Meyerhof Parnas (EMP)
pathway. Recently, a g/c locus encoding enzymes of the Entner-Doudoroff (ED) pathway plus
glcP, encoding a sugar permease, and glk, encoding glucose kinase, were identified in the
genome sequence of a small number of C. jejuni and C. coli strains and ability of selected strains
to metabolise glucose demonstrated.

This study investigated the association of the g/c locus with C. jejuni strains of farm-associated
Norway rat origin. The typed ED pathway of most isolates fell within two broad groups,
belonging to either EDMLST types 2, 3, 9 and 11 (including strains Dg275 and Dg95) or to
EDMLST types 21 and 23 (including strain Dg43) and this division correlated with distinct
phylogenetic branches based on cgMLST. Growth studies combined with DNA amplification
and Sanger sequencing confirmed possession of a complete glc locus and ability to utilise
glucose for all of these strains and absence of all glc genes from a couple of other distantly
related strains belonging to clonal complexes 21 and 45 for which partial glc genes were listed
in the annotated genomes. This is consistent with presence of the glc locus in C. jejuni strains
primarily of environmental origin. The genetic organisation and insertion of the gl/c locus within
each of the 3 rrn loci of Dg43 and within 7#nA and rrnB of Dg95 was demonstrated by long
range PCR and Sanger sequencing, followed by hybrid Illumina and Nanopore sequencing of
the genome.

In a previous study that assessed colonisation of chickens by strains Dg95 and Dg275, all five
recovered isolates from one chicken no longer utilised glucose (Mohammed, 2018). Here,
inability to use glucose was explained by identification of a mutation in g/k in both copies of
the glc locus for two isolates. Interestingly, in one isolate, Ch95-95-1 the mutation
(Gly167STOP) created a pseudogene, while in a second isolate the mutation (GluGlyTrpHis)
was within the predicted sugar binding site (consensus GluXGlyHis).
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As ED positive strains of C. jejuni are notably absent from chicken isolates in the PUBMLST
/campylobacter database, these results might reflect some incompatibility of glucose
metabolism and competitive colonisation of the chicken caecum by C. jejuni.

During this study, glucose was consistently shown to enhance survival of ED+ strains during
the decline phase of growth whether in rich or in a minimal medium, under standard conditions
(5% 02,10% CO», 2% H_). Under conditions of aerobic stress (15.9% O, 4.5% CO», 0% H,)
strains carrying the glc locus also showed a shorter lag phase, indicating that these strains are
already primed to deal with aerobic stress. The mutant Ch95-95g/k showed no glucose
dependent benefit to survival in 5% or 15.9% oxygen. At suboptimal concentrations of oxygen
(2% 02, 10% CO2, 2% Hb»), addition of glucose had no apparent benefit, consistent with less
benefit in the caecum. Neither maltose nor lactose could be metabolised, although in vivo access
to glucose would likely occur via degradation of these and other sugars by members of the
intestinal microbiota.

The metabolism of glucose was also shown to protect cells from the harmful effect of H>Oz in
the decline phase from 48-72h. Dg275 and Dg95 cells grown in glucose exhibited ~4-8 fold
higher cfu on exposure to HO> compared to cells grown without glucose. This correlated with
the consistent observation that glucose metabolism by these strains delayed coccoid formation
and extended survival of cells in the decline phase of growth. This study provides evidence that
glucose metabolism by ED positive strains of C. jejuni extends survival under adverse
conditions. It would be interesting to further explore the impact of glucose metabolism on
survival in different environments, including in the chicken and Norway rat caecum and in

environmental locations outside the host.
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Chapterl Literature Review

1.1 Discovery and historical overview

Campylobacter jejuni has become one of the most important foodborne pathogens in developed
and developing countries (PHE, 2020). It is estimated that worldwide 550 million people fall
ill yearly due to Campylobacter diarrhea, including 220 million children under the age of five

years (WHO, 2020); (https://www.who.int/news-room/factsheets/detail/Campylobacter).

In 1886, a small organism from the colon of infants was detected and described (Kist, 1986).
However, it was not until the 1960s and 1970s that significant progress was made in
understanding, identifying the appropriate culture conditions and isolating this spiral bacterium,
Campylobacter (Dekeyser et al., 1972). Dekeyser and co-workers used a method for isolating
Campylobacter from human faeces by using a filtration technique (Dekeyser et al., 1972).
Subsequently, the filtration process was abandoned and a selective culture media were
developed, such as Skirrow medium (Skirrow,1977) which was made selective by the addition
of vancomycin (10 mg/l), polymyxin B (2-5 IU/ml), and trimethoprim (5mg/l), This media
includes horse blood and incubation was performed at 43°C in an atmosphere of 5% oxygen,
10% carbon dioxide, and 85% hydrogen.

In 1963, Sebald and Véron established the genus Campylobacter after separating it from vibrio
(e.g., V. cholerae and V. parahaemolyticus) (On., 2001), but Campylobacter spp. were not
recognised as a cause of human gastroenteritis until the late 1970s with the development of
selective isolation (Skirrow, 1977). Table 1.1 provides a historical overview of the stages of
discovery of these spiral bacteria, the establishment of the genus Campylobacter, and species
and subspecies typing. The whole genome sequence of C. jejuni NCTC 11168 (11168-GS) was
analysed in 2000 and contributed to understanding physiology of C. jejuni and to identification
of C. jejunispecific colonisation and virulence factors (Parkhill et al., 2000). A 15-year
longitudinal survey of the molecular epidemiology of clinical Campylobacter isolates was

Conducted in Oxfordshire between 2003 and 2018.
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(https://pubmlst.org/campylobacter/projects/Oxfordshire Human_Surveillance).

Between 2003 to 2009, 3300 isolates of Campylobacter were characterised using multilocus
sequence typing (MLST) with data deposited on PubMLST in near real time (Cody et al., 2012).
Since 2010, whole-genome sequencing (WGS) has been performed to produce high-quality
draft sequences that have also been deposited (Cody et al., 2013). This extensive resource of
sequence data was in agreement that C. jejuni lacks the ability to catabolism glucose via the
Embden Meyerhof-Parnas (EMP) pathway and in general has an asaccharolytic metabolism
(Parkhill et al., 2000; Velayudhan and Kelly, 2002; Vegge et al., 2016). Annotation of
sequences revealed that a small proportion of C. coli and C. jejuni strains encoded genes of the
Entner-Doudoroff (ED) pathway and functionality of this glc locus was demonstrated for C.

coli (Vegge et al., 2016; Vorwerk et al., 2015).
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Year Scientist (s) / Ref Discovery
1886 Theodor Escherich / (Kist, 1986) First description of Campylobacter
like spiral bacteria in the colons of
infants with e enteric disease.
1910s "McFaydean and Stockman. / (Skirrow, Isolate Vibrio-like organisms
2006). from aborted foetuses and which
resembled a Vibrio.
2Smith and Taylor / (Smith and Taylor, ’Smith and Taylor isolated a
1919). spirilla bacterium and proposed
the name ‘Vibrio foetus’ with
abortion in cattle.
1947 'Vinzent, Dumas and Picard / (Vinzent et al. | 'Described Vibrio by different
- 1947). biochemical and antigenic
1959 ? Stegenga and Terpstra / (Stegenga and characteristics.
Terpstra, 2 Described pathogenic role of V.
1949) fetus venerealis in cOws.
3King / (King ,1957). 3Described Vibrio with many
“Florent/ (Florent, 1959) features.
4Distinguish two types of V. foetus
by their biochemical and pathogenic
characteristics, namely V. foetus
venerealis and V. foetus intestinalis.
1963 ! Dekeyser / (Dekeyser et al.,1972) !The isolation of Campylobacter
— 2Sebald and Véron / (Sebald, and Véron. from faeces at the National Institute
1973 1963) for Veterinary Research, Brussels.
3Véron and Chatelain/ (Véron and *Establishment of genus
Chatelain, 1973). Campylobacter with C. foetus
formerly V. foetus), as type species,
transfer of Vibrio jejuni and V. coli to
the genus Campylobacter.
3 The genus Campylobacter has been
reviewed.
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1970s

'Skirrow/(Skirrow,1977)
’Butzler /(Butzler,1978)
3 Butzler and Skirrow/ (Butzler and

Skirrow,1979).

"Development a simple method for
culturing C. jejuni and C. coli from
stool specimens.

2First account of Campylobacter
enteritis in man, routine diagnostic
isolation of campylobacter in Africa.
3The first full report of
Campylobacter enteritis in man was

published.

1980s

"Penner and Hennesey (1980)

2Lior / (Lior et al., 1982)
*Romaniuk / (Romaniuk et al.,1987)
4Goodwin / (Goodwin et al.,1989b)

'The Penner scheme discovered
method depend on a passive
hemagglutination technique by
soluble antigen extracts of
Campylobacter isolates.
2Serotyping schemes developed for
subtyping C. jejuni.

316S rRNA sequence were used to
show that C. pylori was in fact more
closely related to Wolinella
succinogenes.

“The establishment of a new genus,
transfer of Campylobacter pylori to

helicobacter pylori.

1990s

! Vandamme and De Ley, 1991a
*Maiden et al., 1998

TReclassification of the campylobacter
Campylobacter genus in the
bacterial family
Campylobacteraceae, which
includes the Campylobacter,
Arcobacter and Sulfurospirillum.
2 MLST typing established for

Neisseria meningitidis.
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2000 - Parkhill ez al., 2000
’Dingle et al., 2001

3 Colles&Maiden,2012a, b
‘Cody, et al.,2017

"Deciphered whole genome
sequence for C. jejuni NCTC11168.
2MLST typing established for C.
jejuni/ C. coli.

3WGS established as a more
discriminatory typing method for
C.jejuni outbreak investigations.
4cgMLST genotyping method used
screen the the phylogenetic

relationship of strains.

Table 1.1 History of identification and classification stages of discovery of Campylobacter spp.

1.2 Campylobacter classification

When the ability to selectively culture and isolate Campylobacter was established, scientists
worked hard to classify them. Between 1974 and 1988, 12 new species and subspecies were
identified and proposed A new approach to classification based on the natural evolution of the
highly conserved gene for the macromolecule 16StTRNA (Goodwin et al.,1989a), led to
comparative sequence analyses of this gene and identification of distinct clades within the
Campylobacter genus, as it was then defined. In 1989 the new genus Helicobacter was proposed
and the bacterium C. pylori was renamed Helicobacter pylori (Goodwin et al., 1989a).
Campylobacter was assigned to the rRNA superfamily VI, corresponding to the e-division of
Proteobacteria. The genera in this superfamily were identified as a diverse yet related group
that was clearly phylogenetically distinct from other Proteobacteria (Vandamme et al.,1991).
The groups sharing rRNA (VI) homology comprised groups I (Campylobacter and Bacteroides
ureolyticus (now C. ureolyticus), 1l (Arcobacter), and Il (Helicobacter and Wolinella
succinogenes). Both Campylobacter and Arcobacter were classified as belonging to the family

5
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Campylobacteriaceae (Vandamme and Ley, 1991) within the order Campylobacterales. A
recently detailed phylogenetic analysis of members of eProteobacteria concluded that they
should be removed from the phylum Proteobacteria and placed in the new phylum
Campylobacterota (Waite et al., 2017). The number of species of Campylobacter has continued
to increase. The List of Prokaryotic names with Standing in Nomenclature (LPSN) now
includes 32 named species of Campylobacter (Parte et al., 2020).

Most reported isolates of Campylobacter causing human diseases are enteric pathogens that
cause human gastroenteritis. These include C. jejuni spp. jejuni and subsp. doylei, C. coli, and
less frequently, C. upsaliensis and C. lari (WHO, 2020). In addition to C. jejuni, C. coli, C.
upsaliensis, and C. lari, many other Campylobacter species have been linked to human
infections. These include C. concisus, C. rectus, C. hyointestinalis, C. insulaenigrae, C.
sputorum, C. helveticus, C. foetus, C. mucosalis and C. ureolyticus (Heredia and Garcia, 2018).
C. foetus subsp. venerealis and C. foetus subsp. foetus are major veterinary pathogens (Rollins
and Joseph, 2000). C. jejuni subsp. jejuni is the subspecies most commonly associated with
human gastroenteritis, and it has accounted for more than 90% of all reported cases of
campylobacteriosis.

The subspecies C. jejuni subsp. doylei has been less frequently isolated but has been associated
with both enteritis and gastritis (Parker et al., 2007). C. coli is another species that is commonly
associated with human gastroenteritis. It is the second most frequently reported Campylobacter
species that causes human infections (Crim et al., 2015; Beier et al., 2018). C. coli includes
three clades. C. coli strains, which belong to clade 1, cause most human infections, while C.

coli clades 2 and 3 are rare (Johansson et al., 2018).
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1.3 Disease, epidemiology, and source of infection

C. jejuni is the most common cause of gastroenteritis cases recorded in the world, and
infections are mild to acute. Symptoms of Campylobacter infection are usually similar

to those caused by other enteric pathogens, such as Shigella and Salmonella.

Diarrhoea is considered a typical symptom of Campylobacter infection. Bloody
diarrhoea may lead to severe dehydration, emesis, abdominal pain, high temperature (fever),
and headache. Symptoms present two to five days after infection by the bacteria, but the
incubation period can range from one to ten days (WHO,2020). In addition, some complications
may accompany Campylobacter infection, such as hepatitis, pancreatitis, and bacteremia
(WHO,2020). The infection can be serious in immunocompromised hosts (CDC,2016) leading
to reactive arthritis and Guillain -Barre syndrome (GBS) (Ang, 2002). Previous studies have
shown that the prevalence of campylobacteriosis has increased in both developed and
developing countries over the last 10 years. In Europe, more than 200,000 human cases have
been reported annually since 2007 (EFSA, 2016). Moreover, 23 million people fall ill from
ingesting unsafe food each year in Europe (WHO,2019). In some countries, the number of
cases of campylobacteriosis is higher than that of salmonellosis. For example, 69,414 confirmed
cases of Campylobacter were reported compared to 14,269 confirmed cases of salmonellosis in
Germany (Robert Koch Institute, 2018).

In both Australia and New Zealand campylobacteriosis is the most commonly reported
cause of bacterial gastroenteritis disease (Hansson ef al., 2018).
The total number of reported human cases of Campylobacter infection in England and Wales
increased from 52.381 in 2016 to 56,729 in 2017, (PHE, 2020), indicated decrease cases
compared to previous years, where the cases were 5964 in 2019, while were 4269 cases in 2020

(PHE, 2020; PHE, 2019).
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In 2020, the reporting rates for Campylobacter were lower compared to the previous year, for
example 5964 cases were reported in weeks 27-30 in 2019, 4269 cases were reported in the
same period in 2020. This evidence of a possible small decline may be attributed to the
coronavirus pandemic and related measures having an impact on rates of infections (FSN,
2020); https://www.foodsafetynews.com.

In 2017, 56% of Campylobacter laboratory-confirmed cases in England and Wales were in
males. The section of the population with the highest number of laboratory reports was the 50—
59-year age group and the peak month for Campylobacter reports was July (PHE, 2017). In
Canada, the reported number of cases per 100,000 population decreased slightly from 30.2 in
2017 to 29.14 in 2018. The confirmed cases in males were higher than in females, and the
number of Campylobacter cases also increased in the summer months (Kuhn ef al., 2018).
Although, as well as increased infection rates between June and November, others factors have
been reported to influence the rates of infection, include geographical and seasonal variation,
such as the temperature at slaughter (Jorgensen et al., 2011). The identification and
understanding of the transmission pathways of Campylobacter infection is crucial in controlling
its proliferation and preventing human disease (Newell et al., 2017)

The true incidence of campylobacteriosis worldwide is largely unknown for multiple reasons,
such as underreporting, difficulties in diagnosis, as well as differences in reporting systems and
in surveillance, especially in developing countries (WHO, 2013). For example, the absence of
national surveillance programs for campylobacteriosis in some countries such as Arabian Gulf
region makes it difficult to give an accurate picture about infection prevalence in the
populations (Senok and Botta, 2009). The prevalence of campylobacteriosis differs in
developed and developing countries. In the developing world, children under the age of five
are frequently infected with this pathogen, particularly in hyper-exposed developing nations,

sometimes resulting in death.
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The prevalence of campylobacteriosis differs in developed and developing countries. In the
developing world, children under the age of five are frequently infected with this pathogen,
particularly in hyper-exposed developing nations, sometimes resulting in death. The
epidemiological information provided on campylobacteriosis is insufficient to fully assess the
extent of its prevalence and severity in developing countries such as Africa (Kaakoush ef al.,
2015). Some patients become asymptomatic, which may suggest some induced protective
immunity.
In contrast, C. jejuni subsp. doylei (Cjd), which also plays a role in gastritis (Owen et al., 1985)
and enteritis (Lastovica and Skirrow, 2000) is more commonly representative of
Campylobacter in blood cultures than stool cultures (Lastovica and Skirrow, 2000), In one
study Cjd represented only 9.7% of the Campylobacter isolates from stool cultures, while 24%
of the Campylobacter blood cultures (Lastovica, 1996).

A link between Campylobacter and both Crohn's disease (CD) and ulcerative colitis
(UC) has also been proposed. (Man et al., 2011). Campylobacter spp. are considered normal
flora in the intestines of a wide range of domestic animals, birds, and farm animals, such as
cats, dogs, pigs, and chickens (Dearlove et al., 2016). As shown in fig 1.1, animals are
considered a primary reservoir of Campylobacter, which causes campylobacteriosis. Farm
animals, particularly poultry, are considered a major reservoir of Campylobacter species and
sources of human infection (Grant et al., 2018; EFSA. 2011). Wild birds can carry
Campylobacter (Hald et al., 2016), and it has been demonstrated that a high proportion of farm-
associated rodents are infected with Campylobacter (Meerburg and Kijlstra, 2007; Mohammed,
2018). Both have been proposed as a potential reservoir contributing to the transfer of

Campylobacter into and within the farm environment.
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Figure 1.1 Transmission of C. jejuni between hosts. There are several different
reservoirs for infectious C. jejuni, which is commonly found in the intestinal tracts of
poultry. Prepared chicken meat is considered a primary source of C. jejuni infection in
humans. Water sources, raw milk, and milk products can be polluted by the faeces of
animals and wild birds. Humans are directly infected by ingesting polluted animal
products, such as milk and meat, especially domestic fowls, and to a lesser extent by
contaminated drinking water (Dasti et al.,2010; Johnson et al., 2017; Young et al.,
2007). The green arrow in fig. 1.1 indicates proven sources of C. jejuni infection in
humans. The thick green arrow indicates the main source; the black arrow refers to the
carry- over of Campylobacter from infected chicken to contaminated meat; the orange
arrowrefers to transmission among different reservoirs; and the dashed orange arrow
(not yet proven) indicates potential transmission to pets and farmyard animals and
chickens by rats (adapted from Young et al.,2007).

10
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The transmission of C. jejuni and C. coli to humans may be by a direct mode or an indirect
mode (Garcia-Sanchez et al., 2018). The major direct route of infection is through undercooked
meat and cross contamination by contaminated meat, such as poultry (Zimmer et al., 2003).
However, the consumption of contaminated raw milk, dairy products, and water (Grzybowska
Chlebowczyk et al., 2013) is also considered an important source of Campylobacter infections.
This is comparable to salmonellosis, which is acquired through the consumption of
undercooked meat, although Sal/monella gastroenteritis, but not campylobacteriosis, is also
commonly associated with eggs. C. jejuni can infect humans through direct contact with
animals such as pets (ESR,2016; Westermarck, 2016), farm animals (Hansson et al., 2018), and
in abattoirs when thorough handwashing and food safety procedures are not followed (Aung et
al., 2015). Indirect transfer occurs when animals shed faeces in the environment (Goni et al.,
2017). In some animals, C. jejuni/coli may occasionally cause gastroenteritis, which is indicated
by diarrhoea. This has been reported in chickens (Humphrey et al., 2014), dogs, cats, cows and
pigs (Kaakoush et al, 2015). Whether animals have symptoms of gastroenteritis or are
asymptomatic and carry Campylobacter as a commensal, faeces in the farmyard and
environment have the potential to spread to other animals and humans. Campylobacter in faeces
can result in polluted water and transfer to animals or to humans who contact and drink this
water (Domingues et al., 2012).

1.4 Subtyping of Campylobacter jejuni

To a limited extent, subtyping bacterial species can be helpful in recognising subgroups of
Campylobacter associated with human disease and C. jejuni transmission by specific animal
hosts (Colles and Maiden, 2012b). To identify potentially important subgroups of C. jejuni and

C. coli, many typing methods have been tested. Typing s systems can be classified into two
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broads methods: phenotypic and genotypic. Both have been used to discriminate C. jejuni and

C. coli at the species and subspecies levels (Wiedmann, 2002).

1.4.1 Phenotyping methods

Phenotyping methods used to type bacteria depend on the presence or absence of biological,
serological, or metabolic activities (Arbeit, 1995). There are three phenotypic techniques:
biotyping, serotyping, and multilocus enzyme electrophoresis. Biotyping utilises metabolic
activities to identify bacterial isolates, such as colonial morphology, environmental tolerances,
and biochemical reactions.

Regarding C. jejuni, biotyping methods have included metabolic activity (Analytic
Profile Index [API]) and multilocus enzyme electrophoresis (MEE) (Wiedmann, 2002), while
some surface structures used in subtyping include heat-stable antigens, such as capsular
polysaccharides (Karlyshev et al.,, 2000; Penner and Hennesey, 1980), as well as membrane
proteins and flagella (Linton et al., 2001). API Campy and the Vitek 2 system are both
commercially available methods that were developed for the identification of C. jejuni/coli. The
API Campy system was reported to identify 94.4% of C. jejuni ssp. jejuni and 73.8% of C. coli
in one survey, but it failed to correctly identify 52.3% of other Epsilobacteria (Martiny et al.,
2011). The Vitek 2 NH card, which is used for the identification of Neisseria, Haemophilus,
and other fastidious bacteria, was used successfully in identifying most C. jejuni ssp. jejuni
(89.6%) and C. coli (87.7%) strains isolated from humans (Martiny et al., 2011). Matrix assisted
laser desorption time of flight (MALDI-TOF) mass spectrometry is now an accurate method of
identifying C. jejuni and C. coli, but like API, it does not differentiate greatly at the subspecies
level, so it is used primarily in identifying C. jejuni and C. coli (Martiny et al., 2011).
Serotyping depends on variations in cellular surface structures anduse of specific antibodies
and antisera to detect surface antigens present on bacteria, thus distinguishing strains depending

on differences in key surface macromolecules (Arbeit, 1995; Wiedmann, 2002).
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Early serotyping studies separated the Campylobacter group (Vibrio foetus) into three serotypes
based on heat-stable antigens (Berg et al., 1971). The Penner serotyping scheme is a serotyping
method based on the capsule polysaccharide (CPS) of Campylobacter (Penner and Hennessy,
1980). Forty-seven antisera are used to differentiate C. jejuni serotypes based on CPS (Guerry
et al., 2012). Eight serotypes of C. jejuni have been linked to diarrhoeal cases worldwide,
among which HS4 complex, HS2, and HS1/44 are the most dominant (Pike et al., 2013). C.
Jejuni serotypes have also been associated with clinical disease (Pike et al., 2013). The Lior
scheme uses bacterial agglutination of heat-labile antigens to identify Campylobacter strains
(Lior et al., 1982). Both methods combined provide the best differentiating results (Nielsen et
al., 2000; McKay et al., 2001). A different method, multilocus enzyme electrophoresis (MEE),
is based on variations in the electrophoretic mobility of different constitutive enzymes by

electrophoresis under nondenaturing conditions (Wiedmann, 2002).

1.4.2. Genotypic methods

Genotyping schemes involve subtyping based on the properties of genetic material, such as the
DNA or RNA of a microbe. Many techniques have been applied to subtype C. jejuni and C.
coli, including pulsed-field gel electrophoresis (PFGE) (Aber, 1981), ribotyping (Williams et
al., 1998), restriction endonuclease analysis, a variety of polymerase chain reaction (PCR)
based assays including random amplified polymorphic DNA typing (RAPD) (Fayos et al.,
1993), multilocus sequence typing (Kokotovic and On, 1999). Pulse-field gel electrophoresis
(PFGE) emerged as an early successful molecular approach to reproducibly differentiate C.
jejuni strains (Salipante et al., 2014; Gibson et al., 1995). This method involves the
electrophoretic separation of restriction enzyme digested genomic DNA. One application,

ribotyping, is based on the detection of the three copies of the 77n locus ( encoding 5, 16 and
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23SrRNA) located in different positions within the Campylobacter chromosome (Wassenaar
and Newell, 2000). This method involves the electrophoretic separation of restriction enzyme
digested genomic DNA, followed by the identification of all DNA fragments containing a rrn
loci by Southern blotting (Denes ef al., 1997; Wassenaar and Newell, 2000).

Polymerase chain reactions PCR, multilocus sequencing typing MLST (deHaan et al., 2013)
and whole genome sequencing WGS (Cody et al., 2013) have become frequently used because
they are easier, faster, and more accurate in identifying and subtyping pathogenic
Campylobacter (Zhang et al., 2017).

1.4.2.1 Polymerase chain reaction (PCR)

PCR assays have been used extensively to sensitively detect and differentiate C. jejuni
and C. coli to species and subspecies levels. PCR reactions use novel primers to bind to either
unique genes carried by individual species or the sequences within a gene that show differences
between species or strains. A commonly used example of targeting Campylobacter
speciesspecific genes is the use of primers to target the hippuricase gene (hipO) of C. jejuni and
the aspartate kinase gene (aspK) of C. coli for the differentiation of these two species
(Banowary et al., 2015). While the sequence of the 16S rDNA is considered a central target in
identification of bacteria, it is not reliable in differentiating C. jejuni and C. coli (Huq et al.,
2014). PCR and sequence analysis have also been applied to flagellin gene typing (Owen et al.,
1990). Amplified fragment length polymorphisms (AFLP) (Kokotovic and On, 1999) and
multiplex PCR assays have also been used to detect Campylobacter spp. (Zhao et al., 2001).
Multiplex PCR assays are used to identify the presence or absence of multiple gene targets
within a single sample. For example, genes targeted have included were 23S rRNA and 4ipO
from C. jejuni; sapB2 from C. fetus subsp. fetus and glyA from each of C. coli, C. lari, and C.

upsaliensis (Wang et al., 2002; Huq et al., 2014).
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1.4.2.2 Multilocus sequence typing (MLST)

The concept of multilocus sequence typing (MLST) arose from the established principles of
MEE (Maiden et al., 1998). In MEE, bacterial strains are distinguished by variations in the
electrophoretic mobility of several constitutive enzymes assayed under nondenaturing
conditions (Wiedmann, 2002). In 1998, MLST was first developed for Neisseria meningitidis
to overcome the poor reproducibility between laboratories of older molecular typing schemes
and subsequently applied to C. jejuni/coli (Maiden et al., 1998). MLST became one of the main
tools in the study and typing of C. jejuni. It has been used to study the population structure and
epidemiology of this bacterium, particularly its association with different hosts and clinical
diseases (Dingle et al., 2005). The MLST scheme relies on the comparison of sequences from
seven unlinked housekeeping genes: uncA, (ATP synthase subunit) g/ind (glutamine
synthetase), gltdA (citrate synthase), glvA (serine hydroxymethyltransferase), pgm
(phosphoglucomutase) (recorded as glmM), tkt (transketolase), and aspA (aspartase A). Strains
are defined as sequence types (ST) and arranged in clonal complexes (CC). Each different allele
is assigned a number depending on its order of detection, and the collection of the seven allelic
numbers defines its sequence type (ST). Clonal complexes (CC) are defined as a group of
phylogenetically related STs that share at least four alleles (Griekspoor et al., 2013; Sheppard
et al., 2013). The existence of ST numbers and metadata, including the source of C. jejuni and
C. coli isolates on an online database has helped in studying the phylogenetic relationships of
C. jejuni isolates and to some extent in correlating clonal complexes with source and disease
(Colles and Maiden, 2012a). Clonal complexes have been grouped according to common
sources, particularly in association with a specific host versus the ability to colonise many hosts.
For example, ST21CC21 and ST45CC45 are two examples of clonal complexes defined as

generalist, as they have been isolated from multiple host sources such as broiler flocks,
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ruminants, and environmental strains (Wilson et al., 2008) and they are frequently associated
with human disease (Kwan et al., 2008).

Examples of clonal complexes associated with specific hosts include the ST257CC, which is
commonly associated with poultry in Europe; ST828CC, which is common in pigs; ST42CC
and ST 61CC, found in ruminants in the UK; ST682 CC and ST177CC, which are mainly found
in starlings in the UK and New Zealand (Wilson et al., 2008). Several additional clonal
complexes, ST137CC, ST583CC, -ST2354CC, and ST1324CC have also been frequently
isolated from wild birds (French ez al., 2009).

C. jejuni strains are highly diverse clonal complexes commonly associated with human
gastroenteritis ST21CC-21, ST45CC-45, and ST42CC-42 (Kwan et al., 2008). ST21CC is the
most common, largest, and widely distributed CC, representing 18.9% of all C. jejuni strains
submitted to the PubMLST database (Rokney et al., 2018). ST1359 has been recognised as a
prominent ST in Israel (Rokney et al., 2018). The second most prevalent worldwide was ST-
45 (4.2%). Moreover, four major CCs were identified in Santiago and Chile including ST50
CC-21, ST-475 CC-48, ST 257 CC257 and ST-353CC-353 (Collado et al., 2018; Levican et
al., 2019). Campylobacter MLST sequence data associated with relevant metadata are
accessible via the PUBMLST database (www. PUBMLST.com/campylobacter). Although
MLST sequence data were traditionally obtained by PCR amplification and sequencing
segments of each of the seven genes, the seven MLST sequences are now usually extracted
from WGSs to define ST and CC groups. Because of the availability of WGS data, MLST can
be extended to subsets of selected gene sequences of choice. For example, MLST analysis has
advanced to include ribosomal multilocus sequence typing (rMLST), which utilises the
sequence data from 53 rps genes associated with the bacterial ribosome (Jolley et al., 2012;
Maiden et al., 2013), core genome MLST (cgMLST) (Cody et al., 2017), and whole genome

MLST (wgMLST), all of which provide fine-tuned phylogenetic analyses of strains.
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1.4.2.3 Whole genome sequence technologies and typing (WGS)

New technology and reduced costs of WGS have revolutionised public health monitoring and
control of infectious diseases. WGS has led to an increased understanding of pathogenic strains,
and it has facilitated the monitoring and treatment of many pathogenic bacteria (Uelze ef al.,
2020; Jagadeesan et al., 2019). Using newer methods, large numbers of strains are rapidly
sequenced (Loman and Pallen, 2015).

Concurrent advances in computer programmes have facilitated the analysis of large volumes of
sequence data and supported the assembly of novel genomes in a short period. Large and small
variants that might be missed in targeted approaches can now be identified. Thus, single
nucleotide variants (SNP), insertions/deletions, copy number changes, and large structural
variants can be readily identified. These detailed sequence data provide greater discriminative
power and enable comparisons of genetic relatedness between bacteria, including the
subspecies level (Uelze et al., 2020; Jagadeesan et al., 2019). WGS also aids the rapid
identification of relevant genes (e.g., virulence factors, metabolic properties, antibiotic
resistance, and vaccine status) and tracking of epidemiological strains has provided new
opportunities to investigate the evolution of pathogens, even over short periods (Jagadeesan et
al., 2019).

First-generation DNA sequencing technology, that is, Sanger sequencing or the chain
termination method, was developed by Frederick Sanger and his colleagues in 1977. Sanger
sequencing depends on the detection of labelled chain-terminating nucleotides that are
incorporated by a DNA polymerase during the replication of a template (Sanger et al., 1977),
this method involves three main steps: chain termination synthesis of DNA; size separation of
fluorescently labelled products by capillary electrophoresis; and the analysis of output to

determine the DNA sequence.
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Sanger sequencing is used in the highly accurate and fast, cost-effective sequencing of short
segments of DNA. Sanger sequence data are highly accurate up to 700 base pairs. The sequence
quality degrades between 700 and 900 bases.

Despite its accuracy, the sequencing of a whole genome sequence using Sanger sequencing
requires the shotgun cloning of DNA fragments (Loman and Pallen, 2015). The rapid and
efficient sequencing of many bacterial genomes was only possible following the development
of new technologies and high-throughput sequencing (HTS) methods (Churko et al., 2013).
Next-generation sequencing (NGS) or “second generation” sequencing includes the technology
used in the Illumina sequencing platform.

[llumina sequencing involves four steps: generating a genomic library (100-150bp)
with ligated adapters; annealing fragments to flow cells via adapters at low concentrations,
followed by amplification and cluster generation of each bound sequence; sequencing by
synthesis using fluorescently tagged nucleotides and detection; and analysing the data of
millions of clusters. Overlapping sequences within each short read permits their assembly into
longer sequences or contigs to produce a draft genome sequence of a series of contigs that
covers the genome but is not fully assembled. This is highly automated, efficient, and relatively
cheap, permitting access to the sequence data of tens of thousands of isolates of C. jejuni and
C. coli. For example, the PubMLST/Campylobacter database currently contains sequence data
of >50,000 draft genomes.

The third most recent major advance, or “third generation” sequencing, is single
molecule sequencing, which produces long reads (Heather and Chain, 2016). An example is
nanopore sequencing, which was developed by Oxford Nanopore Technologies (Brown and
Clarke, 2016). This technology uses minimally fragmented DNA. The nucleotide sequence is

read without the need for active DNA synthesis.
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A nanopore is established in an electrically resistant membrane, a voltage is set across the
membrane, and the ionic current through the nanopore is monitored. As single strands of DNA
are passed through the nanopore, interference in the current by each different nucleotide is
recorded, which yields exceptionally long reads of DNA sequence (Wang et al., 2015).
Biological nanopores are typically made from pore-forming proteins, such as Staphylococcus
aureus alpha-haemolysin.

Nanopore sequencing does not require any specialist imaging equipment to detect nucleotides,
and it can be performed on a small handheld device in the field. Although one disadvantage of
the current nanopore technology is the higher error rate compared with short Illumina and
Sanger sequencing, an important application is its combined use with NGS sequencing to

produce a final closed genome sequence.
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1.4.3 Application of typing and sequence analysis to epidemiology of Campylobacter

Some typing methods rely on WGS, such as core genome MLST (¢cgMLST) (Jolley et al.,
2012), whole genome MLST (wgMLST) (Cody et al., 2013), and ribosomal MLST, all of which
allow for even finer typing than MLST. WgMLST acts to analyse all loci in a given isolate,
including intergenic regions, if they are defined. It also enables the recognition of genetic
relationships between epidemiologically associated isolates and isolates that potentially have
the same infection source (Jolley and Maiden, 2010). The identification of genetically closely
related isolates within the same ST from sporadic infections has provided evidence suggesting
that sporadic infections may sometimes have a common infection source, such as ST50 (Revez
etal.,2014).

In addition, cgMLST analysis helped to show a high genetic diversity of C. jejuni including

13 novel STs and alleles in C. jejuni and C. coli. (Bravo et al., 2020).

The pangenome is a new tool for redefining pathogenic species, it contains two parts, the core
and the accessory (or dispensable) genome (Tettelin et al., 2005). Core genome defines all
genes common to all strains (Tettelin et al., 2005), while the accessory genome is considered
the subset of genes shared by some organisms but not present in all. Accessory genes are often
associated with virulence, specific metabolism, or resistance to antibiotics (Mira et al., 2010)
and they are often acquired by horizontal gene transfer. The pangenome is defined as all genes
identified in WGSs of a subset of strains (Alcaraz et al., 2010; Tettelin et al., 2005). The
pangenome helped in investigating patterns of species and subspecies genetic variation among
seven published strains of C. coli and C. jejuni. Several genes that were differentially present

in these two species and subspecies were identified (Meric et al., 2014).
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1.5 Campylobacter jejuni pathogen and commensal

1.5.1 The mucus layer and C. jejuni

C. jejuni lives in intestinal crypts of a host where there is a low level of oxygen (Looft et al.,
2019). They are adapted to colonise the mucus layer (Stahl and Vallance, 2015). C. jejuni
possesses factors that contribute to colonisation, such as its spiral shape and motility via polar
flagella, both of which help its movement through the thick mucus layer to reach the mucosal
surface to achieve optimum growth (Stahl et al., 2016). Different antimicrobials and immune
response components, such as histatins, defensins, lysozyme, antibodies, and nitric oxide, are
present within the mucin layer (Alemka et al., 2012).

The ability of some Campylobacter spp. to resist the antimicrobial agents present in mucin and
oxidative stress enhances bacterial survival and mucus penetration (Hofreuter, 2014). It is
interesting that in avian species, disease due to C. jejuni is low and the bacterium is generally
referred to as a commensal although some impact on weight gain in infected chickens has been
reported (Hermans et al., 2012a).

In chickens, C. jejuni does not appear to multiply intracellularly but lives and multiplies
primarily within the mucus layer (Van Deun ef al., 2008). In contrast, there is evidence that C.
jejuni has the ability to invade the epithelial cells during gastrointestinal disease in humans
(Naughton et al., 2014). The reason for the difference is not yet understood. This could be
related to differences in the host’s body temperature or gut environment. Bird species have an
interior body temperature of 42°C, while human gut temperature is 37°C. Moreover, food intake
and the gut microbiome are distinctive in both. Each of these differences could affect the
expression and stability of many key virulence factors (Van Putten et al., 2009). In addition,

the structure and epithelium of the gut itself differ in poultry and humans, which can affect the
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sensitivity to virulence factors. Moreover, the interplay with the innate immune system is
critical in controlling microbes in the gut (Zheng et al., 2020).

Some key factors required for colonisation and pathogenicity are described in the general
overview shown in figl.2.

Both pathogenic bacteria and commensals must survive and multiply in mucin. Pathogenic C.
Jjejuni invades epithelial cells, while commensals appear to stay within the mucus (Naughton et
al., 2014). The gut mucus layer in both humans and chickens contains extensive O-glycosylated
mucin proteins that are connected to epithelial surfaces or are released as secretory mucins to
form the gel-like mucin layer. Mucins contain a high level of the amino acids such as, serine,
proline and threonine (Moran et al., 2011).

These vary within and among species and between different tissues (Linden et al., 2008). C.
jejuni is thought to bind these terminal groups. However, C. jejuni receptors have not been
identified, and the receptors HpaA and SabA, although recognised in the related pathogen, H.
pylori, are not encoded in the C. jejuni genome (Day et al., 2012). There is preliminary evidence
that chicken mucus, but not human mucus, inhibits C. jejuni from attacking epithelial cells in
vitro (Alemka et al., 2010). This concurs with the discovery that human mucin MUC2
upregulates the expression of C. jejuni NCTC11168 virulence genes, such as cdt (toxin); fla
(motility); jipA (adhesion) and the exceptionally compelling ciaB, which is known to be critical

in attacking epithelial cells (Tu et al., 2008).

22



Chapterl Literature Review

i N Environment

Campylobacrter Cell

Intestine

Figure 1.2 The different phases of Campylobacter colonisation in human
intestines intestines. During disease in humans, C. jejuni invade the epithelial cells,
resulting in a proinflammatory response, an increase in cytokine production,
inflammation, and diarrthoea. Based on information (van Vliet and Ketley, 2001;
Young ef al., 2007).

1.5.2 Pathogenicity factors

1.5.2.1 Motility

C. jejuni has polar flagella and it 1s highly motile. Motility and chemotaxis are key in
virulence and in host colonisation (Yao ef al., 1997; Gilbreath et al., 2011). Colonisation
requires the ability to move through the mucus layer that covers the intestinal epithelial cells.
Motility of Campylobacter, especially in viscous substances, is unusual and corkscrew like
because of the polar location of flagella and their helical cell shape (Ferrero and Lee, 1988).
Mutants in C. jejuni flagellar genes showed reduced adherence and absence of invasion (Yao

et al., 1994; Guerry, 2007).
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There are two flagellin subunits: a major flagellin (FlaA) and a minor flagellin (FlaB).
These are immunogenic, but they are not recognised by the innate immune system (Ramos et
al., 2004). The main structural components of the flagellum (Guerry, 2007) are glycosylated,
which is a key factor in virulence, as variable glycosylation leads to poor recognition by the
immune system, thus enhancing immune evasion (Guerry et al., 2006). In addition to its role in
motility, flagella have been shown to promote the binding of C. jejuni to the host epithelium
(Guerry et al., 1991; Yao et al., 1994). Interestingly, the C. jejuni flagellum has also been shown
to mediate the secretion of non-flagellar proteins and thus contribute to the regulation of
virulence by mediating the release of Campylobacter invasion antigens (Cia proteins) (Guerry,
2007).

1.5.2.2 Adhesion and invasion

C. jejuni interaction with host cells has been considered a potential target for
intervention in illness in human hosts (Hu and Kopecko, 2008; Ketley, 1997). The intestinal
mucosa is the specific area of colonisation by C. jejuni, and the subsequent invasion of epithelial
cells leads to mucosal damage and inflammation, resulting in diarrhoea often associated with
Campylobacter infection in humans (Fauchere et al., 1986; Wooldridge ef al., 1996).

C. jejuni appears to prefer to adhere to epithelial cells in the human colon and chicken cecum
rather than to other sites. (Everest et al., 1992; Sylte et al., 2019). Chickens are considered a
natural host of C. jejuni/coli colonisation, and they present a significant source of infection in
humans worldwide. Thus, the chicken model, as well as human tissue culture cells, has been
extensively used to understand the factors involved in colonisation by C. jejuni (Bingham-
Ramos & Hendrixson, 2008). In 2007, a study was conducted using cells grown from human

and chicken intestinal biopsies. The cultured cells were infected by some strains of C. jejuni.
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The bacteria invaded both the primary human intestinal cells and the chicken intestinal cells,
but avian mucus decreased the Campylobacter interaction with epithelial cell surfaces, whereas
human intestinal mucus did not (Byrne ef al., 2007). These results are consistent with the roles
of both the host mucus and the epithelial surface in contributing to susceptibility to adhesion
and invasion.

Two proteins involved in the adhesion of C. jejuni to host cells are Cad F and FlpA. Both
proteins bind the host extracellular matrix protein, fibronectin, but they appear to bind to
different sites on fibronectin (Konkel ez al., 1997; Flanagan et al., 2009). Mutants in cadF were
unable to bind fibronectin and did not colonise newly hatched leghorn chickens (Ziprin et al.,
1999). Mutations in these genes resulted in a major decrease in the adhesion of C. jejuni to
human intestinal epithelium cells (Ziprin et al., 1999; Monteville et al., 2003). Pebl A, a 28 kDa
protein, was also reported to be important in the cell adherence of C. jejuni (Pei and Blaser,
1993). Mutations in peblA led to significantly decreased adherence as well as the decreased
invasion of HeLa cells (Pei et al.,1998).

CapA is an autotransporter lipoprotein (Jin ef al., 2001), which has been shown to be important
for the adhesion and invasion of human epithelial cells (Ashgar et al., 2007), whereas mutation
of capA did not affect chicken colonisation (Flanagan et al., 2009). Another surface-exposed
lipoprotein of 372 amino acids, J/p4 was shown to enhance adhesion to host epithelial cells, as
mutations in jlpA led to decreased adherence (Jin et al., 2001; Lehri et al., 2015; Burnham and
Hendrixson, 2018).

Following adhesion, epithelial cell invasion is a key step that leads to the induction of disease
and gastroenteritis. /n vitro and in vivo experiments have demonstrated that C. jejuni is capable
of invading epithelial cells although the efficiency of invasion varies according to both bacterial

strain and host cell type (Konkel et al., 1992).
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The co-cultivation of C. jejuni with INT-407 cells stimulates the production and secretion of
more than eight Cia proteins (Campylobacter invasion antigens) (Konkel ez al., 1999). Some of
these proteins are secreted through the flagellum type III secretion system (T3SS), and they are
essential for efficient invasion (Konkel et al., 2004; Christensen et al., 2009). Interestingly, C.
Jjejuni produces Cia proteins in response to bile salts and other host factors, and their secretion
occurs after the adhesion of C. jejuni to the host’s intestinal mucosa (Rivera-Amill et al., 2001).
CiaB, C, and D have been studied in detail. They are effector proteins that are injected into the
host cell, and they appear to be involved in the stimulation of Interleukin-8 secretion and the
induction of an inflammatory response. The deletion of any of these resulted in delayed disease
in a pig model (Konkel et al., 1999; O Croinin and Backert, 2012; Buelow et al., 2011;
Christensen et al., 2009; Neal-McKinney and Konkel, 2012; Samuelson and Konkel., 2013;
Lehri et al., 2015).

1.5.2.3 Cytolethal distending toxin (CTD)

CDT is a common virulence factor secreted by several gram-negative bacteria (Gargi et
al.,2012) and is involved in the pathogenesis of C. jejuni (Young et al., 2007). It has also been
identified in C. lari, C. coli, C. foetus, and C. upsaliensis. CDT inhibits the mitotic cell cycle
of HeLa and Caco-2 cells at the G2 stage, which eventually leads to cell death (Whitehouse et
al., 1998; Johnson and Lior 1988).

It causes cell swelling, elongation, distention, and death in mammalian cells, such as HeLa cells
and Chinese hamster ovary cells. It also damages the DNA and causes inflammation of the
intestine (Whitehouse et al., 1998; Pickett et al., 1996; He et al., 2019). CDT contains three
subunits, Cdt A, B and C, all of which are required for toxicity (Pickett et al., 1996; Lee et al.,

2003).
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CdtB works as a nuclease (Lee ef al., 2003) and has structural similarities to the DNAase I of
mammalian eukaryotic cells (Lara-Tejero and Galan, 2001). CdtA and CdtC, but not CdtB, bind
to the HeLa cell surface (Lee ef al., 2003).
CDT is present in many but not all C. jejuni and C. coli strains. There is a large variation in
CDT titres (Pickett et al. 1996; Eyigor et al., 1999). Most C. jejuni strains have relatively high
CDT activity, while C. coli strains show mainly low activity (Pickett et al., 1996). The reason
for this difference is not yet clear. (Pickett ez al., 1996). The analysis of the genome sequence
of C. jejuni (NCTC11168) identified only cdt genes as clear toxins (Parkhill et al., 2000). Two
additional genes were found to contain haemolysin domains, and a previously published report
identified a phospholipase (PIdA) with haemolytic activity (Grant et al., 1997).
1.5.2.4 Capsular polysaccharide CPS

The first report linking CPS to virulence of C. jejuni was in 2001 (Karlyshev et al., 2001),
CPS has been shown to be involved in C. jejuni induced diarrheal disease in ferrets, and in
commensal colonization in chickens and mice (Keo et al., 2011). In 2017, the role of CPS in
bacteremia in mice and abortion in pregnant pigs was demonstrated by gene-specific
mutagenesis in C. jejuni IA3902 (Sahin ef al., 2017). The loss of capsule production led to the
complete abolishment of bacteremia and abortion. However, the exact role that CPS plays in
the disease pathogenesis of C. jejuni still remains incompletely understood (Guerry et al.,
2012).
1.6 Campylobacter jejuni physiology
1.6.1 General features of Campylobacter jejuni
The proposal that Epsilonbacteria, including the genus Campylobacter, be removed from the

phylum Proteobacteria and reclassified as the new phylum Campylobacterota (Waite et al.,

2017) highlighted the phylogenetic distance of these bacteria from other well characterised
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gram-negative bacteria. C. jejuni has a thin spiral or curve-shaped cell morphology that is about
0.2-0.8 pm wide and 0.5—4 pm long under optimal growth conditions with a polar flagellum at
one or both ends.

It is non-spore forming, but under unfavourable conditions, including the stationary
phase of growth, the morphology changes to a coccoid form. Coccoid cells were shown to be
metabolically active (Hazeleger et al., 1998), but they cannot be cultured on laboratory media;
hence, they have been referred to as a viable but nonculturable (VBNC) form (Ikeda and
Karlyshev, 2012).

However, whether the coccoid form is an alternate morphology that can revert to spiral
cells or whether they are simply dying cells remains unclear. Although protein synthesis is not
required for coccoid formation (Hazeleger ef al., 1998), changes in peptidoglycan structure
occurs, and this involves the activity of DL-carboxypeptidase Pgpl and a putative N-
acetylmuramoyl-L-alanyl amidase AmiA (Frirdich ef al., 2019). The activity of these enzymes
results in the predominance of shorter (dipeptide) peptidoglycan-associated peptides. The
VBNC state of bacteria is considered a strategy for coping with stressful environments. If
coccoid Campylobacter could revert to the infective spiral form, it would be a significant threat
to food safety and public health (Dong et al., 2020).

C. jejuni has been defined as “thermotolerant”, as it requires temperatures between 34
and 44°C to grow and multiply. Most strains grow optimally between 37°C and 42°C (van Vliet
and Ketley, 2001). C. jejuni is unable to grow at temperatures below 30°C, which correlates
with the absence of genes coding for the cold-shock proteins involved in the adaptation to low
temperatures (Hazeleger et al., 1998). The optimal pH for the growth of C. jejuni is between
pH6.5 and 7.5. The majority of Campylobacter species are microaerophilic, and they do not
grow in the presence of atmospheric oxygen (Park, 2002). C. jejuni grows optimally in an

atmosphere of 5-10% O at a CO» concentration of 10%. (Kelly, 2001).
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However, C. jejuni cannot grow under anaerobic conditions (Kelly, 2001) because it needs low
levels of oxygen used in respiration and nucleic acid synthesis (Pittman and Kelly, 2005). C.
Jejuni possesses a complex respiratory chain that allows both aerobic and anaerobic respiration
and it uses different electron acceptors and donors, such as nitrate, fumarate, and nitrite, to
harmonise stress under both microaerobic and aerobic conditions (Sellars et al., 2002). During
respiratory metabolism, C. jejuni acts to oxidise succinate to fumarate by fumarate reductase
Frd-ABC (Weingarten et al., 2009).

Fumarate is considered an important electron acceptor for the oxygen-independent respiration
of C. jejuni (Sellars et al., 2002). These features enable its survival in some environments, such
as mammalian or avian gut. C.jejuni have several oxygen sensitive enzymes, which could be
the single explanation for their oxygen sensitivity.

1.6.2 Oxidative stress in C. jejuni

C. jejuni faces a wide range of stress conditions during colonisation of farmed animals, food
processing and transmission to humans. Included in this is exposure to levels of oxygen that are
much higher than the optimal levels of 5 -10% oxygen observed in the laboratory.

As C. jejuni is an obligate microaerobic bacterium (Kaakoush et al., 2007), acquiring energy
through oxidative phosphorylation, it is exposed to low levels of the reactive oxygen species
(ROS) superoxide radical (O2), hydrogen peroxide (H20.), and hydroxyl (-OH), even during
optimum growth conditions. On exposure to higher than optimal levels of oxygen, production
of ROS is increased and accumulation of ROS inside C. jejuni cells can lead to damage to
macromolecules such as DNA (Kim ef al., 2015; Imlay, 2003).

In the presence of oxygen, the reactive oxygen species superoxide anion (O2), hydrogen

peroxide (H202) and hydroxyl radicals (-‘OH), are formed by the stepwise one-electron

reduction of molecular oxygen (Imlay, 2003) figl.3A.
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Hydrogen peroxide (H202) and hydroxyl radicals are formed during aerobic metabolism,
resulting from the autooxidation of respiratory dehydrogenases. Intracellular ferrous iron (Fe??
and H20; produce a highly reactive hydroxyl radical via the Fenton reaction (Imlay, 2003). fig
1.3B.

Hydroxyl radicals react with polypeptides and proteins by a hydrogen abstraction or oxygen
addition, resulting in damage to protein structure and cleavage of nucleic acids by abstracting
a hydrogen atom from the ribose (Tullius and Greenbaum, 2005). Although, full details of how
hydrogen peroxide causes cell death is not completely clear (Marinho ef a/., 2013).

C. jejuni possesses many defence genes that detoxify ROS as covered below. In addition,
NADPH one of the products of glucose metabolism in some strains C. jejuni. NADPH acts as

the anti-oxidative defense mechanisms of most organisms (Nordberg and Arnér, 2000; Singh

et al., 2008).
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Figure 1.3 Schematic representation of generation of reactive oxygen species. (A)
Superoxide radical is generated when molecular oxygen acquires an additional electron.
Superoxide dismutase (SodB) converts a superoxide radical to H>O;. (B) Production of
hydroxyl radical (OH¢) from H>O; via the Fenton reaction or via the Haber Weiss reaction and
interaction with superoxide ion (O2-). Figure modified from (Collin, 2019).
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All these stresses could cause damage to in acellular macromolecules, such as DNA, proteins,
and lipids, if the cell is unable to neutralise these toxic compounds (Storz and Imlay, 1999;
Imlay, 2008).

In addition, C. jejuni has sodB gene which is involved in reducing the side effects of oxidative
stress (Pesci et al., 1994). A detailed discussion of genes encoding this ROS detoxifying
enzymes is provided in subsection 1.6.2.2.

Several studies have highlighted the effect of H20; stress on C. jejuni growth for example, by
adding H,O; to cultures of C.jejuni 9131 at concentrations of OmM —1.0mM for 15min
(Yamasaki et al., 2004). The results showed that the viability of C. jejuni 9131 rapidly
decreased, also, when reference strain NCTC11168 and the C .jejuni Bf strain were exposed to
oxidative stress reagents (hydrogen peroxide H>O: and paraquat—PQ) in different
concentrations, the Bf strain showed a higher survival rate in the presence of H2O2 and PQ than
the C. jejuni NCTC 11168 strain. In 0.5 mM paraquat, the C. jejuni cultivated Bf strain showed
a limited reduction, whereas the C. jejuni NCTC 11168 strain showed a decrease of 4.7log.
Concentrations above 1mM PQ were lethal for the reference strain but not for C. jejuni Bf.
Also, cells of C. jejuni Bf showed changes in morphology and expression of the gene mreB,
which has a role in maintaining the bacillary cell morphology, was down-regulated (Rodrigues
et al., 2015). Consequently, the relationship between resistance of Bf strain and other strains to
oxidative stress and changes in cellular morphology and metabolism are areas requiring further
study.

1.6.2.1. Enzymes involved in defence against ROS in C. jejuni

As described above, ROS products damage DNA and proteins. Hence, identifying ROS

defence mechanisms is important in understanding how C. jejuni deals with this environmental

stress during food processing and infection.

31



Chapterl Literature Review

C. jejuni possesses many defence systems to detoxify and reduce the impact of ROS and also
responds by regulating the expression of genes involved (Storz and Imlay, 1999; Imlay, 2008),
as summarised in Table 1.2.
The catalase gene (katd, c¢j1385), which is one of the main contributors to redox stress
resistance, catalyses the conversion of H,O> to H,O and O> (Imlay, 2008; Flint et al., 2016).
Only this single gene encoding catalase is present in C. jejuni. A primary role of KatA in
scavenging H>0O> under oxidative stress and in the survival of C. jejuni within macrophages has
been demonstrated using a C. jejuni A katA knockout mutant (Grant and Park, 1995). The heme
trafficking protein encoded by ¢j/386, located downstream of the kat4 gene in the C. jejuni
genome, is a novel gene associated with oxidative stress defence. Construction of a A ¢j/386
mutant led to increased sensitivity to hydrogen peroxide, similar to A katA (Flint et al., 2012).
Double mutant C. jejuni A katA A cj1386, was created and the results were similar to
that with the A ¢j/1386 and AkatA single deletion mutants, (Flint et al., 2012). The ¢j1386
product was subsequently shown to bind heme in a 1:1 ratio and co-immunoprecipitation
revealed a transient interaction with KatA, supporting a role of this product in specific
trafficking of heme to KatA (Flint and Stinzi, 2015).

C. jejuni possesses three different antioxidant enzymes in the peroxiredoxin family, including
Tpxs, Bep and alkyl hydroperoxide reductase AhpC. AhpC converts H>Oz to H20 plus O, C.
Jjejuni also became highly sensitive to cumene hydroperoxide (an organic peroxide) when an
ahpC knockout mutant was created (Baillon et al., 1999). Table 1.5. Tpxs contribute to
reduction in the concentration of H>O», while Bcp also reduces organic peroxides, such as
cumene hydroperoxide and tert-butyl hydroperoxide (Atack et al., 2008). ahpC expression is
controlled by iron concentrations at the transcriptional level (Baillon et al., 1999). Superoxide
dismutase (Sod) is considered the primary enzyme responsible for the detoxification of

superoxide (Winterbourn et al., 1975).
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There are three sod genes in E. coli: sodA, sodB, and sodC, encoding superoxide dismutases.
C. jejuni possesses one sod gene, sodB. Superoxide dismutase dismutates superoxide (O27) to
hydrogen peroxide (H203).

Deletion of sodB in C. jejuni leads to an increase in susceptibility to both superoxide
and peroxide stress (Flint et al., 2014) fig 1.4. Other C. jejuni gene products that have been

identified in the reduction of the effects of high oxygen concentration are listed in Table 1.2.
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Figure 1.4 Schematic representation of oxidative stress defense by
KatA, AhpC, SodB in C. jejuni. The antioxidant proteins are highlighted
in blue; the oxidants are highlighted in red; green indicates Fenton reaction,
see figure 1.4B. KatA catalyses conversion of H2O2 to water and oxygen,
AhpC catalyses the reduction of organic hydroperoxide (ROOH) and H»O»
to their corresponding alcohols, and SodB catalyses the dismutation of
superoxide anion (O~%) to hydrogen peroxide H202 and oxygen. A dapted
from (Palyada et al., 2009).
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Gene Gene
ID(NCBI) Symbol Protein Function Susceptibility increases
(NCTC1168) by mutation/ Reference
905678 katA Catalase Decomposition of H;0; | Increased sensitivity
toward hydrogen
peroxide/
Flint ef al.,2012.

904658 ahpC Alkyl Reduction of alkyl ahpC knockout mutant is
hydroperoxide peroxides. Scavenger of | highly sensitive to
reductase endogenous H,0, cumene hydroperoxide

(an organic peroxide), but
not to H,O,/ Baillon et
al., 1999.
665448 sodB Superoxide Dismutation of Increases C. jejuni
dismutase superoxide expresses the | susceptibility to both
iron-co factored superoxide and peroxide
stress/ Palyada et al.
2009; Flint et al.,2014.

905679 cj1386 heme -trafficking ¢j1386 is located ¢j1386 mutant has an

protein downstream of katA, is increased sensitivity
involved in the full towards hydrogen
catalase activity, and peroxide(Flint ef al.,2012)
contributes to C. jejuni
colonisation of chicken
intestines

905488 cj1198 S- Produces functional AI-2 | A LuxS mutation in C.
ribosylhomocysteine | activity. Jjejuni81-176 increases the
lyase sensitivity to peroxides

(H20; and cumene
hydroperoxide)/ Elvers
and Park ,2002.

905834 cj1556 Transcriptional Involved in oxidative and | r7pA mutant led to

regulator aerobic stress responses. | increased sensitivity to
oxidative and aerobic
stress, reduced ability to
form biofilms, and
negative effect on
downregulation of genes
associated with oxidative
and aerobic stress
responses, such as katA,
perR, and hspR
/Gundogdu et al., 2011.
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905827 cj1546 Transcriptional Has role in regulating the _
regulator response to oxidative and
aerobic stress. RepB is a | /Gundogdu et al., 2016.
DNA binding protein
with auto-regulatory
activity
905664/ ¢j1371 Periplasmic protein | Its molecular function A mutation of ¢j1371
¢j1371 has not been defined in | increased C. jejuni
C. jejuni. susceptibility to
paraquat./Garénaux et al.,
2008a.
905088 ipx(¢j0779) | 2-Cys peroxiredoxin | tpx and bep product | Single mutant strains were
together play important | no more sensitive than the
904596 bep(cj0271 | Bacterioferritin roles in resistance to a| wild-type strains, but the
comigratory protein | number of oxidative and | double mutant was
nitrosative stress agents, | hypersensitive./Atack and
as well as to molecular| Kelly,2008
oxygen.
904360 docA Cytochrome C551 | Both are periplasmic Deletion of docA or
peroxidase proteins with apparent ¢j0358 did not
904682 ¢j0358 haem-dependent significantly impair the
peroxidase activity. The | resistance of the strain to
actual role of ccps in H;0,./ Hendrixson and
resistance to ROS during | DiRita, 2004;Bingham-
C. jejuni colonisation Ramos and Hendrixson,
remains unclear. 2008.
904967 msrA(cj0637) |  peptide- Both reduced oxidised C. jejuni became more
methionine (S)-S- methionine to methionine | sensitised to peroxide and
msrB(cjl112) | oxide reductase and restored methionine | superoxide stress and
905403 function in protein nitrosative stress when
synthesis and protection | there was a double
peptide-methionine | of C. jejuni against mutation in msrA/B ./
(8)-S-oxide oxidative and nitrosative | Atack and Kelly,2008).
reductase stress.

Table 1.2 Summary of C. jejuni systems against oxidative stress. Genes, proteins name, function
and effect of mutations are listed.
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1.6.2.2 Regulation of response to oxidative stress in C. jejuni

In many gram-negative food-borne pathogens such as E. coli and Salmonella enterica,
oxidative stress defence mechanisms are regulated by the peroxidesensing and superoxide
regulators OxyR and SoxRS. Both are absent in the C. jejuni genome.

However, C. jejuni possesses the peroxide resistance regulator (PerR), which replaces OxyR
(Parkhill et al., 2000), PerR regulates the genes encoding enzymes dealing with peroxide stress
genes, including kat4 and ahpC. The autoregulation of PerR in C. jejuni is mediated by iron
(Kim et al.,2011). The Fur homolog, which directly or indirectly regulates at least 104 genes
in C. jejuni, is also involved in the regulation of oxidative stress defence and peroxide stress
resistance (Palyada et al., 2009).

Mutation in perR significantly increases the expression of the antioxidant proteins KatA and
AhpC. In addition, the perR fur double mutant leads to the abolishment of all iron regulation.
PerR also controls defence against suoeroxide. According to van Vliet et al., C. jejuni PerR
regulates the transcription of both peroxide and superoxide defence genes (van Vliet et al.,
2002). PerR has also been shown to bind to the sodB promoter and negatively regulate
transcription of sodB gene, the most representative gene in superoxide defence (Kim et al.,
2015).

C. jejuni also contains another regulator, CosR, which plays an important role in the control
of oxidative stress resistance by regulating the oxidative stress defence genes ahpC, dps, katA,
and sodB (Hwang et al., 2011).

Results of Western blotting and reverse transcription-quantitative PCR revealed increased
expression of KatA upon acid stress. Electrophoretic mobility shift assays (EMSA) showed that
the binding affinity between Fur and the kat4 promoter was reduced at low pH, rationalising

the higher levels of expression of kat4 under acidic conditions (Askoura et al., 2016).
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1.7 Carbon metabolism and energy sources

The study of metabolic processes of C. jejuni can help to understand its pathology and
colonisation. Campylobacter is generally defined as asaccharolytic; that is, it cannot utilise
carbohydrates as a substrate for growth (Hooper et al., 1999; Coyne et al., 2005). It relies on
amino acids and tricarboxylic acid (TCA) cycle intermediates as energy and carbon sources.
This has been supported in genomic sequencing studies that failed to identify any complete
carbohydrate metabolic pathways in the C. jejuni NCTC11168 genome (Parkhill ez al., 2000).
The TCA cycle is an important source of energy for C. jejuni and many organic acids, such as
pyruvate, oxaloacetate, and 2-oxoglutarate, which are products of catabolism and feed into the
cycle (Velayudhan and Kelly, 2002). Some TCA intermediates can also be transported into the
bacterial cell and used as a nutritional source. The KgtP permease transports 2-oxoglutarate and
DcuA, and DcuB (C4dicarboxylate transporters) mediates the transport of fumarate, succinate,
and malate (Guccione et al., 2008). Citrate transporters have been identified in numerous C.
Jjejuni strains (Guccione et al., 2008). However, in 2011, both Muraoka and Zhang, and Stahl
demonstrated the ability of certain strains of C. jejuni, including NCTC11168 to utilise fucose
(Muraoka and Zhang, 2011; Stahl et al., 2011).

1.7.1 Catabolism of amino acids

Within the gut, C. jejuni utilises serine, aspartate, asparagine, and glutamate, which are readily
acquired as a primary nutrient source, acting as a source of intermediates in the TCA cycle and
as a carbon source (Hofreuter et al., 2008). C. jejuni depends on the two proteins, SdaC
(Cj1624c) and SdaA (Cj1625) (Velayudhan et al., 2004) for serine metabolism. SdaA acts as
an L-serine dehydratase and SdaC is a transporter of serine into the cell. Mutation of sdaC leads
to loss of serine uptake into the cell. Hence, SdaC is the sole transporter capable of transporting

significant amounts of L-serine into the cell (Velayudhan et al., 2004).
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Although L-serine is not essential for the growth of C. jejuni in vitro, L-serine utilisation was
shown to be important for the efficient colonisation of chicks (Velayudhan et al., 2004).
Glutamate and aspartate are both taken in and catabolised using the Pebl system, which
comprises the proteins Cj0919c¢, Cj0920c, Cj0921c (PeblA) and Cj0922¢ (PebC) (Del Rocio
Leon-Kempis et al., 2006). Pebl ABC protein is a transporter for both glutamate and aspartate.
Mutation of ¢j0921c in C. jejuni led to complete loss of transport of glutamate and impaired
uptake of aspartate. AspB converts glutamate to aspartate, which is then converted into the TCA
cycle intermediate fumarate by AspA (Leon-Kempis et al., 2006; Guccione et al., 2008).
Proline is a less preferred substrate and proline catabolism occurs only following the exhaustion
of serine, and glutamate (Wright et al., 2009). The uptake of proline significantly increases
during the stationary phase (Wright et al., 2009; Mohammed, 2018). The PutP protein
(Cj1502c) transports proline into the cell, and PutA acts to convert proline to glutamate. The
ability of C. jejuni to use asparagine and glutamine depends on the presence of the secreted
enzymes asparaginase and gamma-glutamyl transpeptidase (ggt). GGT is an enzyme pertinence
to the family of N-terminal nucleophile hydrolases, acts the degradation of glutathione (Rossi
et al.,2012).

Possession of the ggt gene enables the utilisation of both glutamine and glutathione, while
asparagine is converted to aspartate by the product of the ans4 gene (Hofreuter et al., 2008).
Among strains of C. jejuni, there is a diversity in their ability to use these amino acids, which
is identifiable by the presence or absence of ggf and ansA this may affect their ability to colonise

different tissues or animals (Hofreuter et al., 2008) fig 1.5.
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Figure 1.5 Central metabolism in C. jejuni. Schematic of transporters and amino acid
metabolism, which are considered to fuel the growth of C. jejuni: IM, inner membrane; orange
circle; OM outer membrane; orange dash line; grey cloud, main amino acids, gene products involve
in uptake and metabolism of serine, proline, glutamate and aspartate are labelled.. Outputs of amino

acid metabolism are indicated in orange circles; dashed rectangles indicate the process of
metabolism. A dapted from (Stahl ez al., 2012).
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1.7.2. Carbohydrate utilisation
As established, C. jejuni/coli depend on amino acids as primary energy and carbon sources,
some organic acids, and TCA intermediary compounds. The core genome lacks several genes
required for the catabolism of glucose and other sugars. It was not until 2011 that evidence was
provided of the ability of some strains of C. jejuni subsp. jejuni to metabolise any carbohydrate,
such as fucose (Muraoka and Zhang, 2011; Stahl ez al., 2011). Subsequently, in 2015, a locus
encoding the Entner-Doudoroff (ED) pathway permitting the utilisation of glucose was
identified (Vorwerk et al., 2015).
1.7.2.1 Fucose utilisation

Some strains of C. jejuni possess a genomic island (cj0480c—cj0490), including the gene
(cj0486/fucP) that encodes an L-fucose permease. Possession of this locus, encoding 11 genes,
allows the utilisation of L-fucose as a substrate for growth (Dwivedi et al., 2016). Over 50% of
C. jejuni strains harbour the 9kb operon (cj0480c-cj0490) (Muraoka and Zhang 2011).
Mutations in ¢j0481, cj0486, or cj0487 resulted in loss of the ability to grow on fucose. Strains
mutated in ¢j0486 exhibited a competitive disadvantage in a piglet colonisation model of human
disease (Stahl et al., 2011; Martiny et al., 2011).
The conclusion was that when C. jejuni colonises the mucus layer of the intestinal epithelium
in humans, chickens, and other animals, soluble L-fucose released from mucin glycoproteins is
available. However, C. jejuni lacks fucosidases that act to release fucose residues from
oligosaccharides, thus permitting transport into the cell for metabolism (Hooper and Gordon,
2001). A recent study showed that C. jejuni can grow on fucosylated mucin glycoproteins when
the commensal, Bacteroides vulgatus is included. B. vulgatus acts to release L-fucose from

mucin which is then available for metabolism by C. jejuni (Garber et al., 2020).
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1.7.2.2 Glucose metabolism and the Entner-Doudoroff pathway

Until several years ago, there was general agreement that C. jejuni lacks the ability to catabolise
glucose (Parkhill ez al., 2000; Velayudhan and Kelly, 2002). The core metabolism in the glucose
assimilation of C. jejuni by the classical Embden-MeyerhofParnas (EMP) glycolysis pathway
does not work because it lacks phosphofructokinase (PfkA), and therefore cannot convert
fructose-6 phosphate to fructose 1,6 phosphate and thus cannot metabolise glucose. However,
it can undergo the reverse reaction using the enzyme fructose-1,6-bisphosphatase (Fbp); hence,
it can synthesise glucose as required for polymer and polysaccharide synthesis via
gluconeogenesis (Guccione ef al., 2008; Hofreuter et al., 2008; Parkhill ez al., 2000; Pendleton
et al., 2013; Velayudhan and Kelly, 2002). The absence of an identifiable glucose transporter
gene in the genome of reference C. jejuni strain NCTC11168 was also consistent with the
inability to utilise glucose.

In 1952, Michael Doudoroff and Nathan Entner discovered the Entner-Doudoroff (ED)
pathway in Pseudomanas saccharophila, and following numerous biochemical studies, the ED
pathway was shown to be an alternate pathway of glucose metabolism used in a wide variety
of organisms, including archaea and plants (Conway, 1992), such as mosses and ferns (Chen et
al., 2016).

In Campylobacter, the ED pathway was initially identified in the genome sequence of C. jejuni
subsp. doylei 269.97 (Miller, 2008). Sequence analyses identified seven genes on an 8669bp
region of DNA, the glc locus, encoding enzymes for catabolising glucose plus a transport
permease. The gene encoding the permease was subsequently annotated as glcP, encoding a
glucose permease. The other genes encode enzymes required for the catabolism of glucose via

the ED pathway, are shown in figl.6.
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The seven identified genes including a putative glucose transporter are located within an rrn
locus between 16SrRNA, isoleucyl-tRNA and 23SrRNA. figl.7

Recently, a similar glc locus was identified in the genome sequences of a subset of C.
coli strains and the functionality of this ED pathway was demonstrated (Vorwerk et al., 2015;
Vegge et al., 2016). The C. coli isolates were divided into clades 1, 2, and 3 based on rMLST
analysis (Sheppard et al., 2008). Clade 1 contained all the ED-positive C. coli strains except
one. These isolates were drawn from a range of sources included animals, food and the
environment. WGS has also identified a glc locus in a small percentage of C. jejuni isolates.
Interestingly, these could be defined as primarily from environmental isolates: 51.4% of
identified ED-positive strains were from Norway rats and 42.9% from wild birds (Vegge et al.,
2016). It has been shown that this glc locus can be transferred between C. coli strains by
horizontal gene transfer (HGT) (Vorwerk et al., 2015). Possession of the glc locus permits the
growth of both C. coli (Vegge et al., 2016) and C. jejuni on glucose (Mohammed, 2018).
Following uptake via the glucose permease, the enzymes of this pathway convert glucose to
glyceraldehyde- 3-phosphate and pyruvate via 2-keto-3-deoxy-6-phosphogluconate (KDPG)
figl.6. Glucose is initially phosphorylated by glucokinase (Glk). The enzyme glucose-6-
phosphate dehydrogenase (Zwf) converts glucose-6phosphate to Glucono1,5 lactone -6P. The
phosphogluconolactonase (Pgl) enzyme then converts gluconol, 5 lactone-6P to Gluconate-6P,
while the dehydratase (Edd) enzyme converts gluconate 6P to 2-keto-3-deoxy-6-
phosphogluconate (KDPG). The final, specific step in the ED pathway is the hydrolysis of the
6-carbon KDPG intermediate to pyruvate and glyceraldehyde 3-phosphate by aldolase (Eda)
(Conway, 1992; Vorwerk et al., 2015). Pseudomonas spp. grow aerobically and use glucose

via the ED pathway (Conway, 1992).
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They have been described as having an EDEMP pathway, which is a cyclic fusion of the ED
and EMP reactions, where a portion of the triose-phosphate formed by the (Eda) aldolase
reaction is converted to hexose phosphate via the gluconeogenic reactions of the EMP pathway.
Helicobacter pylori also metabolises glucose via an ED pathway comprising three key gene
products, Edd, Eda, and Zwf (Mendz et al., 1994). A study conducted in vivo with mutated H.
pylori showed that glucose utilisation by this pathway was not essential for the colonisation of
mice (Wanken et al., 2003). The benefit of the ED pathway for certain strains of C. jejuni is
unknown. Studies on C. coli have indicated enhanced biofilm formation in some ED-positive
strains and extended survival in the stationary phase (Vegge et al., 2016). The prevalence of
possession of the ED pathway by strains associated with environmental rather than farmed

animals and humans could potentially indicate a role in enhanced survival in the environment.
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Figure 1.6 Entner-Doudoroff pathway of glucose metabolism in
Campylobacter. Gene products encoded on the glc locus that participate in
glucose metabolism via the ED pathway are labelled with a green circle (metabolic
enzymes) or rectangle (uptake); Glk (glucosekinase) phosphorylates glucose
forming glucose-6P, Zwf  (glucose-6-phosphate dehydrogenase) converts
glucose-6phosphate to Gluconoll,5 lactone-6P, which is converted to Gluconate-
6P by Pgl (6- phosphogluconolactonase); Edd (6phosphogluconate dehydratase)
and Eda (2-keto-3-deoxy-6- phosphogluconate aldolase), the main enzymes in the
ED pathway, catalyse the conversion of the hexose gluconate-6P to 2- keto-3-
deoxy-gluconate-6P and then to glyceraldehyde-3P. Pgiland Pgi2(glc locus) are
two phosphoglucose isomerases. Fbp is an enzyme of the EMP pathway and
converts fructose-1,6-bisphosphatase to fructose in the EMP pathway. The
conversion of glycerate -3P to pyruvate and the entry of pyruvate into the TCA
cycle occurs via standard reactions. RPPP is the reductive pentose phosphate
pathway (Adapted from Vegge et al., 2016).
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Figure 1.7 The gic locus within a ribosomal RNA operon in C. jejuni Dg275.The yellow
arrows indicate genes encoding proteins required for glucose uptake and metabolism via the
ED pathway; blue colour-coded arrows, the 777 locus; green arrows are flanking genes (Adapted
from Mohammed, 2018).

1.8 Genetic diversity in Campylobacter
1.8.1 Campylobacter genome

In 2000, the first reported genome sequence and annotation for C. jejuni NCTC11168 was
published, (Parkhill ef a/., 2000). and the re-annotated sequence followed in 2007 (Gundogdu
et al., 2007). C. jejuni NCTC11168 has a circular chromosome of 1,641,481 base pairs.

The genome has a low GC ratio of around 30% (Taylor et al. 1992). The asaccharolytic
nature and low GC content of Campylobacter were reasons for its separation from the genus
Vibrio (Moore et al., 2005; On, 2001). Genomes of the majority of Campylobacter species have
a low GC content of 30-36%. However, in the entire genus the range is 29-46% (Vandamme
and De Ley, 1991).

The NCTC11168 genome contains several repetitive sequences including three copies of the
ribosomal rRNA operon (77n A, B and C) each of which encodes, 16S, 23S #RNA and 5S rRNA)
(Vorwerk et al.,2015). In addition, there are a number of repetitive genes, maf genes, associated
with a flagellar gene cluster (Karlyshev et al., 2002). A close phylogenetic relationship was
found between C. jejuni and H. pylori. More than 50% of C. jejuni genes have orthologues in
H. pylori most of which are related to housekeeping function, resistance, transmission, and

pathogenesis (Parkhill ez al., 2000).
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Genome sequences are available for two other well characterised strains of C. jejuni, strains
81116 and 81176. NCTC 81176 differs from NCTC11168 and 81116 by the possession of two
plasmids pVir (37468 bp), which contains several genes that encode for a Type 4 secretion
systems (T4SS) (Bacon et al., 2002), and pTet plasmid (45205bp), which carries a tetO gene
encoding tetracycline resistance. (Batchelor, et al., 2004; Hofreuter et al., 2006; Pearson ef al.,
2007). Neither C. jejuni 81116 nor 11168 contains plasmids (Bacon et al., 2000; Manning, et
al.,2001).

Recently, MLST and WGS have helped to show the wide genetic diversity in strains of C.
jejuni and C. coli and that certain C. jejuni genotypes are host-specific (Sheppard et al., 2011;
Sheppard et al., 2014).

1.8.2 Genetic diversity
Genetic diversity is considered a major trait of many pathogen populations. Variation in genetic
sequence provides many advantages such as adaptation to new environments, varied
metabolism and survival of pathogens in a specific niche and hostile host environments. In
Campylobacter genetic variation occurs by intracellular genome rearrangement and slipped
strand mispairing at runs of short sequences leading to hypervariable sequences (Karlyshev et
al., 2005).

DNA is subject to various kinds of damage caused by a range of endogenous and environmental
factor, which cause strand breaks, nucleotide modifications, mismatches (Eisen and Hanawalt,
1999). In general, bacteria have DNA repair mechanisms to protect DNA against damage
(Friedberg, 2008), however DNA repair systems for survival of C. jejuni is stillpoorly
understood. One recent study investigating repair associated with oxidative DNA damage

studied the role of ¢j0595¢ (named nth gene) in C. jejuni NCTC11168. Inactivation of ¢j0595c,
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led to an increase in numbers of oxidative stress resistant (OX®) mutants, compared with the
wild-type strain.

Resistance correlated with transitions in the perR gene. Inaddition, recombinant Nth protein
showed endonuclease III activity and ability to excise the thymine glycol (Tg) base from a
double stranded DNA. These results are consistent with the hypothesis that Nth functions as a
BER (base-excision repair) enzyme in C. jejuni (Dai et al., 2019).

Based on previous research, the genome of C. jejuni is characterised by rapid
microevolutionary changes during the passage through the gastrointestinal tracts of rats and
chickens (Kim, et al., 2012), as well as humans. A laboratory worker became infected with the
Campylobacter strain with which they were working, NCTC11168-GSv. WGS analysis of an
isolate from stool samples identified that a number of genetic changes occured after passage
through this human host. Indel mutations within 12 contingency loci conferring phase variations
were identified in homopolymeric tracts, as well as SNPs in 2 genes (Dallas ef al., 2014).

Contingency genes are found in many bacteria and C. jejuni NCTC11168, contains
more than 20 contingency genes (Parkhill et al., 2000). These act primarily to synthesise or
modify surface structures, such as lipooligosaccharide (LOS), pilus, flagella and capsule, and
have a role in host interaction and virulence (Moxon et al., 2006; Parkhill ez al., 2000).

Hypervariability commonly occurs in genes, that influences the makeup of cell surface
structures, such as the flagellum, lipooligosaccharide, and capsular polysaccharide. (Gundogdu
et al., 2007). The flagellar biosynthesis and modification area contains seven hypothetical
paralogous genes: maf1 (cj1318), maf2 (cj1333), maf3(cj1334), maf4 (cj13356), maf5 (cj1337),
maf6 (cj1341), and maf7 (cj1342), which belong to the motility accessory factor (maf) family
(Karlyshev et al., 2002). The genes mafi and maf4 were found to be identical, and both
contained homopolymeric G tracts. The majority of maf gene products are predicted to be

cytoplasmic, but maf3 has a potential transmembrane region.
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The ability to rapidly vary the cell surface is considered a major contribution to immune

avoidance and the colonisation of dynamic host environments (Parkhill et al., 2000).

1.8.3 Horizontal gene transfer (HGT)

Gene transfers profoundly shapes a primary mechanism in the evolution of bacteria, and it is
a driver of the diversification among bacterial species and the acquisition of new and varied
functionality in pathogens (Schjerring and Krogfelt, 2011). Three mechanisms contribute to
gene transfer: conjugation, transduction, and transformation. The conjugation mechanism
requires plasmids to mediate their own transfer from donor to recipient cells through direct
contact. Transduction is a process that requires a virus to transfer DNA from one bacterium to
another. Transformation is a mechanism that allows the uptake of DNA directly from the
environment (Dubnau, 1999). Campylobacter has been shown to be naturally transformable
both in vitro and in the natural environment, which potentially leads to greater genetic diversity
between strains, as large genomic changes can take place rapidly (Taylor et al., 1992). Many
previous studies have proposed that the horizontal transfer of DNA contributes to phenotypic
changes in Campylobacter, including the acquisition of antibiotic resistance (Wittwer et al.,
2005), changes in capsule (Karlyshev et al., 2005), and lipooligosaccharide composition
(Gilbert et al., 2004), as well as flagellar synthesis (Harrington et al., 1997). HGT contributing
to generating diversity in MLST data was identified by comparing the number of different
alleles at each locus for a given number of STs (Sheppard and Maiden, 2015). Each new allele
was generated by the progressive accumulation of mutations. Each new ST contained a new
allele in at least one locus. C. jejuni is considered naturally competent in transformation, and it

represents one of more than 40 naturally competent bacterial species that are able to import
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DNA from the environment and incorporate it into their genomes (Wang and Taylor, 1990).
Many reports have been published about R plasmids that are

transmissible among Campylobacter spp. (Sagara, et al., 1987). The plasmid pVir(37kb) was
identified in more than 15% of 104 C. jejuni clinical isolates and it contains components of a
type IV secretion system (T4SS) ( Bacon et al., 2002), that has a role in the virulence of some
major bacterial pathogens (Christie 2001; Bacon et al., 2000) In vitro, studies have identified
importance of the ,pVir plasmid in promoting adherence and invasion of intestinal epithelial
cells in culture. The tetO gene located on pTet (45-kb) confers resistance to tetracycline. (Friis
etal.,2007).

In the related species H. pylori, two pVir-encoded genes required for natural transformation
virB11 and comB3, were tested to determine their role in natural transformation in C. jejuni
(Hofreuter et al.,2001; Bacon et al.,2000). Mutants of virB11 and comB3 showed no difference
in transformation compared with the wild type; however, a defect in transformation efficiency

was observed in a comB3 mutant (Bacon et al., 2000).

1.9 Project aims

A bank of C. jejuni isolates had been collected from faecal samples of farm associated
Norway rats in the SE of England between 2011 and 2013. MLST and phylogenetic analysis of
WGS (Figl.8) assigned approximately two thirds of the strains to clonal complexes, commonly
associated with human disease, chicken and farm animal colonization, for example, ST45CC-
45, ST21CC-21, ST22CC-22 and ST42CC-42 (de Haan et al., 2012; Harvala et al., 2016).
However, many isolates that were classified as unassigned clonal complexes, fell into two major
groups — a distinct clade, RG1 (red in fig 1.8). and a broad group of strains more closely related

to ST45CC45 (blue and black in figl.8).
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This latter group contained 37 strains of C. jejuni, possessing genes encoding enzymes of the
ED pathway and glucose utilisation. These isolates were of interest for two reasons, firstly as
C. jejuni has an incomplete EMP pathway, strains of this species are generally unable to grow
on glucose as a carbon source and have been defined as asaccharolytic.

Secondly, the unusual distribution of these strains suggested a possible preference for host or
environment.

The glc locus appears to be a mobile element located within an r7n operon, but almost
exclusively within wild bird and Norway rat isolates (Vorwerk et al., 2015, Vegge et al., 2016,
Mohammed, 2018). Glc positive Norway rat associated C. jejuni strains fell into two broad
groups, one group (highlighted in blue and green, figl.8) is closely related to ED negative CC45
strains and all have a complete g/c locus, while sequencing data for strains in a second broad
group (black in fig 1.8) suggested that some of these strains possess a complete glc locus but in
others the glc locus was incomplete (Mohammed, 2018). The ultimate aim of this study was to
contribute to the understanding of the benefit of glucose utilisation via the ED pathway to
these strains of C. jejuni and any contribution this may have on their ecological niche.
Specific objectives addressed in this Thesis:

1. This study began by assessing glucose utilisation of these strains and revisiting sequence
data, where the presence of incomplete genes of the glc locus in draft WGS data of several

strains indicated instability of the glc locus.

2. Identify the location and number of copies of glc locus inserted in selected strains. Confirm
this by PCR combined with hybrid Illumina/ nanopore sequencing

3. Study the effect of glucose and disaccharides such as maltose on growth properties of several
Glc positive strains under standard microaerobic condition and high and low concentrations of
oxygen.

4. Attempt to create a complete glc (rrnA) knockout in Dg275 strain to assess impact of

possession of glc locus. Analyse and assess naturally evolved mutants, unable to utilise glucose
recovered from a chicken colonisation trial.
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5.Study the influence of possession of the ED pathway on aerobic and oxidative stress,
specifically assessing sensitivity to H20>
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Figure 1.8 WGS phylogenetic network of 143 Campylobacter isolates from farm
associated Norway rat. Campylobacter strains isolated from fresh Norway rat faecal samples
from eight different farms within the South-West of England (Sites C, E, H, G, F, I, J, K)
between 2010 and 2012. Genomic DNA was isolated and draft genome sequences obtained by
[Tumina sequencing and all data deposited on Campylobacter jejuni/coli PubMLST database,
2014a) (Maclntyre and co-workers, unpublished data). Gene-by gene comparison of WGS data
was performed using genome comparator on PubMLST/ campylobacter. CC- clonal complex
and ST-sequence typing. 137 isolates are from farm associated Norway rats, 6 are from farm
animals (goose Dg333, Dg326, Dg328 and Dg327; chicken Dg311; pig Dg319). Red colour,
novel clade, Rat group 1; Green bracket, classic STs of the CC-45 complex; blue colour, RG2
new ST (7259,7258 & 5130)- shares at least 4 loci with ST45CC45. Phylogenetic network taken
from Mohammed,2018).
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Chapter 2 Material and Method

2.1 Chemicals, media, buffers, and consumables

Chemicals and media were purchased from Fisher Scientific, unless otherwise indicated and
are listed in Appendix 1. Recipes for all media are also listed in Appendix 1. Media routinely
used for growth were Blood Agar (BA) prepared with Blood Agar base No. 2 and 7%
defibrinated horse blood or Columbia Blood Agar base with 5% horse blood. BA-2% was blood
agar with additional agar to reduce motility and facilitate colony isolation and routine colony
forming unit (cfu) quantitation. Liquid media were used for metabolic studies and hydrogen
peroxide (H20») sensitivity assays, such as MHB, Modified Eagle Medium, (DMEMY).
Glucose, maltose, and lactose were added from a 400 mM filter, sterilised stock to a final
concentration of 20 mM in the culture medium. CampyGen Atmosphere generation system gas
packs for 2.5 L and 3.5 L (jars were used for the growth of C. jejuni. Alternately, a Don Whitley
workstation M35 was used to create the required microaerophilic conditions. Routinely, 5% O,
10% COz, 2% H> and 83% N2, 29%0:,10%C02,2%H> 86%N> ;15.9%0: ,4.5%CO> ,0%H,7
9.6%N,. Phosphate-Buffered Saline (PBS) or Maximal Recovery Diluent (MRD) were used for
serial dilution preparation. Where indicated, Bolton selective supplement, which contains
Vancomycin, Cefoperazone, Trimethoprim, and Cycloheximide, was used to prevent
contamination. Campylobacter isolates were stored at —80°C in Brain Heart Infusion (BHI)

containing 15% v/v glycerol.
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2.2 Bacterial strains and routine culture conditions

Table 2.1 lists the bacterial strains used in this study. Including source, date of isolation,
sequence type (ST), and/or clonal complex (CC) number. All Dg strains were originally isolated
from Norway rat faecal pellets. For strains indicated as a, b and c, the original Dg stocks of
each strain were subculture onBA2%, and three individual colonies (a, b, and c) were picked,
subcultured individually on BA, and restocked as glycerol stocks. All solid and liquid cultures
were incubated at 37°C under microaerophilic conditions.

Lack of contamination was routinely checked using gram staining to confirm the spiral shape
for C. jejuni and absence of growth on BA plates at 37°C under aerobic conditions, as C. jejuni

cannot grow under atmospheric oxygen concentrations.

2.3 Harvesting and stocking of C. jejuni strains

A loopful inoculum was used as the source of the bacterium in many procedures. Routinely, a
subculture from a —80°C stock was prepared on BA2% and incubated at 37°C under typical
microaerobic conditions for 48h. One or more isolated colonies were subcultured on BA plates
for approximately 24—36h. Depending on the application, a half to a loopful of bacterial growth
was recovered from a plate and suspended in a liquid medium as required.

Stock cultures were prepared by suspending a loopful of culture in Brain Heart Infusion (BHI)
containing 15% v/v glycerol and storing immediately at —80°C. All stock cultures were

prepared in a Biological Safety Cabinet.
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! Strains 2 ID #CC(ST) *ED type| > Source-, Date/ Ref
Dg 16b (a, b ,¢) 25973 |CC-21 I E -23/06/2011

Dg 18a(a, b, ¢) 25977  [Not assigned It G -14/7/2011

Dg 161(a, b, ¢) 26016 |CC-45 I C- 22/05/2012

Dg 43a(a, b, c) 25978  [Not assigned 21/23 X-22/8/2011
Dg 268(a, b, ¢) 25948  [Not assigned 21/23 E - 03/07/2012

Dg 234(a, b, ¢) 26049  [Not assigned 8 E - 26/6/2012

Dg 345(a, b, ¢) 26009  ICC-45 (7256) 10 C - 26/4/2012

Dg 381(a, b, ¢) 26002  [Not assigned It I-3/8/2012

Dg 201(a, b, ¢) 25993  [Not assigned It 1-30/5/2012

Dg 275 26058  ICC-45(7259) 2 X-03/07/2012

Dg 200 25985 ICC-45 - 1- 30/05/2012

Dg 95 26020 |CC-45 3 G-05/12/2011

Dg 57a 25947 ICC-45 2 C-22/08/2011

Ch95-95 (1,2,3,4,5) F CC- 45 (3%) Recovered isolates of Ch95 from
Chicken trial (Mohammed, 2016)

INCTC- 11168 48 CC-21 - Human stool, 1977/ (Parkhill et al.,
2000)

Table 2.1 Campylobacter jejuni strains.'Dg indicates the Reading strain stock number assigned
to stocks prepared during gDNA preparation for sequence data available on PUBMLST/C. jejuni.
All bacteria were restocked as RM-1 stocks, following one round of culture on MHA motility agar,
to enhance growth in culture media (Mohammed, 2016). A, b and ¢ are the three individual
colonies selected, subcultured, and restocked for ED locus confirmation. 2ID, Identification
Number on the Campylobacter jejuni/coli PubMLST database. *CC(ST), MLST Clonal Complex
number and (Sequence Type), not assigned—strains without g/t4 number and hence no ST or CC
was assigned.*ED type, based on the allelicprofile of all seven glc genes; (-) no gic locus (ED
negative) (3*), glcK is a pseudogene in Ch95-95 (1); I, one or more genes within the glc locus
indicted as incomplete on PUBMLST/ campylobacter/jejuni. ° The letter indicates farm site code
from which Norway rat faecal pellets used for Campylobacter isolation were collected/source for
reference strain (Primary farm animals: E, cattle; G, turkey, cattle; C, pigs, sheep; X, pigs, sheep,
I, cattle, poultry).
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2.4 C. jejuni growth assays
2.4.1 Enhancing growth on MHA motility agar

Growth on MHA motility agar and stocking of C. jejuni cells from the perimeter of the motility
ring enhanced the growth of recent isolates on MHB (Mohammed, 2018). Therefore, all strains
listed in table 2.1 with subcultures a, b and ¢ were subject to one round of motility on MHA
motility agar, and the restocked isolates from these plates were used in subsequent growth
assays. To do this 5ul standardised cell (ODsoo 0.02) (see below, 2.4.2) was delivered into the
center of a 0.4% MHA plate (MH medium containing 0.4% agar) using a sterile pipette tip.
Plates were incubated and 48h at 37°C. Glycerol stocks were prepared directly from a stab of
agar plus bacteria taken from close to the outer ring of motility using a sterile 3 ml plastic
dropper. Bacteria and agar were resuspended in BHI, 50% glycerol, to give an approximately
12-15% final volume of glycerol and stocked at —80°C. From these RM-1 stocks, subcultures
were prepared on BA-2%, followed by subculture and glycerol stocking of three separate
colonies on BA, as described above 2.3. The three stocks were labelled a, b, and ¢ as in table
2.1 and used as bacterial stocks for all studies described here.

2.4.2 Preparation of standardised bacterial cell suspension

A cell suspension standardised to 0.02 or 0.20Ds0o was routinely used for inoculation in growth
studies. Strains were subcultured on blood agar (BA-2%) incubated at 37°C for 36— 42h,
followed by subculture of individual colonies on MHA for 36-42h (microtitre plate assay), or
BA for 24-36h (shaking culture). Using a biological safety cabinet, one loopful (5ul blue loop)
of culture, or about five colonies were evenly suspended in 1 ml of fresh media and centrifuged
at 8000rpm for 4min in a Mini spin, Eppendorf centrifuge at RT to pellet the cells. The
supernatant was removed and cells were carefully resuspended in 1ml of media MHB or

DMEM as required.
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The ODsoo was monitored using 800ul suspended cells in a 1-cm path length cuvette and a WPA
CO0O8000 cell density meter. The remaining sample was used to standardise the samples to 0.02
or 0.2 ODeoo in the same media. An ODgoo 0f 0.02 and 0.2 from BA corresponded to an average
of ~7 x 107 and ~7 x 108 cfu/ml of Dg95 at 36h of growth, respectively. A loopful of
standardised cells was routinely plated on BA and incubated aerobically for 48 h at 37°C to
confirm the absence of contamination. An ODggo of 0.2 using the WPA CO8000 was equivalent
to a reading of 0.078 at ODsoo using the Spectra MAX 340 pc spectrometer with 200 pl culture
in a 96-well plate.

2.4.3 Microtitre plate growth assay

Microtitre plates were used to screen multiple strains of C. jejuni and, in initial studies, to
monitor growth under a range of conditions at 37°C. Standardised cells, 20l prepared from
MHA plates as a standardised culture of 0.02 ODsoo, as described above 2.4.2, were added to
180ul sterile media to give a starting concentration ~ 7 x 107 cfu/ml. Triple wells were
inoculated per strain. See (Appendix 2 for preparation of media). Where indicated, microtitre
plates were incubated without shaking at 37°C in a 3.5L anaerobic jar with a Campy gas pack.
For incubation periods exceeding 48h, the gas-generating pack was replaced. In some
experiments, where indicated, Bolton’s broth selective antibiotic was added to ensure the
absence of any contamination. When the Bolton broth supplement antibiotic was added to the
growth culture, there was no significant effect on campylobacter growth.

Following incubation, the ODsoo of the 24h and 48h samples was read directly in a Spectra
MAX 340 plate reader. Due to aggregation of cells at 72-96h, these later samples were first
resuspended by carefully pipetting up and down four times with a 200ul multichannel pipettor.
A 100pl aliquot of suspended cells was then transferred to 100ul PBS in a new plate before

reading at ODeoo to calculate cell density using a Spectra MAX 340 plate reader.
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In later studies, to screen multiple colonies of Ch95-95—isolates (1-2-3-4 and-5) and Dg95 for
glucose utilisation microtitre plates were incubated in a Don Whitley M35 workstation cabinet,
with shaking was done at 600rpm under standard microaerobic conditions at 37°C and with

70% humidity.

2.4.4 Growth in flasks with shaking and sampling carbohydrate utilisation

Conical flasks with cotton wool plugs were used for growth with shaking. For early
experiments, testing growth on different carbohydrates, 25ml conical flasks with 10 ml
DMEMI{-FBS plus antibiotics were incubated in 2.5L anaerobic jars with a Campy gas pack
and shaking at 150rpm in a New Brunswick orbital shaker at 37°C. DMEMT containing 20 mM
glucose, 20 mM maltose, or 20 mM lactose, prepared as described in Appendix 2, was
inoculated with 1 ml bacterial cells, standardised to an ODgoo of 0.02. Later experiments were
performed in a Whitley M35 Workstation using 15ml media, such as MHB, MHB-FBS, or
DMEMT, in 50ml conical flasks with shaking at 150rpm on an orbital shaker (Heidolph Unimax
1010) at 37°C. In some experiments, where indicated, antibiotic was added to prevent
contamination. Flasks were routinely inoculated with 150ul bacterial cells, standardised to an
ODgoo of 0.2, to give a zero-time ODgoo of 0.002 and approximately 5x10° cfu/ml. Growth was
monitored roughly every 12 h (time points as indicated) by removing 550-800ul of culture to
measuree bacterial density ODgoo using a WPA CO8000 cell density metre and to perform cfu

calculation as in 2.4.5.
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2.4.5 Calculation of colony-forming units (cfu/ml)

The Miles—Misra method (Miles et al., 1938) was used to estimate viable bacteria by calculating
the number of colony-forming units (cfu) in standardised suspensions and growth studies. For
each sample, 10-fold serial dilutions from 10-2to 10”7 were prepared in duplicate or triplicate in
a 96-well plate by adding 20ul sample to 180ul of cold PBS diluent or MRD. Plates were
predried for 30min at 37C with the lid slightly opened. Five replicate 10 pl drops from dilutions
102to 10”7 were then dropped onto the surface of the dried BA-2% plate using a multichannel
pipettor After the drops had dried, the plates were incubated for 48 h at 37°C. A magnifying

lens was used to count cfu, ideally between 3—-30 cfu/drop.

2.4.6 pH measurement

Cultures were grown as described in 2.4.4 in 15 ml DMEMf{ with and without glucose in 50 ml
conical flasks with shaking at 150rpm. The broth was inoculated with relevant C. jejuni strains
to give a starting ODegoo of 0.002 and incubated at 37°C for three days in standard
microaerophilic conditions. The pH was measured using a HI-98100 Checker Plus pH Tester,
Hanna Instruments at zero time and then at 24h, 48h, and 72h without removing cultures
samples from the cabinet.

2.4.7 Gram staining

Gram staining was performed to confirm Campylobacter morphology using a 20ul heat-fixed
culture. Cells were stained with crystal violet 0.4% w/v for 1min, grams iodine 1% w/v for 1
min, destained with ethyl alcohol 96% for 20 s, and followed by a water wash and counter stain
with dilute carbol fuschin for 1min. Slides were examined using light microscopy for spiral to

curved or coccoid cell morphology.
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2.5 Maltose and glucose quantification

Glucose and maltose levels were monitored during growth in DMEM{f and/or MHB (with or
without 20 mM glucose) using a glucose oxidase based assay and for future NMR spectroscopy.
Spent growth media (1ml) was recovered at different times of growth by centrifugation at
13,000rpm for 10min. Recovered supernatant fractions (1ml) were sterilised by filtration using
a 0.22 um MillexGV filter tip and stored at —20°C for subsequent analysis. A maltose and
glucose assay kit was used for the rapid, sensitive, and accurate measurement of maltose and
glucose levels in spent growth media using a colorimetric. In this assay, maltose was converted
to glucose by glucosidase and glucose quantitated via glucose oxidase activity. Hence, the assay
measured maltose plus free glucose. Free glucose alone was quantitated by measurement in the
absence of glucosidase, and maltose concentration was determined by subtracting free glucose
level from the quantity of maltose plus free glucose. The assay was performed in a final volume
of 100ul in sterile 96-well clear F-bottom, polystyrene plates with lid. A standard curve using
the kit-supplied maltose was performed following the instructions of the maltose + glucose
assay kit. This demonstrated that the amount of maltose was proportional to the colours density
between maltose concentrations of 1 and Snmol, equivalent to 2 and 10nmol glucose, fig 2.1.
Growth studies were performed with media containing 20 mM maltose. Before performing the
assay, the glucose assay buffer was thawed and brought to room temperature (RT). All other
reagents were then brought to RT. Glucose reaction mix (GRM) was prepared freshly before
each assay: 50ul of GRM containing 2l glucose probe, 2l glucose oxidase, and 46l glucose
assay buffer.

Reactions contained sample (approximately 1-10nmol glucose), plus/minus 2ul glucosidase,
glucose assay buffer to a final volume of 50ul, followed by the addition of 50ul GRM. Samples

were mixed and plates incubated for 60min at 37°C, protected from light.
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Absorbance was read at 570 nm, without lid using a Spectra MAX 190 Microplate Reader at

endpoint.

Maltose Standard
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Figure 2.1 Standard curve for monitoring maltose in biological
culture media using ab65335 Maltose and Glucose Assay Kit. The 0, 1,
2, 3, and 4l of the maltose standard (10nmol/well) were added into each
well individually. The wells were adjusted to 50ul by adding the glucose
assay buffer to generate 0, 2, 4, 6, 8, and 10nmol/well of the maltose
standard. Also, 50ul of a glucose reaction mix was added into each well
plus 2ul glucosidase enzyme to evaluate maltose. The open orange circle
is maltose with a-D-Glucosidase. The solid square is maltose without a-
D-Glucosidase.
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2.6 Fluorescence microscopy for cell shape and viability

The Bacterial viability assay kit was used to monitor coccoid formation and cell viability. First,
bacterial cells were recovered from stationary or death phase culture media and extensively
washed as follows: From a 5Sml culture, bacterial cells were harvested by centrifugation at 5000
rpm for 20min and resuspended in 2ml of 1x wash buffer. Then 1ml of this bacterial suspension
was diluted to Sml with 1x wash buffer. After 1h incubation at RT, centrifugation was repeated,
and the pellet was resuspended in Sml of 1x wash buffer and centrifuged again. The final pellet
was resuspended in 1ml of 1x wash buffer. To prepare samples for Fluorescence Microscopy,

1l of live cell stain and 1pl of dead cell stain was added to the 1ml sample of washed cells and

incubated at RT in the dark for 15min. Two to three drops of sample was then spotted on a
microscope slide covered with a coverslip. Zeiss—zen software was used for sample viewing
and photography by selecting the dye for samples from the databases. Using excitation/
emission wavelengths of 490nm/525nm and 536nm/617nm (FITC/TAMRA filter) with oil lens,
as set on a fluorescence microscope. Images of the selected areas recorded viable (green
fluorescence) and dead (red fluorescence) cells.

2.7 Growth Assay with variable oxygen levels

Experiments comparing growth with different oxygen levels used the Whitley M35work station
at 37°C and 15ml MHB-FBS in 50ml conical flasks with shaking at 150rpm (section 2.4).
Cultures were inoculated to give a starting ODgoo of 0.002 (approximately 3-5 x10® cfu/ml, as
described above in section 2.4.4 and incubated under each of the following atmospheric
conditions: (a) standard conditions 5% 02,10% CO2, 2% Hz, 83% Na; (b) low oxygen 2%0;,
10%C0z, 2%H2, 86%N2, (c) high oxygen 13%0,,5%C02,1.8H2, 80.2%N> and very high

oxygen 15.9%05, 4%C02,0%H.,, 80.1% No.
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Bacterial density ODsoo and cell viability cfu/ml were monitored at intervals of up to 72h, as
described in sections 2.4.4 and 2.4.5. All samples were removed from the flask in the cabinet.
To monitor the impact of aerobic incubation, i.e. in 21% oxygen on cell viability, 15ml cultures
were grown with shaking as described above for 24h at 37°C. Then at 24h, cultures were
removed from the workstation and transferred to an aerobic incubator for further incubation

aerobically with or without shaking. Both ODgoo and cell viability were monitored.

2.8 Hydrogen peroxide sensitivity

Cultures(15ml) were inoculated and grown at 37°C understandard microaerophilic conditions,
as described above. Samples were taken at times during growth, as indicated, and both ODseoo
and cfu were determined. At each time point, bacteria were recovered from an equivalent of 0.9
ODsoo units by centrifugation at 5000rpm for 10min. After discarding all supernatants, the pellet
was resuspended in 4.5ml of PBS. To monitor sensitivity, a 30% solution of H>O> (9.8 M) was
used to prepare a working 1M H>O; stock (102ul of H2O; plus 898ul of water). In 1.5ml
Eppendorf tubes, 1ul, Sul, 10ul, and 15ul of 1M H>O2 were then added to 900ul of cell
suspension in PBS, plus 99ul, 95 ul, 90ul, and 85ul nanopure water, to give test concentrations
of ImM, 5mM, 10mM, and 15mM peroxide, respectively, in a final volume of 1ml. The 0OmM
peroxide control contained 900ul of cells plus 100ul water. All tubes were incubated at 37°C
under microaerobic conditions with gentle shaking at 150rpm on a Grantbio PMS-1000i
Microplate Shaker. Samples (20pl) were taken after 15min, 30 min, and 1h and added to 180ul
cold PBS buffer without removing tubes from the cabinet.

Serial dilutions were prepared for cfu calculations, section 2.4.5, 10ul of the 107! to 107
dilutions were then spotted onto BA2%plates, incubated for 48h, and colonies counted. For

these assays, each day, a solution of 1M H>O, was freshly prepared from the stock of 30% (w/v)
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H>O> which had been stored at 4°C and was no more than lyear old. Triplicate biological
repeats for growth curves and assays were performed on different days, with the average and

SD cfu/ml calculated.
2.9 Preparation of genomic DNA (gDNA)
2.9.1 GeneJET Genomic DNA Purification kit

GeneJET genomic purification kit was used routinely for isolation of genomic DNA (gDNA)
for PCR analysis and NGS/Illumina sequencing of some samples.

Single colonies were subcultured on BA for 24-30h, and half of a 5ul loopful of bacterial
growth was suspended by mixing with the loop in Iml MHB. Washed cells were recovered by
centrifugation for Smin at 5000rpm and resuspended in 180l of digestion solution, thoroughly
mixed with a loop. To digest and degraded all proteins particularly nuclease that breakdown
isolated DNA, 20ul ProteinaseK was added, then the sample was heated for 60min at 65°C in
a heat block with vortexing every 15min. A 20ul RNAase A, was then added and incubated 10
min at RT to degrade RNA, followed by 200l lysis solution and vortexed for one minute. Then
400ul of 50% ethanol was added, and the sample was mixed and transferred to a gDNA
purification column. This was centrifuged for 3min at 13,000rpm to bind gDNA, washed with
500ul of wash buffer I, centrifuged for 3min at 8000Xg 11000rpm, then washed with 500ul of
wash buffer II, followed by further centrifugation for 3min at 13000rpm. In the final step, the
purified DNA was eluted in 50ul of nH>O and centrifuged at 12000rpm for 3min. Samples were

stored at —20°C.
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2.9.2 Monarch genomic DNA purification

The monarch genomic purification method resulted in longer gDNA fragments and was used
for nanopore sequencing and Illumina sequencing with Novogene. Single colonies were
subcultured on BA for 24h under standard conditions (5% 02,10% C0O,,2% H», 83%N>). Half
of a 5ul loopful of growth was used to isolate gDNA using a Monarch genomic DNA
purification kit Cells from growth on the BA plate were suspended in 1 ml-MHB and mixed
well. Cells were recovered by centrifugation for 3min at 13000rpm, resuspended well in 90ul
of 10mM Tris-Cl with gentle mixing. Also, 10ul lysozyme solution (25mg/ml) was added
together with 100ul tissue lysis buffer and mixed. The sample was heated at 37°C for 10—20min
or until clear (not exceeding 20 min). ProteinaseK (10ul) was added, and the sample was
incubated at 65°C for 3045 min in the heating block with shaking by hand or vortex briefly.
After adding 3ul RNAase A, the sample was incubated for Smin at 56°C. Following a brief
vortex 400ul gDNA binding buffer was added to the sample and mixed thoroughly by vortexing
for 5-10s or shaking by hand. The lysate/binding buffer mix was then transferred to a gDNA
purification column, which was then centrifuged for 3min at 1,000rpm to bind gDNA, followed
by centrifugation for Imin at 12000rpm. The column was then transferred to a new collection
tube, and the genomic DNA washed twice, with 500ul gDNA wash buffer, by closing the cap
and inverting a few times so that the wash buffer reaches the cap, followed immediate
centrifugation for 1min at 12,000rpm and discard the flow through. The gDNA Purification
Column was then placed in 1.5ml microfuge tube and 50ul preheated (60°C) water added. With,
cap closed, this was incubated at room temperature for Imin. The column was then centrifuged

for 1min at 12,000rpm to elute DNA. Genomic DNA samples were stored at —20°C.
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To determine the DNA concentration, nanodrop and agarose gel electrophoresis (AGE) with
gel red staining was used. While extraction of gDNA for [llumina sequencing does not require
long fragments of DNA and vortexing of samples can be used during preparation preparation
of gDNA for nanopore sequencing analysis requires a gentle mixing step to avoid shearing

DNA and facilitate long reads from a single molecule.

2.9.3 DNA quantification and quality
2.9.3.1 Nanodrop spectrophotometer DNA quantification

To routinely measure the DNA concentration of isolated genomic DNA for PCR, PCR products,
and plasmid, 2pul of a DNA sample was measured for quantification (A260) and purity
(A260:A280) using a Nanodrop spectrophotometer (ND1000, Thermo Scientificor DNA
Quantification Spectrophotometer from DeNovix. Water was used as a blank.
2.9.3.2 Fluorescence quantification assay

The DeNovix® dsDNA Broad Range Assay (Cambridge bioscience, DSDNA-BROAD-1) was
used to quantitate and reveal the purity of the double-stranded DNA (dsDNA) samples. The
standard detection range was from 2 to 2000ng in 200ul final volumes. All solutions were
equilibrated to room temperature before use reagents were vortexed and then centrifuged briefly
to reduce loss on the vial cap. Working solutions were prepared by mixing 10mL of the assay
buffer with 100pl of the dye and 100ul of the enhancer.

Both standards (0 or 200 ng/ul) were prepared in different two tubes, 190ul working solutions
plus 1pl of the both standards+ 9pl of water), also, DNA sample was prepared by 190ul working
solution plus 1ul of DNA + 9ul of water. All tubes mixed well and incubate standards and
samples at room temperature for Smins in a dark place. The final step generates the standard
curve and then measures the samples using a DS-11 DNA Quantification Spectrophotometer

from DeNovix.
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2.9.3.3 Testing gDNA quality

DNA quality was estimated using the two ratios 260/280 and 260/230. 260/280 ratios are
routinely used to determine DNA purity, ideally with a ratio of 1.85-1.87 and with a range of
1.80-1.90 considered acceptable. Values less than 1.80 indicate potential proteincontamination,
and values in the range of 1.90 to > 2.0 may indicate potential RNA contamination (Novogene
instruction). The 260/230 values were used as secondary measure of nucleic acid purity. Very
high purity is considered when A260/A230 ratios are in the range of 2.20-2.50, while a range
between 1.80-2.50 is generally considered acceptable and clean. Contamination of the sample
by organic compounds such as Trizol, phenol, or by salts such as the chaotropic salt guanidine
thiocyanate (GTC), any form of aromatic molecules, and substances like silica fibers all induce
a lower A260/A230 ratio. To check the purity of DNA preparations by gel electrophoresis 1.0%
agarose gels with 1.0% TAE (0.5g of agarose+50ml of the 0.5ml of 50xTAE buffer) were used
and run at 100V for 40min. The absence of gDNA degradation, protein contamination
(indicated by DNA in wells), and RNA contamination were all monitored by gel

electrophoresis, see fig 2.2.
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A B D E

Figure 2.2 Gel electrophoreses showing examples of gDNA quality. (A)
DNA marker, (B) qualified sample, (C) degraded sample, (D) sample
contaminated with RNA, (E) sample contaminated with a protein and /or
DNA aggregates. Red boxes refer to areas of contamination (taken from
Novogene).

C

2.9.3.4 Agarose gel electrophoresis

A horizontal agarose gel electrophoresis (75000500) system (Bio-Rad) was used to analyse
DNA samples. Gels typically contained 0.6 to 0.7% (w/v) agarose in TAE buffer (40mM
TrisHCI, ImM EDTA, pH 8.0), prepared from S0xTAE (242gTris base, 57.1ml Glacial acetic
acid, 100ml SM EDTA pH 8.0 per liter). The nucleic acid stain, Gel Red, or safe DNA gel stain
(1pl) was mixed with 50ml of melted agarose cooled to 45-50°C. For PCR products, routinely
2ul DNA loading buffer (x2) was added to a 2ul DNA sample and analysed using 1 ul DNA
Hyper Ladder 1 with 2ul DNA loading buffer (fig2.3) as a length standard. Gels were run at

80V for 70 min and imaged using a G-Box (SynGene).
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Figure 2.3 DNA standards for AGE. A—Hyper DNA
ladder, B DNA ladder 10KB [ Fermentas, Lithuania).
The molecular size (bp) and the respective molecular
mass (ng) of each band are shown in the above figure
(taken from Bioline).

2.10 Oligonucleotide primers

Oligonucleotide primers listed in table 2.2 were used for PCR or sequencing were synthesised
by MWG Eurofins, Germany, and stored as stock primers in nuclease-free H>O at a
concentration of 200pmol/ul, diluted to a working concentration of 10pmol/ul, and stored at -
20°C. Primer sequences for the target genes were designed using DNA Dynamo and Artemis
software. Also, TM Calculator of Oligonucleotide Properties Calculator and MWG were used
to design the primers. Based on MWG criteria, typical properties for optimal primer design
were 18-22 bp, TM (54-62), GC% (40-60), TM as close as possible and no more than 3°C

apart.
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A. Standard PCR primers (short Tength)
 Primer Sequence -3 ™ Size(bp) | amplfied
- ('0) genes
hp0F  |GAAGAGGGITIGGGIGGIG 9 [hip0
53
hpOR  [AGCTAGCTTCGCATAATAACTIG 2
517
hspK AGCTTGCGGTAAGAGCCTTGC 21
| _ - 60 aspk
ispKR  [ATAAAAGACTATCGICGCGIG 21
60
Wk T8F  |TACGGGCATGTATCAGCAGAG 21
58 -
_ __ Pgi
WlcPTBR [ATAGCAACCTTTCCGCCAAC 20
57
Wk 38TF [CTTATTAGCGAGCAAGCTITAAGTGG 26
60 ~
N __ Pgi
WlcP 38R [CCTTGAACTGGAGGTATTAGAGC 23
61
hnsA 381F  |CAAATGATGGTAGTGGIGICG 0.0 | 2
WI3SIR |CCCCAACTACCTGCAAGATA 99 | 21 |edd, eda
P20IR |CCTTGAACTGGAGGTATTAGAGC 60.6 23
\&lﬂﬂlr TACGUGCATGTATCAGCA GAG 57.0 21 pgi
bnsA 201F  [AGTTGTTGCAGGTAGTGGTGCAG 55| 23 |edd eda
WI20IR |[GGATCAATCCAAGTCCAA GCTGC S
0 AAGCTGAAGAGTTCGAGTGG 515 20 gk
gk AACGCCCACCTACCCAATTC 60 | 20
adF ACACCCGCTATGTGTGATGG 8| 20
@R TAGCAAACGAAGTTCCGCAAG ST | 21 |edd eda
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Table 2. 2 Primers used for PCR. A. Primers amplifying short products used in standard PCR
confirmation of aspK (C. coli specific), hipO (C. jejuni specific) and analysis of target segments
of the glc locus. B. Primers used to amplify long PCR products > 6 kbp for amplification of
entire rrn/glc loci. *Distance from for word primers to 16SrRNA and from Reverse primers to
23SrRNA.
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2.11 PCR amplification

2.11.1 Colony PCR

For lysed colony PCR, bacteria were cultured on BA-2% plates at 37°C for 30-36h. One or two
(if pure culture) colonies were resuspended in 100pul of Tris-EDTA buffer (TE) (10mM Tris
and 1mM disodium EDTA, pH 8.0) and heated for 5Smin at 95-100°C in a heating block.
Unlysed cells and debris were removed by centrifugation for 3min at 13,000 rpm, and the
supernatant was stored at -20°C. Dilutions of 1/50 in nH20 were used as templates in the PCR
reactions. Dream Taq polymerase was used to amplify short PCR products to confirm
presence/absence or product length < 5-6 kb. PCR reactions were performed using 0.75pul of
forward and reverse primers (10pmol/ul), 2.5ul of Template DNA (lysed cells, 1/50), 12.5ul of
Dream Taq PCR Master Mix (2x) and a final volume made up to 25ul with nH>O. Reaction
cycles are shown in table 2.3A with annealing temperatures between 55-65°C. Examples
included identification of C. jejuni and C. coli, respectively, using forward and reverse hipO
and aspK primers, and confirmation of glc locus using primers targeting different gl/c locus

genes table 2.2.

2.11.2 Long range RCR

To amplify rrn loci with and without glc loci, PCR products > 6 kb, PCR reactions were
performed using CloneAmp HiFi and isolated gDNA, following the manufacturer protocol.
Briefly, the reaction mixture contained 12.5ul of CloneAmp HiFi, 1l each of forward and
reverse primers (10pmol/ pl), 50ng-100ng of template DNA, and a final volume made up with

water to 25ul. The amplification cycle is shown in table 2.3B.
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A- Steps Temperature (°C) Time
1 cycle Initiation 95.0°C 2 min
30 PCR Denaturation 95.0°C 30s
Cycles Annealing 60°C 30s
Extend 72°C 1 min/kb
1 cycle Final extension 72°C 10 min
4°C Hold
B- Steps Temperature (°C) Time
1 cycle Initiation 98.0°C 2 min
30 PCR Denaturation 98.0°C 10s
Cycles Annealing 55°C I5s
Extend 72°C Smin/kb
4°C Hold

Table 2.3 A& B Reactions for PCR. A-The reaction used in primer walking of the small
region with Dream Taq PCR Master MixB. The reaction used in primer walking of big gaps,
with CloneAmp HiFi.

2.11.3 Purification of PCR products

A GeneJET PCR Purification Kit was used to purify PCR products before DNA sequencing.
Binding buffer (1volume) was added to 1volume of the PCR product mix. Samples were added
to a GeneJET PCR column and centrifuged for 30—60s at 13,000rpm to bind DNA. DNA bound
on the column was washed with 700ul wash buffer, and the centrifugation step repeated. An
additional Imin of centrifugation removed any residual wash buffer. Finally, 20ul sterile nH2O
was used to elute DNA into a new sterile Eppendorf tube with centrifugation at 13000rpm for

Imin. The DNA concentration was estimated by Nanodrop and quality confirmed by AGE.
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2.12 DNA sequencing

2.12.1 PCR products

PCR products were sent to MWG Eurofins (Germany) for the Sanger sequencing tube service. A
total of 15ul PCR product (between 100-3000bp) at a concentration of 10ng/ul was sent with
15ul of a 10pmol/ul sample of appropriate sequencing primer(s). PCR products were generally

sequenced using the same primers used for PCR amplification.

2.12.2Whole -genome sequencing
2.12.2.1 ITumina whole- genome sequencing

gDNA extracted using Monarch genomic DNA purification 2.9.2 was quality checked as above
2.9.3. All samples met the conditions in terms of purity, where A260/A280 was 1.8— 1.92 and
A260/A230 ratios 1.99-2.0. DNA concentration was estimated using the fluorescence assay
2.9.3.2. The integrity of the genomic DNA was assessed by gel electrophoresis 2.9.3.4. gDNA
(30ul at a concentration of 20ng/ul) was sent to NOVOGENE-HK (Hong Kong), in 1.5ml
Eppendorf Safe-lock with Parafilm to seal each tube. Samples were kept in cool pack during

shipment.

2.12.2.2 Nanopore sequencing
The same gDNA sent for I[llumina genome sequencing was used for nanopore sequencing using
Oxford nanopore technologies. The nanopore sequencing was performed by Dr. Soon Gweon

(Harbone building, lab 118, School of Biological Sciences, University of Reading).
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2.13 Bioinformatics analysis
2.13.1 PubMLST

The PubMLST.org website contains files of open-access curated databases that integrate
population sequence data with provenance and phenotype information for over 100 different
microbial species and genera. High molecular diversity of C. jejuni makes it difficult to compare
and identify the source of infection and transmission routes. MLST is considered one of the
genotyping methods that started in 1998. It helps in the molecular differentiation of
Campylobacter isolates and is the most widely applied due to its high discriminatory power and
reproducibility (Colles and Maiden, 2012). The Campylobacter jejuni/coli PubMLST database
(http://pubmlst.org/campylobacter/) contains sequence information for each of the MLST
alleles of all C. jejuni and C. coli recorded in the database, plus epidemiological data. Since
approximately 2012, WGS data is now routinely recorded. Besides, ED alleles, ST and CC
types. WGS data can be retrieved and analysed on a gene-by-gene basis via PUBMLST. The
draft genome sequences of all Dg strains analysed in this study are stored in the BIGSdb
genomics database and are accessible via PUBMLST/campylobacter. They are defined as from
an ‘environmental’ source. Data on these isolates accessed using the ID number, as listed in
table 2.1. Genome comparator was used to compare alleles of the g/c locus and to identify
incomplete or missing genes. Individual genes were downloaded to compare the sizes of the
complete and incomplete genes. Downloading genes of the glc locus with surrounding bases
was used to further compare the integrity of the g/c locus and related contig sizes.
2.13.2 DNA dynamo

DNA dynamo is DNA sequencing and Analysis programme provides several services that helps
to Import or retrieve annotated sequence files from a variety of formats and online databases.

It was used to analyse and assemble sequencing data, analyse mutations, design, primers,
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design cloning and create plasmid maps. It was also used for DNA and protein multiple

sequence alignments via Clustal(http://www.bluetractorsoftware.co.uk).

2.13.3 Identifying the genomic location of rrn loci using CONTIGuator and Artemis

The Artemis Comparison Tool (ACT) is a free genome browser and annotation tool that aids
interactive visualization of annotated genomes and comparisons between genome sequences
(Cole et al., 2001). In this study, all draft genome contigs of RG2 strains were downloaded from
the BIGSdb database as an archive file containing FASTA files of each contig. The
NCTC11168 reference genome sequence was downloaded from the NCBI database
(https://www.ncbi.nlm.nih.gov/genome/149). CONTIGuator web server (http:
combo.dbe.unifi.it/contiguator) was used to align the draft genome of each test strain with the
FASTA file NCTC11168 reference genome. FASTA files of contigs assembled with the
NCTC11168 sequence were extracted from the CONTIGuator program and aligned with the gb
file of NCTC11168 reference strain using ACT (Carver ef al., 2008). This alignment displayed
mapped contigs and identified gaps. Gaps in test genomes corresponding to location of the 3
rrn loci (A, B, and C) of NCTC11168 were identified. Primers were designed from the end of
both contigs and, where possible, within an ORF, typically with a TM of 55— 63°C and less
than 3°C between pairs of forward and reverse primers, using DNA Dynamo. CloneAmp HiFi

was used to amplify the DNA within the gaps, as described above.

2.13.4 Data analysis

Simple calculations and graph development were carried Microsoft Excel. Statistical
comparisons were performed by SPSS software for statistical analysis with two to three
biological replicates and to calculate the standard deviation, the standard errors of means, and

check significance differences.
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3.1 Introduction
As defined by the core genome, C. jejuni has an asaccharolytic metabolism, meaning that it
cannot use any kind of carbohydrate, such as glucose, and relies on certain amino acids, short
chain fatty acids and citric acid cycle intermediates, as its main carbon and energy sources
(Parkhill et al., 2000; Velayudhan and Kelly, 2002; Cody et al., 2017). This has been confirmed
by many in vitro and in vivo studies (Velayudhan and Kelly, 2002; Stahl et al., 2012; Hofreuter,
2014 and Hofreuter et al., 2012). However, in 2008, a locus encoding enzymes of the ED
pathway was identified in the genome sequence of C. jejuni, subsp. doylei 269.97 (Miller,
2008). Sequence analysis identified seven genes on this 8669bp region of DNA, between the
16S and 23S ¥RNA genes of the rrn locus (Miller, 2008). Encoded products were predicted to
confer the ability to transport and phosphorylate glucose and then metabolise glucose via the
ED pathway (see chapter 1.7.2.2 for details). Following WGS of large numbers of C. jejuni and
C. coli isolates, presence of the same locus, named glc locus, was identified in the genomes of
many additional strains, primarily from wild birds and Norway rats (Vorwerk et al., 2015;
Vegge et al., 2016). Vorwerk et al demonstrated functionality of this Campylobacter gic locus
and catabolism of glucose via the ED pathway in a clinical isolate of C. coli, strain CHW470.
Interestingly, possession of the g/c locus has also been linked to biosynthesis of amino acid and
surface carbohydrates, with evidence of strain preference for catabolism (energy production) or
biosynthesis and biofilm formation (Vorwerk et al., 2015; Vegge et al., 2016). Subsequently,
Mohammed demonstrated glucose utilisation in C. jejuni for a group of farmyard isolates, with
focus on strains Dg275 and Dg95 (Mohammed, 2018). Available Campylobacter strains of the
C. jejuni group (350 strains) had been isolated from Norway rats associated with eight farms
(C,E, H, G, F, I, J and K) in South East England over a period of three years (Mohammed,

2018).
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Draft WGS data were available for 137 of these strains. Of these, 23 C. jejuni isolates closely
linked to Clonal complex ST45CC-45, possess the glc locus and have been shown to utilise
glucose, thus form closely related phylogenetic clades of ED-positive CC-45 strains (see
Phylogenetic tree below, fig3.1 strains coloured blue and green) (Mohammed, 2018).

A number of other ED positive strains are more distantly related (strains coloured black
in fig 3.1) have not been assigned a CC group. The whole group of ED positive strains ie strains
possessing the glc locus, are assigned as group RG2 (encompassed by dashed circle, fig3.1)
(Mohammed, 2018). In addition, a couple of other strains annotated as having genes of the glc
locus belonged to ST21CC21 (strain Dgl16) and ST45CC45 (strain Dg161). Both of these clonal
complexes are considered as generalist and associated with clinical disease (Vegge et al., 2016;
Kwan et al., 2008).

The glc locus is located on a genomic island and intraspecies transfer between C.coli strains by
natural transformation has been demonstrated at low frequency (Vorwerk et al., 2015).Transfer
to or within C. jejuni has never been demonstrated in vitro. In light of the limited correlation of
association of the g/c locus in C. jejuni with clinically isolated with strains (Vegge et al., 2016),
and annotation of incomplete loci within draft genome sequences, the possibility of gene
transfer and gene decay was considered. Hence, this part of the study began by confirming
functionality of the glc locus in these diverse farmyard C. jejuni strains and revisiting sequence

data and genome organisation of the g/c locus in these strains.
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3.2 Comparison of the glc locus in C. jejuni

3.2.1 Allele assignment of glc loci in farmyard C. jejuni isolates

Genes of the glc locus are defined as ED genes in PUBMLST/campylobacter. As with MLST
for EDMLST, each gene sequence not identical to one in the database is defined as a new allele
and given a new allele number. The ED type is then defined by the combination of each set of
all 7 allele numbers for example ED type 2 has the profile 3-4-4-5-4-4-5 corresponding to the
genes glcP, pgi, glk, pgl, zwf, edd and eda. Currently, 36 ED types have been identified in C.
jejuni and 10 in C. coli (Vegge et al., 2016). Genome comparator was used to identify the ED
type, the comparison of different sequence types (alleles) for each gene of the gl/c locus and to
identify any missing and incomplete genes. Eighteen of the C. jejuni farm-associated rat isolates
belong to ED type 2 with the allelic profile 3-4-4-5-4-5-5 (Table 3.1). Dg 95 represents a closely
related group of glc loci from five strains belonging to ED type 3, varying only in the pg/ locus.
Four additional strains (Dg 180 and Dg 184; Dg 122 and Dg 187) belonging to ST-4791CC45
were assigned as ED types 9 and 11, respectively, and differed from each other only in the pgl/
locus. Dg 180 and Dg 184 (ED type 9) differed from ED Type 2 only in the pgi locus, while
ED type 11, differed from ED type 2 in both pgi and pgl/ locus. All of these strains were
classified as belonging to the broad clonal complex ST45CC-45 and each different ED type
belonged to a specific phylogenetic branch when analysed by wgMLST (fig 3.1). This
relationship held when analysed by cgMLST (not shown). For example, all strains with ED
type 2 glc locus belonged to the 2 wgMLST clades indicated by Dg275 and Dg81, while ED
type 3 correlated with the phylogenetic branch assigned to Dg95 and the four other ED type 3

strains.
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Strains carrying ED types 9 and 11, also belonged to this broad phylogenetic clade, but to an
earlier divergent branch. Notably, all strains (within the RG2 group) possess the glc locus. The
closest strains isolated that were negative for the glc locus, were those assigned ST45-CC45,
ED negative (fig3.1). Strains harboring ED type 2 glc locus were isolated over two years from
four farm sites C, E, L and X, while those harbouring ED type 3 were isolated from sites G and
H (Table 2.1). The ED-negative ST45CC-45 strains were isolated from some of the same farm
sites (G, C, I, X and J). Thus, the close correlation of core genome phylogenetic group with ED
type for these strains is consistent with acquisition of this g/c locus by a shared ancestor of these
strains and vertical transmission with gradual mutation in a specific niche, rather than extensive
HGT between phylogenetically distinct strains. The glc locus, in ED types 10 and 22, which
includes strains Dg 345, Dg 294 and Dg22, is interesting. Half of the locus, pgl-eda ie the
segment encoding enzymes of the ED pathway is identical to ED type 2, while the other half of
the locus glcP-glk is assigned completely different alleles (Table 3.1). This could reflect HGT
and recombination between two different glc loci and deserves further investigation. The final
group of 7 strains carrying the ED locus (ED types 8, 21, 23) possess a different pattern of
alleles over the entire g/c locus when compared to ED types of CC 45 strains (coloured black
in table 3.1 and fig 3.1). They all shared the same allele for g/icP (allele 4) and for zwf (allele
7), indicating a much closer relationship of these ED types to each other than to those of ED
type 2. These strains are also phylogenetically distinct based on wgMLST and may represent a
different origin of glc locus. These strains had been isolated from Farms G, E, I and X over two
years (Table2.1). Within this final more distantly related group, Dg 43, Dg 268 and Dg233 were

all annotated with an intact glc locus.
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However, based on the WGS data available via PUBMLST, Dgl8, Dg201 and Dg381 all had a
truncated CAMP2018 (pgi), while Dg201 and Dg 381 also had a truncated CAMP2022 (edd)
and CAMP2023 (eda) (Table 3.1).

Two additional strains, Dgl16 and Dg161, annotated with parts of the g/c locus were from very
different phylogenetic groups and were potentially of particular interest. Dg16 belongs to the
clonal complex ST21CC21 (commonly associated with human disease), and Dgl161 belongs to
the classic ST45CC45 group of glc negative strains. The draft genome sequence indicated that
Dg16 contained two complete alleles of the g/c locus, CAMP2019 (glk) and CAMP2020 (pgl),
which correspond to the alleles in Dg275, four incomplete loci, CAMP2017 (glcP), CAMP2021
(zwf), CAMP2022 (edd) and CAMP2023 (eda), and one missing gene, CAMP2018 (pgi). The
Dgl161 draft sequence data indicated an even more incomplete g/c locus with only one complete
gene, CAMP 2023 (eda), four incomplete loci, CAMP2018 (pgi), CAMP2019 (glk),
CAMP2020 (pgl), CAMP2020(edd) and two missing genes, CAMP2017 (glcP) and
CAMP2021 (zwf). Contig numbers for the assembled sequence data were essentially
unacceptably high, with 162 for Dgl6 and 186 for Dgl61, compared to 32-41 contigs for the
CC45 strains analysed. However, because of the significance of these two isolates and

possibility of instability of the g/c locus in other strains, both were included in further analysis.
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Figure 3.1 The WGS phylogenetic network of 143 Campylobacter isolates from farm-
Norway rats. Campylobacter strains isolated from fresh Norway rat faecal samples from
eight different farms within South West England (Sites C, E, H, G, F, I, J and K) between
2010 and 2012. C.jejuni/ coli strains were isolated the same day by mashing and transferring
the samples to Bolton broth with selective antibiotic supplement and incubation for 4h
at37°C, followed by 20h at either 37°C or 42°C to enrich for campylobacter. = Genomic
DNA was isolated and draft genome sequences were obtained by Illumina sequencing, and
all data on Campylobacter jejuni/coli were deposited on the PubMLST database (Maclntyre
and co-workers, unpublished data). Gene-by-gene comparison of the WGS data was
performed using a genome comparator on PubMLST/campylobacter. There were 137
1solates from the farm-associated Norway rats and six from farm animals (goose: Dg333,
Dg326, Dg328 and Dg327; chicken: Dg311; pig: Dg319). Red text: novel clade, Rat group
1; Green bracket: classic STs of the CC-45 complex; blue text: RG2 new ST (7259, 7258
and 5130) shares at least four loci with ST45CC45. The phylogenetic network was taken
from (Mohammed, 2018).
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Locus
ID Dg CC/IST | Contigs | ED type CAMP | CAMP| CAMP| CAMP | CAMP CAMP | CAMP
2017 2018 | 2019 | 2020 | 2021 2022 2023
(gleP) | (pgi) | (g0 | (pgh) | (zwf) (edd) (eda)
25973 |Dgl6b Classic 21/21] 162 () I X 4 5 | I I
26016 |Dg 161 Classic 45 -45 186 O] X I I I X I 5
25977 |Dg18a |Not assigned 65 I 4 I 8 8 7 1 8
25993 |Dg201 |Not assigned 68
26002 |Dg381 71 (1] 4 I 8 10 7 | I
25978 [Dgd3 | Not assigned 58 21/23 4 10 8 8 7 8 7
25997 [Dg233 |Not assigned 61 8 4 8 6 1 7 10 7
26049 |Dg234 64
25948 |Dg268 |Not assigned ! 2123 4 8 6 1 7 6 7
Other isolated RG2 (CC-45)

26009 |Dg345 | ST-7256/45 33 10 6 13 13 5 4 5 5
26022 |Dg294 36
15974 [Dg22 | ST-3471 32 2 |8 9 9 5 4 5 5
26027 |Dg210 ST-7276 41 7 3 1 12 5 4 3 6
25945 |Dg217 33
26040 |[Dgl184 ST-4791/45 40 9 3 12 4 5 4 5 5
26034 |Dg180 32
25999 [Dgl122 ST-4791/45 40 11 3 12 4 12 4 5 5
26054  [Dg187 35
26058Dg 275 |0 45 K] 2 3 4 ] 5 4 5 J
26020 Dg95 CC-45 35 3 3 4 4 6 4 5 5

Ch95-95(1) CC-45 35 - 3 4 I 6 4 5 5

Table 3.1 Comparison of genes of the gic locus in rat isolates of C. jejuni. Dg275 (turquoise/
blue) is a representative of the large RG2 group (ED type 2) with 17 other strains, and Dg95
(green) of ED type 3, with four other isolates. These were isolated from farm sites C, E, L, X,
and G, H, respectively. ED type (I) (incomplete glc locus), including Dg18, Dg 381 and Dg201-
assigned with one or more truncated genes. ED type (-) many genes missing or incomplete,
poor sequence data. Black numbers, strains with unassigned MLST status; all other isolates are
CC45, except strains of ST- 3471 and ST7276 which are not assigned a CC group and Dgl6
which belongs to ST21CC21. Ch95-95(1) is a naturally recovered mutant of Dg95 (described
in chapter 5). Genes, X: missing gene; [: incomplete gene; numbers, different alleles of each
individual gene, and together a code for ED type assignment. Contigs, number of contigs
assembled in the draft genome accessible via PUBMLST/campylobacter. Genome comparator
on PUBMLST/campylobacter (Jolley and Maiden, 2010) was used to compare alleles. (Camp
name on PUBMLST website).
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3.2.2 Comparison of sequences of incomplete genes in draft WGS data

To localise the predicted truncation of genes within the gl/c locus of Dg16, Dg18, Dg201, Dgl61
and Dg381, the length of each annotated gene, as in PUBMLST/ campylobacter was compared
to that of Dg275 and Dg43, both of which have complete gic loci (Table 3.2A). Shorter genes
were identified primarily for pgi and also edd and eda. To correlate truncations with breaks in
DNA sequence assembly (ends of contigs), each gene was once again downloaded with
selection of the option to include 50kbp flanking nucleotides on either side. This ensured
download of the complete contig in each case.

(Table 3.2B). The length of the complete glc locus is 8358bp in Dg275 and this lies within a
contig of 9662bp in the WGS draft. In the Dg43 draft sequence, the glc locus lies within a contig
of 14750bp. When this was repeated for Dg18, the glc locus was split over two separate contigs,
with a break between pgi and glk. With Dg201 and Dg381, the gl/c locus was split over three
separate contigs, with an additional break between eda and edd. Evidence of any glc locus in
Dgl6 and Dgl61 was fragmented over four or five contigs. Each break correlated with
truncation of a gene pgi in Dg18 and additionally eda and edd in Dg201 and Dg381 (Table 3.2

A, B).
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A-

Strains | glcP pgi glk | pgl wf edd eda
Dg275 1200 1644 1005 | 681 1401 | 1803 624
Dg43a 1215 1644 999 681 1401 | 1803 624
Dgl8a 1215 (1119) | 999 681 1401 | 1803 624
Dg20la |1215 (1090) | 999 681 1401 | (1050) | (594)
Dg381 1215 (1090) | 999 681 1401 | (1050) | (594)
Dgl6 (754) X 1005 | 681 (739) | (1026) | (543)
Dgl6l X (1326) | (558) | (607) | X (932) | 624
B-

Strains | glcP | pgi glk pel wf edd eda
Dg275 9662 | 9662 | 9662 | 9662 | 9662 | 9662 | 9662
Dg43a 14750 | 14750 | 14750 | 14750 | 14750 [ 14750 | 14750
Dgl8a | 4042 | 4042 | 8050 | 8050 [ 8050 [ 8050 | 8050
Dg201a | 3948 | 3948 | 4777 | 4777 | 4777 | 4777 | 2214
Dg381 3948 | 3948 | 4777 | 4777 | 4777 4777 | 2214
Dgl6 754 X 2897 | 2897 | 739 1225 | 902
Dgl6l X 1887 1887 | 798 X 1667 1238

Table 3. 2A&B Comparison of each individual gene of the glc locus in the draft
genome sequences. Sequences of the glc locus were downloaded from PUBMLST by
downloading the sequence, as follows A: the complete nucleotide sequence for each
gene of the glc locus, individually. Number in brackets, truncated genes. X: missing
gene; B: assesses breaks in the assembled DNA sequence, as each gene was again
downloaded from PUBMLST but with the 50kb parameter on either side selected.
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The downloaded DNA sequences for complete and incomplete genes were then aligned using

DNA dynamo programme to identify the location of truncations (fig 3.2-3.4). Dg43 was used
as reference, as it has the closest glc locus to Dg18, Dg201 and Dg381, as shown in Table 3.2.
Dg18, CAMP2018 (pgi), had a truncation of 525bp, which corresponds to loss of the N terminus
and approximately a third of the protein (fig 3.2). Dg201 and Dg381 pgi were missing the same
region, with an additional 29 bp (554 bp total missing). Alignments for edd indicated that both
Dg201 and Dg381 were missing 753 bp from the end of the edd gene with the initial 1050 bp
of this 1803 bp gene identical to Dg43 edd (fig 3.3). Similarly, there were 28 bp missing from
the start of the eda gene with the remainder of the gene identical to eda in Dg43 (fig3.4). The

sequence truncations correlated with contig ends and break in DNA sequence assembly.
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Dgd3 ATGARATCTTTAACTCACTTATCATCTTATAGGGCTTTAAGTACCCATTTTTCCATTATAAAAGATTTACACATGAGGGTTTTATTTARAGAAGATGAGAATAGGCCTTTTAGA
Dgl8
Dg38l
Dg201
Dg43 TATTTTTTACAAAGCGGGGATTTARAGCTTGATTATTCTAAARATCGTATTAGTGATGAAACTTTAAAGCTTTTGTTTGATTTGGCTAATGAATGCTCTTTAAAAGATAAGATT
Dgl8
Dgi8l
De0l
Dgd3  AAGGCCATGTTTGAGGGTCAAAAGATTAATAATACTGAAAATAGAGCCGTTTTGCATACAGCCTTAAGAAATAAAACTAATCGTTCTGTTAAGATTGATGATATGGATATTATG
Dgl8
Dg38l
Dg201
Dg# ATGGTGTGTAAAGCACTAAAGAACTATGCCCATCCAAGGATTCATATGCATTTTGTTTCTAATGTAGATGGTATCCAGCTTCAAGATGTTTTAGAAAGAGTGCATCCTGCAAGC
ATGCATTTTGTTTCTAATGTAGATGGTATCCAGCTTCAAGATGTTTTAGAAAGAGTGCATCCTGCAAGC

Dgl8
Dgg381 CCAGCTTCAAGATGTTTTAGAAAGAGTGCATCCTGCAAGC
DI CCAGCTTCAAGATGTTTTAGAAAGAGTGCATCCTGCAAGC

Figure 3.2 Alignment of the Dg43 pgi and incomplete pgi genes in Dg18, Dg201 and Dg381
from the WGS draft data. The pgi gene was downloaded from the genome sequence data of
each strain on the PUBMLST site and aligned using DNA dynamo. Top image, complete
alignment indicating no differences post truncation.
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1
R . R S . B | B . 3

Do43 edd 3
Dg38! .
Dg201 4

Dgd3 : gTTT, ATCCTMT“AAAAGCTEAT‘T MATCMTTTUAAGCCTCA“A“CATAICI TTTATTATTCATGAGCTTTTAAAAAAAGGGTTATTACATGATGATGTAGATAC
Dg201: GTTTATCCTAATGGAAAAGCTGATGTAAATCAATTTGAAGCCTCAGGAGGCA
Dg38 l (GTTT. ATCCTMTBAAMCCTGAT!TAMTCMTTTUAMCCTCA“A“CATMCI TTT

Dg43 | AATTATGGGCAAAGGTATGCAAAGCTATACACAAAATCCATTCTTAATTGACGATAAAATTATCTATAAAGATGGAGTAAGAGCAAGCAAAAATGAAAATATATTAAGAA

Dg201:
Dg381§

D843 :GTATAGAAAATCCTTTTTCTAAAGATGGGGGAGTTAGAATTTTAAGAGGAAACATAGGCAGAGCAGTAATTAAAATTTCAGCCGTAAAAGAAGAACATCAAGTCATAAAA

Dg201:
Dg381:

11)3%3'5ucTccmccnmucrctcucmmnncAuwmcwcwwnAcmwmAnscmcATAcmATCMwAccTAAacm\
2201
Dg381:

Dg43 | CGGCATGCCAGAACTTCACAAACTCACCCCGCCTTTAGGGATATTACAAGATCAAGGCTTTAAAGTAGCACTAATTACAGATGGTAGAATGTCAGGGGCCTCAGGAAAAG

Dg201
D381

Dg43 | TCCCAGCAGCCATACATATGAGTCCTGAAGCTTTGCTTGGAGETAGTATAGCAAAAAT CAAAAATGGAGATTTACTTTTACTTGATGCAAAAAATGGAATTCTTGAAGTT
Dg201

Dg38l:
Dgd3 | TTGATTGATCAAAAAGAATGGCAAGAAAGGAAAGCTATTAAAC TTAAAAATAAAGAAACTTTTGGTTATGGCAGAGAACTTTTTACAGGCTTTAAAACACAGAGCTCGAG
Dg201:
Dg381:

Dg43 : T6CAGAAACAGGGGCAATGAGTTTTGGAGGATATTTCAGTTAA ™
Dg381:

Figure 3.3 Alignment of complete Dg43 edd with incomplete edd genes Dg201 and Dg381
from the draft WGS data. The edd sequence for each strain was downloaded from the
PUBMLST website. Then the DNA dynamo programme was used to align sequences. Top
image, complete alignment indicating no differences up to the truncation.
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1
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Dgéd ed:

D381
g2l

Dg43 ATGCARACAARAGAAATTTTAGRANTTAGTAARATCATTCCAGTAATTACGATTTACGATTTAAAAACAAGTGTTGAATTAGCTAARGCTTTATTTGATGGAGGTCTARAR

Dy381 AARATCATTCCAGTAATTACGATTTACGATTTAAMAACAAGTGTTGAATTAGCTAAAGCTTTATTTCATGEAGGTGTAAAA
D201 ANRATCATTCCAGTAATTACGATTTACGATTTAAARACAAGTGTTGAATTAGCTAAAGCTTTATTTGATGGAGGTGTAMAA

Figure 3.4 Alignment of the complete Dg43 eda with incomplete eda gene in Dg381 and
Dg201 from the WGS draft data. The eda sequence for each strain was downloaded from the
PUBMLST website, and DNA dynamo was used for comparison. Top image, depicts alignment
showing truncation and identical residues in sequenced region after that.

3.3 PCR amplification and confirmation of truncated sequences

To confirm sequence data of the gic locus of Dgl8, Dg 201, Dg381, Dgl6 and Dgl61, 3
subcultures of each strain were analysed by lysed colony PCR (2.11.1).

Cells from subculture stocks a, b and ¢ of each strain were tested for aspartokinaseK (aspk),
which 1s specific for C. coli (Banowary et al., 2015) and hippuricase (7ipO), which is specific
for C. jejuni (Banowary ef al., 2015) The expected PCR product for C. coli aspK was 400 bp,
as obtained with the C. coli control, Dg349, and for C. jejuni hipO the product was 735 bp, as
seen with Dg275 (fig 3.5). None of the test samples produced a band of around 400 bp with the
aspK primers and all produced the expected product of close to 800 bp with the HipO primers.
This simply confirms that all 3 subcultures (a-c) for each strain are C. jejuni and there is no

contamination with C. coli.
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Control
Dgl6 Dgl18 De349 Dg275
= L.coli Y Cpepuani

ag g

1 234 5 6 1 2 3 4 5 ¢ 12345 6

Figure 3. 5 Detection C. coli (aspK) and C. jejuni (hipO) by colony PCR.PCR was
performed using lysed colonies of strains as shown and the C. coli specific primer pairs (aspK
forward and aspK reverse) lanes 2, 4 and 6 or the C jejuni specific primers (hipO forward and
hipO reverse, lanes 1, 3 and 5). a, b and ¢ are subcultures of each test strains, Dg18, Dg16 and
Dgl61. Dg275 C. jejuni, positive control, lanes 3 and 4, Dg 349, C. coli, positive control, lanes
1 and 2.

Confirmation of, pgi, edd and eda in subcultures a, b and ¢ of each strain was completed by
PCR amplification and Sanger sequencing.

Location of primers used to amplify each gene is shown in fig 3.6, and the sequence of primers
1s listed in table 2.2. Amplification of the pgi gene from Dgl8a, b and ¢, Dg201a, b and ¢ and

Dg381a, b and c are shown in fig 3.8.
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Figure 3.6 Structure of the gic locus for RG2 strains. A: complete locus, as presented in
Dg275 and Dg43; B: ED pathway in Dgl8 sequence data only (pgi) is incomplete C: Dg381
and Dg201 sequence data pgi, edd and eda are all incomplete. Arrows indicate primers used for
amplification and sequencing. Green, genes annotated as incomplete in draft genome sequence,

blue complete genes.
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Figure 3.7 Corresponding location of gic genes annotated in Dg16 and Dg161 WGS
data. g/c genes predicted in the WGS data of Dg 16 and Dg 161 are mapped onto the glc
locus of Dg275. In the putative incomplete ED pathway: Dg16 has missing pgi2 while edd,
eda and zwf are incomplete only pg/ and g/k are complete. Dgl61 has two genes missing
zwf and gicP, and the rest of the genes are incomplete except for eda. Genes assigned in
the draft genome sequence are as follows: green (incomplete), blue (complete) and white
(missing gene). See section 3.4 below for analysis of any inserts within the 77n loci of these
strains.

Dg201 Dg381

Figure 3. 8 PCR amplification of pgi gene from Dg18, Dg381 and Dg201 with Dg275
as control. Lysed colony PCR was used for amplification (as described in section 2.11.1)
with primers glk F and glcPR for Dgl18 and primers with glkF and glcP18R with Dg201
and Dg381. A, B and C are stocked subcultures of each strain. Dg275, control for pgi gene
using isolated genomic DNA as template.
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Product size of the amplified pgi gene in each case was the same for each of the subcultures

and the amplified product from Dg275 (1644 bp + flanking region to the primers), fig 3.8.
Amplification of the same size product was reassuring as pgi in the draft WGS data for Dg18
was 400bp shorter (1256 bp) than that of Dg275 (Table 3.2A). The additional genes missing in
Dg201 and Dg381 were edd and eda. Primers used to amplify this region were eddF and eda R,
table 2.2. Product size (expected size 1698 bp) of the amplified edd/eda fragment for both
Dg201 and Dg381 was the same for each of the subcultures and also the same as the amplified

product from Dg43 which has an intact g/c locus fig 3.9.

Dg43

S

Figure 3.9 PCR products of eda and edd genes from strains Dg201, Dg381 and Dg43.
Primers eddF and edaF were used in a PCR reaction with isolated genomic DNA from
subcultures a, b and ¢ of strains Dg201 and Dg381 and genomic DNA of strain Dg43 as control
DNA ladder (the molecular marker).
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All PCR products were purified and sent with the amplification primers for Sanger sequencing

by MWG Eurofins, Germany. DNA Dynamo and Clustal omega were used to analyse the
sequences for pgi of Dg201 a, b, ¢ and Dg381 a, b and c, the edd gene of Dg201 a, b, ¢ and
Dg381 a, b, ¢ and the eda gene of Dg201 a, b and c, as well as Dg381 a, b and ¢ (See Appendix
3 for more detail). Dg43 and Dgl8 pgi, edd and eda sequences were used a reference. Based on
these Sanger sequence results of the problem areas, both strains Dg201 and Dg381 possess a
complete glc loci. In each case, the ‘missing’ sequence was clearly there and correct. The fact
that the PCR product of Dgl8 pgi was the correct size suggests that this strain also has a
complete glc locus, however, sequence data from the PCR product was inconclusive. Genomic
DNA of subculture (a) for each of these strains has been reisolated and sent for Illumina
sequencing to Novogene. Assuming improved sequencing, the new assembled sequence will
replace the original WGS sequence data. This will also confirm if the pgi gene of Dgl8 is
complete. Assignment of these areas as falsely truncated in the WGS data can most easily be
explained by the fact that these sequences lie at the end of a contig within the glc locus and
reinforces the need to confirm any unusual WGS sequence data. Fig 3.7 depicts the predicted
annotated of glc genes in Dgl6. Isolated genomic DNA from these strains was tested for
presence of pgl/ and glk by amplification with primers targeting both genes. No product was
obtained. This is consistent with absence of these genes from Dgl6 Combined with the high
contig number it was most likely that presence of glc genes in this strain and Dgl61 was due to
poor sequencing results, possibly contamination at some point along the process. However,
because of the potential interest of both presence of glc locus in these generalist strains and also
the possibility of evidence of instability of the glc locus in some strains, genomic DNA from

Dgl16 and Dg161 (subclones a in both cases) was submitted for Illumina WGS.
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3.4 Confirmation of glucose utilisation by RG2 strains annotated as ‘truncated’ glc.

After confirmation that there was no evidence of truncated glc genes in Dgl8, Dg201 and
Dg381, the likelihood that the ‘truncated genes’ were simply incomplete sequence data was
considered.

Subcultures (a, b and c¢) were tested for the ability to grow on glucose, using DMEMf- FBS
minimal growth media with and without 20 mM glucose in a microtitre plate growth assay.
Cultures were grown at 37°C, with a microaerobic gas pack as described in 2.4.3 for 72h.
Growth was monitored by ODeoo and cfu. Subcultures a, b and ¢ for each strain revealed beyond
any doubt the ability of each of these strains to grow and utilise glucose. As results were
comparable for all 3 subcultures, a, b and ¢ for each strain were treated as repeats to produce
the data shown in fig 3.10. Enhanced growth and survival in the presence of glucose was evident
from 48h onwards. ODeoo, at 48h was in the range of 0.8- 0.7 with and 0.4 - 0.65 without glucose
for all 3 strains. At 60h, for Dgl8 the cfu/ml was approximately 2.5 logio higher with glucose
(1.13 X10%ml), compared to without glucose (6.89X10%ml)/ (P=0.003). Dg381 showed
approximately 1.5logio higher cfu count in glucose (1.17X10%/ml) compared to (5.67X 107/ml)
in the absence of glucose (P=0.02, 60h) and Dg201 showed a six-fold higher cfu count with
glucose (6.83X10%ml) compared to without glucose 1.1X10%/ml) (P=0.004). See fig 3.11 for
absence of enhanced growth of the negative control Dg200 (no glc locus) in glucose, and
increased growth and survival with Dg275 (positive control for the glc locus). These growth
results are in accord with previous studies that indicated the use of glucose by Dg275 only after
the depletion of amino acids (Mohammed, 2018). Dgl16 (ST21CC21) and Dgl161 (ST45 CC45),
the two strains possessing genomes annotated with fragments of the g/c locus in the draft WGS,
were also tested for growth on glucose (fig 3.11). Measurement of growth was by ODgoo only

in a microtitre plate assay.
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Dg275 (RG2) the positive control for g/c locus showed 4-fold higher ODggo in glucose after
72h growth compared to growth in the absence of glucose. Dg200 the negative control (no g/c
locus) actually showed decreased growth in the presence of glucose. A similar decrease in
ODeoo in the presence of glucose was seen with both Dgl6 and Dgl61 (fig 3.11), as might be
expected confirming absence of a functional g/c locus. Growth results being consistent with

PCR results, when PCR showed no product for Dgl6 and Dgl61.
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Figure 3.10 Impact of glucose on growth of Dg 18, Dg201 and Dg381.Twenty pul of a
standardised sample of 0.02 ODeoo was prepared from bacteria grown on MHA, and used to
inoculate in DMEM({- FBS in the presence (hatched bars) or the absence (solid bars) of 20 mM
glucose. Subcultured stocks (a, b and c¢) for each strain were grown separately. As results were
comparable for a, b and ¢ in each case, they were used as triplicate repeats to provide the average
growth shown with standard deviation. Samples were monitored for ODsoo and cfu at the time
indicated, as described 2.4.3.
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Figure 3.11 The impact of glucose on growth of Dgl6 and Dgl61.Twenty pul of a
standardised sample of 0.020Dgo0 was prepared from bacteria grown on MHA, and used to
inoculate in DMEM({- FBS in the presence (hatched bars) or the absence (solid bars) of 20
mM glucose, in a microtitre plate assay. Subcultured stocks (a, b and c) for each strain were
grown separately. As results were comparable for a, b and ¢ in each case, they were used as
triplicate repeats to provide the average growth shown with standard deviation. Samples
were monitored for ODgoo at the time indicated.
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3.5 Association of glc locus with rrn loci

Published data shows that in C. jejuni subsp. doylei 269.97 the glc locus is located within an
rrn locus between the 16S rRNA, alanyl-tRNA, isoleucyl-tRNA and 23SrRNA,5S rRNA
(Miller, 2008; Vorwerk et al.,2015). There are three copies of r7n loci, 4676 bp in length, in C.
jejuni and C. coli (Taylor et al., 1992; Parkhill et al., 2000). Importantly, evidence has been
reported that in Dg275 the glc locus is inserted within two different 77n loci: rrnA and rrnB
(Mohammed, 2018).. In this section the genome location of the gl/c locus in Dg43 and related
strains was investigated. Genetic arrangement of the rrn loci of Dgl6 and Dgl61 was also

analysed.

3.5.1 Genomic organisation of rrn and glc locus in Dg43 and related strains

For each strain (Dgl8, Dg 43a, Dg234, Dg345, Dg 201, Dg268, Dg381 and Dg275), the
programme CONTIGuator (was used to map all contigs using NCTC11168 as a reference.
Because the rrn sequence is a repeat sequence, it was never assembled and was always on a
contig by itself. The Artemis programme (Carver et al., 2011) was used to locate rrnA, rrnB
and r#nC in NCTC11168 and identify the encompassing genes. Correlation of rrn flanking
genes identified in the NCTCI11168 genome sequence with the partially assembled test
sequence for each strain, permitted mapping of the 3 copies of 7rn in all test strains. The
assumption was that the g/c locus would be within one or more of the three r7n loci. Fig 3.12 is
a schematic diagram of the predicted genetic organisation of all 3 77n loci, for each strain,

with the glc locus inserted where identified by PCR.
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Figure 3.12 Diagram of the genetic arrangement of rRNA loci A, B and C with glc insert.
Predicted genetic arrangement of C. jejuni strains as indicated. Organisation based on mapped
contigs and NCTC11168 rrn flanking genes as a guide for genetic organisation around rrnA (A)rrnB
(B) and 7rnC (C). Insertion of glc locus was based on results of PCR amplification (Figure3.18 and
Table 3.3). Blue arrows, genes of rrn locus and light blue, tRNA Ala, tRNA Ile and 5S rRNA black
arrows genes of glc locus. Flanking genes of r#nA (orange arrows) rrnB (purple arrows) of rrnC
(green arrows) *Indicates predicted existence of additional genes. Amplification primers indicated
by arrows. ¢j0741 is a hypothetical protein, and ¢j0742 is a pseudogene (putative outer membrane
protein). ¢j0728 is a putative periplasmic protein. ¢j0430 is a putative integral membrane protein.
¢j0431 is a putative periplasmic ATP/GTP- binding protein. ¢j0030 is a hypothetical protein. ¢j003 1
is a putative type IIS restriction/modification enzyme.
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To identify which rrn loci carried an inserted gl/c locus, primers were designed for amplification
of each of the three rrn sites, using the mapped flanking genes as primer targets. PCR
amplification of the 77n A, B and C loci DNA of each strain Dg43, Dgl8, Dg201, Dg381,
Dg268, Dg234 and Dg345- used the flanking primers as follows: Gap A was between ansB and
hypothetical gene for all strains except for Dg345, which was between ansB and ¢j0031. Gap
B was between murD and a hypothetical gene for Dg43 and Dg268; however, Dg345 was
between murD and ¢j0431. For the rest of the strains Gap B was between a hypothetical gene
on both sides. Gap C was between fonB3 and a hypothetical gene for all strains except for
Dg345, which was between hrcA and ¢j0742 (fig3.12). To interpret the outcome, the expected
size of each product with the gl/c locus was calculated. This included 4674bp for rrn locus,
8358bp (or shorter length if truncated) for the g/c locus and variable size of flanking DNA as
summarised in table 3.3. Including a complete g/c locus, the minimum size of the PCR product
would be 13 kbp. The PCR product profile for Dg275 was consistent with previously identified
genome arrangement, that is insertion of the glc locus into r7n A and rrn B but not rrn C, fig
3.12 (Mohammed, 2018). Surprisingly, the products for amplification of all 3 rrn sites (A, B
and C) for Dg43 were well over the 10 kbp marker and consistent with the predicted sizes of
about 14 kbp for each site. The same profile was seen for each strain (Dgl8, Dg201, Dg381,
Dg234, Dg268) that was closely related phylogenetically to Dg 43 (fig3.1).

Each of these strains had a large insert of substantially greater than 10kb within 77n A, B and
C. As each strain had been shown to grow on glucose, the conclusion was that the genomes of
all six of these strains carry a glc locus inserted within all three copies of rrn. This was
confirmed for Dg268 and Dg43. The PCR products for 7rn A, rrn B and rrn C gaps were sent

for Sanger sequencing with primers glcp381R and glk18F.
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This confirmed presence of glk, pgi and glcP hence confirming the existence of glc loci in all
three 7rn loci of these two strains. The only other strain tested to carry only two copies of the
glc locus was Dg345. Based on wgMLST see fig3.1, Dg345 is more distantly related to the
Dg43 group of strains and closer to the CC 45 related group. However, in contrast to Dg275,

with Dg345 the glc locus appeared to be inserted in 7#n A and rrn C, but not in rrn B.

Expected size of amplified product
Strains including glc loci (bp)!
A B C
Dg43 14015 13853 14030
Dgl8 14077 15015 14540
Dg268 14014 13868 14191
Dg201 14120 15408 14176
Dg381 14120 15408 14176
Dg234 14124 13781 14581
Dg345 13088 8578 12707

Table 3.3 Expected sizes of the amplified glc loci for all three rrn loci.' Expected product
size on amplification with primers (Table 2.2) targeting genes flanking 16S ¥RNA and 23S
rRNA genes (see fig 3.12). Predicted size shown is that including the glc locus, either
complete or truncated as predicted in WGS data, with the exception of Dg345 for which the
PCR product was far below the minimum size of 13000 bp for rrn + glc genes.
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Dg234

Figure 3.13 PCR products of amplified rrn loci A, B and C. rrn loci of Dg43, Dgl8,
Dg268, Dg201, Dg381, Dg234, Dg345 were amplified, using primers depicted in figure

3.17. Dg275 had previously been shown to have g/c locus inserted into 77nA and rrnB

but not 777C (Mohammed, 2018). PCR products were obtained using CloneAmp HiFi and
1solated genomic DNA as template. Primers and primer characteristics are listed in
table2.2B and table 3.3 summarises expected product sizes.

Finally, to conclusively establish insertion of the g/c locus in each of the three 777 loci of these
strains, Dg43 was chosen as a representative of this group of strains for Nanopore sequencing.
The long reads achieved with Nanopore sequencing would confirm genetic organisation around
each of the three 777 loci and permit closure of the draft genome by hybrid assembly. Genomic
DNA was reisolated using a Monarch genomic DNA purification kit, as described 2.9.2.
Illumina sequencing was performed commercially by Novogene and Nanopore sequencing and
associated bioinformatics analysis was kindly performed by Dr. Soon Gweon (University of
Reading). The assembled annotated genome of Dg43 was 1777980 bp around 100000 bp larger
than Dg275 and Dg95 (see Chapter 5 below). Each of the three copies of the gic loci were

confirmed inserted into 7774 position (42860-51533) rrnB (428529-437202) and rrnC (733771-

742444).
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All copies of the glc loci have the same size (8673bp) and identical sequence. This also provided

the closed annotated sequence of Dg43 for future analysis.

3.6 Conclusion

Catabolism of carbohydrates is not associated with central metabolism of C. jejuni in part due
to a lack of phosphofructokinase in the classical Embden-Meyerhof-Parnas glycolysis pathway
and relevant transport proteins (Parkhill ez al., 2000; Velayudhan and Kelly, 2002). The mobile
genetic locus, termed glc locus, and associated ability of C. coli and C. jejuni strains possessing
this locus to metabolise glucose via the ED pathway, has more recently been identified
(Vorwerk et al., 2015; Vegge et al., 2016; Mohammed, 2018). Approximately 25 % of 138
sequenced isolates of C. jejuni/ coli from farmyard Norway rats carry the glc locus and have
been studied here. The isolates could be broadly divided into two groups based on ED type and
wgMLST phylogenetic grouping. The largest group was most closely related to the ED negative
CC45 generalist isolates and formed ED types 2, 3, 9 and 11. These are characterised by strains
Dg275 and Dg95. Despite isolation of strains of other clonal complexes from the same source,
no strains belonging to classic CC groups were identified as possessing this ED locus. This
would be consistent with more vertical transmission and gradual drift than frequent horizontal
transfer of the glc locus to more distantly related strains. A smaller distinct phylogroup, carrying
ED types 8, 21 and 23 also included 3 strains annotated with incomplete glc loci. This study
initially focused on this group of strains. Strain Dg43 has a complete glc locus (8367bp) and
showed enhanced growth on minimal media supplemented with glucose. The three strains with
an incomplete glc locus (Dgl18 pgi; Dg201 pgi, edd and eda,; and Dg381 pgi, edd and eda) also

showed enhanced growth with glucose.
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This was potentially interesting for two reasons. First, it raised the possibility that the ED

pathway might still function despite the truncation of pgi (phosphoglucose isomerases), or less
likely, in the absence of edd (6phosphogluconate dehydratase) and eda (2-keto3-deoxy-6-
phosphogluconate aldolase).

Second, the possession of the gl/c locus is rare in C. jejuni and is essentially absent from clinical
isolates (Vegge et al., 2016). The occurrence of a fragmented glc locus with incomplete genes
might indicate instability of this locus. In accordance with this, the two isolates (Dgl6a and
Dgl161) belonging to ST21CC21 and ST45CC45, respectively, were classified as having an
extensively fragmented glc locus. However, annotation of truncated g/c loci in Dgl18, Dg201
and Dg381 were shown to be errors of draft WGS data. Full sequences of each assigned
annotated gene were identified by Sanger sequencing. The sequence data of Dgl6a and Dgl161,
while interesting coming from generalist strains, was unreliable. Hence, genomic DNA was
reisolated from fresh subcultures of each of these 5 isolates for repeat [llumina WGS to confirm
the complete glc locus sequence, and absence of any glc genes, as relevant.

During this analysis, the genome organisation of the g/c locus in relation to the three 771 copies
(A, B and C) of C. jejuni was established for Dg43 and related strains. In 2015, presence of the
glc locus within rrnA in C. coli was reported (Vorwerk et al., 2015). Mohammed demonstrated
that in C. jejuni Dg275 and Dg95, the glc locus was inserted within two different rrn loci: rrnA
and rrnB, between isoleucyltRNA gene and 23SrRNA gene (Mohammed, 2018). By targeting
rrn flanking genes, PCR amplification and sequencing of rrn A, B and C, surprisingly, a glc
locus was identified within each copy of the r7n locus (r7nA, rrnB and rrnC) in C. jejuni Dg43
and five other related strains. Existence of the g/c locus within Dg43 was confirmed by hybrid
assembly of the genome based on both Nanopore and Illumina sequencing. This has also
provided a closed genome sequence of strain Dg43, which representsa more divergent group of

the Glc positive strains of C. jejuni.
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4.1 Introduction

Campylobacter jejuni depends on amino acids for growth and energy production both in vitro
and in vivo (Hofreuter et al., 2012). In rich media, the reference strain NCTC11168 uses the
amino acids Ser, Asp, Glu and Pro generally in decreasing order of preference (Velayudhan et
al., 2004; Guccione et al., 2008; Leach et al., 1997), while C. jejuni 81-176 prefer to grow in
media containing only Asn and Gln as carbon sources (Hofreuter et al., 2008).

In 2016, genes encoding enzymes of the Entner—Doudoroff (ED) pathway were identified in
the genome of C. jejuni subsp. doylei 269.97 (Miller, 2008). The possession of the ED pathway
by Campylobacter has been shown to be more widespread and has been studied in C. coli
(Vegge et al., 2016; Vorwerk et al., 2015) and more recently in C. jejuni (Mohammed, 2018).
In vitro growth conditions, the two C. jejuni RG2 strains Dg275 (ED 2) and Dg95 (ED 3) were
shown to use Ser and Asp in preference over glucose in both the rich media, MHB, and in
DMEM (Mohammed, 2018).

This part of the thesis focuses on the specific strain Dg275 to provide an example of a strain
that shows optimal growth in the presence of glucose. The growth of Dg275 was tested on
media containing pyruvate with and without glucose. Furthermore, the ability of some strains

of RG2 to utilise other sources of carbohydrates, such as maltose and lactose was evaluated.
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4.2 Dg275 growth dynamics and effect of glucose with rich and minimal media

As with other bacteria, C. jejuni undergoes distinctive dynamic stages during growth. The lag
phase, or time post inoculation can be quite variable and depends on the state of the
Campylobacter used as inoculum. During this period the Campylobacter adapt to the growth
conditions and show little if any increase in cell number. The phase of rapid cell division and
exponential growth then follows and this is followed by the stationary phase (Wright et al.,
2009). In this part of the study, C. jejuni Dg275 growth dynamics was initially studied. This C.
Jjejuni strain typically reached early stationary phase sometime between 12h and 24h depending
on the length of lag phase and growth conditions (see fig4.1 below). During stationary phase
bacterial division continues, but this is balanced by bacterial death and in this stage, nutrients
are often limiting. By late stationary phase, around 48h, spiral cells begin to go through a
morphological transition to non-viable coccoid cells (Ikeda and Karlyshev, 2012) and the
culture enters the final decline stage, where the number of cells decreases often rapidly to low
numbers by 60—72h (Frirdich, et al., 2019). For example, see fig 4.2 below. The optical density
(ODsoo) of Campylobacter cultures increases during exponential growth and continues
increasing during stationary phase. Colony forming unit (cfu) monitors viable bacterial
numbers, this was considered a more reliable measure of bacterial growth and survival from
stationary phase. The growth dynamics of C. jejuni Dg275 strains, ED type2 and influence of
20mM glucose was established in Mueller Hinton broth (MHB) and Dulbecco's modified Eagle
medium with iron ascorbate (DMEMY).

Growth was in 50ml conical flasks agitated at 150rpm for 72h at 37°C under microaerobic

conditions (5% O, 10% CO2 , 2% Ha, 83% N> ) in the M35 cabinet.
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All media were inoculated to a starting ODeoo of 0.002 (cfu, ~3.4X10° /ml), with a standard
inoculum prepared as described in chapter 2.4.2 and fig 4.1. Hydrogen (Hz) gas was included
as it has been shown to act as a major electron donor during strict anaerobic growth and to aid
growth of C. jejuni strains at the lower limits of oxygen during microaerophilic growth (Borden,
2004). Although in contrast to the enhanced growth for C. concisus with hydrogen as electron
donor in microaerobic conditions (Yeow et al., 2020 ; Benoit et al., 2018; Lee et al., 2014),
there is no proof of a beneficial effect of hydrogen gas on Cjejuni growth under optimal
conditions.

In MHB, after 6h growth, the culture was in mid-exponential phase (ODsoo, 0.015 and cfu,
3.5x10%ml) and by 18h had reached early stationary phase (ODeoo, 0.32 and cfu, 4.3x10%/ml).
Between 48h and 72h the culture was in exponential decline, with a decrease in ODgoo 0.4-0.27,
and cfu decrease from 3.8x10%-6.7x10* cfu/ml, between 60-72h. There was no significant
impact of glucose during exponential or stationary phase of growth. But at 60h, there was close
to a 1 logio difference in viable count with 4.8X10’cfu/ml surviving in the presence of glucose
compared to 3.88X10°cfu/ml in the absence of glucose (P=0.05). At 72h, the enhanced survival
in the presence of glucose was clearer. Without glucose, the cfu was 6.70x10*cfu/ml but with
glucose, the cfu was almost 2logs higher at 4.43X10%cfu/ml (P=0.01, 72h).

Growth of Dg275 in DMEMT( in the absence of glucose followed a similar pattern but was
slightly lower than in MHB, reaching a maximum cfu of (7.12x108 /ml) at 24h with a sharp
decline phase between 48-60h that decreased to 6.5x10°/ml at 72h. The presence of 20 mM
glucose in DMEM({ had a more pronounced effect than in MHB. This can be explained by the

limited availability of preferred nutrients in DMEMT and hence earlier use of glucose.
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A significant difference in viable count was already detectable at early stationary phase. At 24
h, the cfu was 4.56x10°/ml with glucose and 8.7 X108cfu/ml without glucose (P=0.05, 24 h).
As with MHB, the benefit of glucose in the decline phase was also substantial in DMEMT,
at 60 h, there was a 2 logio difference between growth with glucose 2.70x103cfu/ml and without
glucose 3.06X10%fu/ml. The most striking difference in growth of Dg275 in DMEMf
compared to MHB was the marked increase in ODsoo of the culture when glucose was included
in DMEMT, but not seen with MHB. Significant differences between growth (ODgoo) with and
without glucose when grown in DMEM(f were seen at 24, 36 and 60h (P =0.01, P = 0.005 and
P =0.0001, respectively).

In summary, addition of glucose had a similar effect in both media, conferring enhanced
survival in the decline phase of growth. Dg275 grew better in the rich media MHB but addition
of glucose to DMEMf had a bigger effect with significant impact and enhanced growth earlier

in the stationary phase.

108



Chapter 4 Impact of glucose on growth and survival

DMEM{ MHB
10E+12 p) 1.0B+12
L 18
10E+10 | 16 10B+10
L 14
-él.lEHB- 112 o El.(ms
L1 3
%mmsi «os% T 10E+06
- "i = 106
1.0E+04 Al s °c 104 10E+04
e 4| WAL | I I
10840 T ad2"" oLl 108402
0 12 U % 48 60 M
Time(h)

——D@75cfu ——D@T54gle CFU - o -DRT5 -« -DTStgke  ——D@T5cfu ——Dg2T54gicclu - o-DRT5 - - -Dg2T5gle

Figure 4. 1 Growth enhancement of Dg275 in the presence of glucose in shaking cultures.
A standardised inoculum was prepared in MHB or DMEM({ from bacteria grown on MHA for
38 h, as described in (chapter 2.4.2).150pul of the standardised sample (ODsoo = 0.2) was used
to inoculate 15 ml of respective media with (green) and without (red) 20 mM glucose in a 50
ml conical flask. The isolates were grown in an atmosphere of 5% O3, 10% CO3, 2% H> and
83% N2 in an M35 cabinet with shaking at 150rpm at 37°C. Growth was monitored based on
ODsoo (dashed line) and cfu (solid line) at the intervals shown. The plotted points indicate the
mean measurements of triplicate flasks; error bars indicate data from three independent
experiments.

Transformation of C. jejuni from spiral into a coccoid form correlates with entrance into a
nonculturable state. Hence, these cells have also been defined as being in a viable but
nonculturable state, although whether they remain viable remains controversial (Ayrapetyan et
al.,2015; Ikeda and Karlyshev, 2012). The effect of glucose on the shape and viability of Dg275
at late stationery and decline phase of growth in DMEM{f was monitored by gram staining and
light microscopy, as described in section 2.4.7 and with a bacterial viability assay kit and

fluorescence microscopy as described in section 2.6.
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Gram stained samples clearly showed spiral cells in both samples at 48h, see fig 4.2, but in the
absence of glucose some cells remained spiral and others transitioned to the coccoid form.
Notably, the lower density of cells in the absence of glucose was marked and this correlated
with the very low ODeoo, fig 4.1.

By 60h without glucose few cells remained and all cells were coccoid, while when grown with
glucose, the image showed a dense mix of both spiral and coccoid cells.

The Bacterial viability assay kit permitted determination of viability and shape at the same time.
Dg275 was inoculated and grown, as described in fig 4.3 for 48 and 72h. At each time point,
cells were recovered from a 5Sml culture, fixed, stained and visualised by fluorescence
microscopy, as described section 2.6. Red colour of cells indicates that the dye can permeate
the membrane and the cells are dead. With the 48h samples, live (green) spiral cells were
present in both samples, although without glucose viable (green) coccoid cells dominated and
some non-viable (red) coccoid cells were present, fig 4.3. In the last stage of growth at 72h, the
difference was pronounced. All cells grown without glucose were coccoid and red (dead). In
contrast, with glucose while half of cells were also red and coccoid (dead), while around half
of cells remained green (viable). Of the green cells many were coccoid, but spiral cells were
still visible. These microscopy results show the impact of glucose to aid survival of C. jejuni
Dg275 in unfavourable conditions in the late stationary and decline phase of growth. However,

if the viable (green) coccoid cells are culturable and can revert to the spiral form is not known.
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Figure 4.2 Spiral and coccoid morphology of C. jejuni. The Gram-stained isolates were
observed with a high-powered light microscope at 1000xmagnification. The bar represents 4

um. The isolates were cultured in DMEMTf with and without glucose under microaerophilic
conditions at 37°C.
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48h+glc

72h+glc

Figure 4.3 Viability and morphology of live and dead Dg275 (ED+) cells with and without
glucose in DMEM media. Dg275 was grown in 15ml DMEM{f under microaerophilic
conditions at 37°C with shaking at 150rpm for 48 and 72h with and without glucose. Cells were
then recovered, stained and fixed, as described in section 2.6. Samples were visualised using
Ex/Em 490 nm/525 nm and 536 nm/617 nm FITC/TAMRA filter sets in a fluorescence
microscope, at 600 x magnification.
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4.3 Effect of glucose on growth dynamics of other ED positive strains in DMEMf

Dg43ED type 21/23 and 5 related strains were shown to possess a complete gl/c locus and
showed enhanced growth when glucose was included in the medium. These strains represent a
more phylogenetically distinct group of C. jejuni and of the glc locus. The dynamics of growth
of three of these strains Dg18, Dg201 and Dg381 in DMEM(f with and without glucose is shown
in fig 4.4. These are compared to growth of Dg275, ED type2 and also to Dg200 a C. jejuni
strain belonging to clonal complex CC-45, but with no g/c locus. This reaffirmed the impact of
the glc locus on C. jejuni. All strains exhibited very similar profiles with enhanced survival in
the decline phase. All also exhibited the same 2-3fold increase in ODsoo from stationary phase
onwards, presumably correlating with increased growth in addition to survival in DMEMf{ in
the presence of glucose. Notably, Dg200, g/c negative, exhibited a small decrease in growth in

the presence of 20 mM glucose, a result frequently noted.
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Figure 4.4 Growth enhancement of the gic loci Dg18, Dg201 and Dg381 in the presence of
glucose in shaking cultures. A standardised inoculum was prepared in DMEM from bacteria
grown on MHA for 38h, as described in chapter 2.4.4. 150ul of the standardised sample ODsoo
= 0.2 was used to inoculate 15ml of respective media with (green) and without (red) 20mM
glucose in a 50ml conical flask. The 1solates were grown in an atmosphere of 5% O», 10% CO»,
2% H> and 83% N> in an M35 cabinet with shaking at 150rpm at 37°C. Growth was monitored
based on ODeoo (dashed line) and cfu (solid line) at the intervals shown. The plotted points
indicate the meanmeasurements of triplicate flasks; error bars indicate data from three

independent experiments.
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4.4 Enhanced survival during growth in DMEMT{ with glucose is not related to protection
from increased pH

C. jejuni grows optimally within a pH range of 6.5-7.5 and can grow in a more acidic pH but
is inhibited at levels below pH 5.0. In the alkaline range, growth is inhibited above pHS8.0
(Doyle and Roman 1981; Garénaux et al., 2008).

Similar to other C. jejuni strains, Dg275 preferentially utilises the amino acids Ser, Asp, Pro,
Gln and Asn as carbon and energy sources, and its metabolism of Ser and other amino acids
would result in an increased pH as ammonia is released. Hence, glucose metabolism could in
theory protect ED positive strains of C. jejuni, such as Dg275 by decreasing the pH because of
the production of acidic compounds following glucose metabolism. Dg275 was grown micro
aerobically in DMEM(f with or without 20mM glucose for 72h, and the samples were monitored
for pH every 24h. pH was measured inside the M35 cabinet by using a hand-held pH monitor
(Hanna Instruments). As shown in table4.1, during growth for 72h, the pH slightly increased to
pH7.3 in the absence of glucose but was 0.2pH units lower pH7.1 in the presence of glucose.
Although this small difference may be attributable to metabolic products from glucose
utilisation, no difference in pH was found at 48h, and all pH levels monitored were within the
optimal growth pH for C. jejuni. Hence, the maintenance of an optimum pH is unlikely to
explain the marked protection from the decline in cfu during growth in the presence of glucose.
In addition to monitoring pH, samples were collected during growth for NMR analysis to
compare metabolic products during growth with and without glucose. Analysis of these samples

is currently under investigation.
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pH DMEM(f 24 h 48 h 72h
Dg275(1) 7.03 7.19 7.33
Dg275(2) 75 7.03 7.15 7.3
Dg275(1)+glc 7.02 7.18 7.01
Dg275(2)+glc 7.02 7.18 7.08
Blank-glc /Blank + glc 7.05/7.03 7.05/7.08 7.03/7.05

Table 4.1 pH of DMEMIf during growth of Dg275 with and without glucose. Dg 275 was
cultured on BA-2% plates for 42-48h. Approximately 1ml of a standardised sample
(OD600=0.002) prepared from bacteria grown on MHA was used to inoculate 15 ml of
DMEM({ with and without 20mM glucose. Cultures were incubated with shaking at 150rpm
under microaerophilic conditions at 37°C. Samples of 1ml were taken and measured inside
an M35 cabinet to check for pH at each time point.

4.5 Growth of Dg275 on pyruvate

Pyruvate is a main metabolic junction linking carbohydrate or amino acid utilisation to energy
generation and biosynthetic pathways. In the ED pathway, pyruvate is considered a final
product of glucose utilisation. Pyruvate plays an important role in decrease in the concentration
of hydrogen peroxide, and helps C. jejuni to grow aerobically (Verhoeff-Bakkenes et al., 2008).
C. jejuni uses pyruvate as an electron acceptor (Mend et al., 1997). Furthermore, pyruvate
works as an alternative electron acceptor for fermentation (Hodge and Krieg, 1994). The effects
of pyruvate on cell growth in the presence of glucose were tested by growing the ED-positive
C. jejuni strain, Dg275, in 50ml conical flasks containing 15ml of DMEMT plus 20mM glucose
or DMEM(f plus 20mM pyruvate -/+ 20mM glucose in 5% Oz, 10% CO2,2% H> and 83 % N>
at 37°C with shaking at 150rpm. As previously described, growth in DMEDf+glucose was

monitored based on ODgoo and cfu/ml values.
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The rapid metabolism of pyruvate was evident from the marked increase in growth of Dg275
during the exponential phase in DMEMf{ with addition of 20mM pyruvate, fig 4.5.

This was evident in both ODgoo and cfu values. By 24h (early stationary phase) there was
approximately 6-fold increase in ODgoo and 10-fold difference in cfu/ml comparing growth in
DMEMT plus 20mM pyruvate and DMEM({ plus 20mM glucose.

There was no difference in either ODgoo or cfu counts at 24h comparing growth in DMEM(f with
pyruvate alone and growth in DMEM( with pyruvate plus glucose. Thus, pyruvate was rapidly
utilised and stimulated growth from early exponential phase and there was no evidence of
inhibition or stimulation of growth by the presence of glucose at this stage. From 24h onwards
(stationary phase and decline phase) the benefit of glucose was evident. At 36h and 60h growth
cfu/ml values were significantly higher for growth in DMEMT plus glucose and pyruvate
compared to growth in DMEMf{ with pyruvate alone (P=0.04, 36h and 0.006, 60 h). In the
absence of glucose, cells grown in DMEMT plus pyruvate also died more rapidly than cells
grown in DMEMT plus only glucose, fig 4.5.

These results suggest that pyruvate was rapidly depleted at 24h and then in DMEMf+pyruvate
with glucose, the cells used glucose for growth and survival. Once again, the key factor is better

survival of ED positive C. jejuni when glucose is available.
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Figure 4.5 Growth of C. jejuni strain Dg275 in DMEM(f supplemented with pyruvate. Cells
were cultured on BA2% plates, and a single colony was subcultured in MHA for 36h and grown
in DMEM{f+g or DMEMf+ 20mM pyruvate -/+ glucose in 50ml conical flasks. Samples were
incubated in an optimal condition (5% Oz, 10% CO» and 2% H>) with shaking at 150rpm and
with 70% relative humidity at 37°C for 80h. Samples were monitored for ODeoo (dashed line)
and cfu (solid line) at the time points indicated. Green = with DMEMf+ 20mM glucose, orange
= DMEM{f+20mM pyruvate only, grey = DMEM{+20 mMpyruvate+20mM glucose. The data

presented are from triplicate flasks for each strain, which were prepared from the same standard
inoculum and performed at the same time.

4.6 Testing of the ability of C. jejuni to utilise other sources of carbohydrates

Given that ED-positive strains of C. jejuni could clearly use glucose, the ability of several
strains to grow on disaccharides containing glucose was tested. The two common disaccharides,
lactose (galactose and glucose) and maltose (two units of glucose linked by an a (1-4) bond
were tested for their ability to enhance the growth of several strains in DMEMTf. The metabolism
of either disaccharide would require either the secretion of an enzyme capable of cleaving the
disaccharide or an uptake system, followed by specific cleavage. The first step was performed

to test whether either could support growth in vitro.
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4.6.1 Screening of several strains for enhanced growth on lactose or maltose

The ED-positive strains Dgl8a, Dg43a, Dg268, Dg345 and Dg 275 were selected to test for
maltose or lactose utilisation, whereas the ED-negative strain Dg200 was used as a negative
control. These EDpositive strains are closely related phylogenetically, with slightly different
ED profiles, see chapter 3. DMEMT supplemented with FBS was used, as this was the best
media for growth with glucose. Either maltose or lactose was added to a final concentration of
20 mM, and the media were inoculated and incubated at 37°C with 150rpm shaking, as
described in fig4.4 &fig 4.5 respectively. In initial studies, the ODsoo of the cultures of all the
ED-positive strains Dgl18, Dg43, Dg268, Dg345 and Dg275 was enhanced in the presence of
maltose, figd.6A. These cultures typically grew to a maximum ODgoo of approximately 0.7-
0.8, but the maximum ODeoo was typically 0.4- 0.55 in the absence of maltose. In each case,
the difference was significant, with P values of (0.0008, 0.001 and 0.002) at 36h of growth of
Dg18, Dg43 and Dg268, respectively.

At the later phase of growth 48—72h, differences in ODsoo remained significant, with P values
in the range of P=0.001-0.008 for all the ED-positive strains. Cfu/ml were determined for the
ED-positive strains Dgl18, Dg43 and Dg275 and the ED-negative strain Dg200, fig 4.6 B. For
Dg18 and Dg43, the samples at 24 and 36h also reflected enhanced growth in maltose, with a
six-fold increase in cfu/ml at 24h for both strains and three- to five-fold increase at 36 h at Dg18
and Dg43, respectively (P <0.001 at 24 and 36h for Dgl18, <0.01 for 24h and <0.001 for 36h
for Dg43). By 48 and 72h, the cfu/ml for these strains was similar both in the presence and
absence of maltose. For Dg275 the only significant difference was found in the 48h sample. In
contrast to the cultures of the ED-positive strains, those of the EDnegative strain Dg200 showed

no enhanced growth in the presence of maltose based on either their ODgoo or cfu values.
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Maltose appeared to marginally suppress the growth of Dg200. This result is expected, as Dg200

does not contain an ED pathway, which is required for the downstream catabolism of glucose.
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Figure 4.6 Screening for the ability of maltose to support the growth of ED-positive C. jejuni
strains. Approximately 1ml of a standardised sample (0.02 ODsoo) prepared from bacteria grown
on MHA was used to inoculate 10ml of DMEMT + FBS in the presence (hatched bars) or absence
(solid bars) of 20mM maltose. C. jejuni strains Dgl8, Dg43a, Dg268, Dg345, Dg275 and Dg200
are as indicated. Cultures were grown with shaking at 150rpm 1in a jar with a microaerophilic gasbag.
Growth was monitored based on ODgoo (A) and cfu/ml (B). Average and SE were calculated from

triplicate experiments performed on separate occasions. P= statistical differences between growth
in DMEM({-FBS with and without 20mM maltose at the same timepoint of growth.

The five C. jejuni strains Dg18a, Dg43a, Dg268, Dg345 and Dg 275, +glc with Dg200-glc were
screened for their ability to grow on lactose, along with the same negative control Dg200, ED-
. Strains were tested in 25ml conical flasks with DMEM{-FBS with or without 20 mM lactose
for 3 days. These initial trials indicated no evidence of enhanced growth of any strains in the

presence of lactose when monitored based by cfu.
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The cfu count was tested for the five ED-positive strains Dgl8, Dg 43, Dg268, Dg345 and
Dg275, with Dg200 as the negative control, figd.7B. For all the ED-positive strains and the
negative strain, no significant difference in cfu was found between the cultures with and without
lactose. Furthermore, all the strains showed no growth at 72h, fig 4.7B. Hence, in contrast to
the preliminary evidence that the ED- positive strains may be able to use maltose, no evidence

showing that they could use lactose for growth was found.
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Figure 4.7 Screening for the ability of lactose to support the growth of ED-positive C.
Jjejuni strains. Approximately Iml of a standardised sample (0.02 ODegoo) prepared from
bacteria grown on MHA was used to inoculate 10ml of DMEM(f + FBS in the presence (hatched
bars) or absence (solid bars) of 20mM lactose. C. jejuni strains Dgl8, Dg43, Dg268, Dg345,
Dg275 and Dg 200 are as indicated. Cultures were grown with shaking at 150rpm in a jar with
a microaerophilic gasbag. Growth was monitored based on ODgoo (A) and cfu/ml (B). Average
and SE were calculated from triplicate experiments performed on separate occasions. Data were
collected from three biological replicates.
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4.6.2 Measurement of maltose utilisation

The ED positive strains Dg95 and Dg43 and the mutant Ch95-95(1) glk (see chapter 5 for detail)
were tested for their ability to utilise maltose in DMEM{f medium. Both RG2 strains Dg95 and
Dg43 grew well in the presence of glucose. These strains contain a complete glc locus and
Ch95-95(1) carries a glk pseudogene (Mohammed, 2018) and hence cannot utilise glucose.
Strains were subcultured from a 36h MHA culture into fresh DMEM(f with and without maltose
in the M35 cabinet with optimal microaerobic conditions (5% O2,10% CO2,2% H2, ana 83%N>).
In contrast to the earlier experiment, Dg43 grew similarly in DMEM{ with and without maltose,
the improvement in growth may be due to the addition of FBS. Dg 95 showed only a small but
significant enhanced survival at the 72h time point. As would be expected Ch95-95glk (1)
showed no difference in growth whether glucose was present or not.

The ability of the C. jejuni strains to utilise maltose and the maltose concentration and glucose
amount in culture were measured using the Maltose and Glucose Assay Kit (Abcam, ab65335)
as described 2.5. Maltose concentration was calculated at zero time and at the end of culture.
No evidence of decrease in maltose (as measured by glucose concentration) was evident in the
72h sample.

In fact, there appeared to be a slight increase in free glucose, possibly related to period of
incubation of maltose till 72h. These results correlate with the very low level of enhance growth
in the presence of maltose alone fig4.8. From these results the conclusion is that Dg95 does not

possess the ability to degrade and utilise maltose.
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Figure 4.8 Growth of RG2 in DMEM(f minimal media supplemented with maltose. Stock cultures
of strains were subcultured on BA2% plates, incubated for 30-36h and then subcultured on MHA for
36h. Standardised cells from the MHA plate were diluted in DMEM medium to an ODeoo of 0.2, and
150ul was used as the inoculum. The strains were grown in 50ml conical flasks containing DMEM
with 0.2mM iron and 20mM maltose with shaking at 150rpm. Growth was monitored based on ODseoo
(A) and cfu (B). The dotted line refers to the ODgop of the control. The solid line refers to the cfu results.
The red and green colours refer to DMEM{f medium without and with maltose, respectively. The error

bars of all the strains are data from three biological replicates.

123




Chapter 4 Impact of glucose on growth and survival

4.7 Discussion

The observed growth dynamics of C. jejuni showed that its growth depends on its nutritional
environment. The growth stages were similar for both media based on cfu and ODgoo. However,
the growth in MHB was better than that in DMEMT{. As shown in the results presented in section
4.2, glucose has a significant effect on the survival of the cells in DMEMf media (minimal
media). Catabolism of glucose, via the ED pathway has been demonstrated for C. coli strains
carrying the glc locus (Vorwerk et al., 2015; Vegge et al., 2016). Mohammed demonstrated the
consumption of glucose by C. jejuni Dg275, correlating with enhanced survival at later stages
of growth, and studies presented here confirm a similar glucose enhanced growth for all glc
positive C. jejuni strains tested (Mohammed, 2018). Hence, the assumption is that all of these
C. jejuni strains carrying the glc locus, are metabolising glucose via the ED pathway,
contributing to energy provision and potentially also biosynthesis.

During growth of Dg275 in DMEMf{ with glucose the benefit of glucose availability was seen
earlier than when grown in the rich medium, MHB. Thus, the ED pathway may be useful during
colonization of certain hosts or in an environment with readily available glucose, in the absence
of other preferred nutrients. During in vitro growth of Dg275, glucose is utilised only following
depletion of Ser and Asp in both MHB and DMEMf (Mohammed, 2018). It would be
interesting to further explore benefit of possession of the glc locus in different in vivo
environments. A bacterial viability assay confirmed extended survival of Dg275 cells in the
spiral form if grown in glucose and also demonstrated that a substantial proportion of coccoid
cells in the late decline phase were identified as viable (green) as opposed to those grown
without glucose which were all defined as non-viable (red). This result correlates with the
higher cfu counts in these samples, although whether the higher count is solely due to the
presence of spiral cells or whether the viable coccoid cells contribute to the cfu would require

more detailed investigation.
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pH plays a role in the growth of C. jejuni. Reid et al., indicated that the regulation of genes,
such as hrcA and hspR, plays a role in reducing the effect of pH changes; hrcA or AspR deletion
caused a slight but statistically significant increase in the sensitivity of C. jejuni to acid killing
(Reid et al., 2008). The results in the current study indicated that the in vitro growth of Dg275
in DMEM(f did not significantly affect pH. MLST data showed that Dg275 contains two genes,
which encode the putative heat shock regulator (hrc4, K03705) and heat shock transcriptional
regulator (AspR, K13640) (Reid ef al., 2008). After the ability of C. jejuni to use glucose was
evaluated, six strains of RG2 were tested for their ability to use other types of sugars, such as
maltose and lactose. The strains included Dg 18, Dg43a, Dg268, Dg345, Dg95 and Dg275 as
positive strains and Dg200 and Ch95-95(1) as negative control strains. The initial screen
indicated enhanced growth of Dg275 in DMEM( with 20mM maltose to the minimal media,
but repeat assays and maltose quantitation were inconsistent with maltose utilisation. FBS was
omitted from the repeat assays. Contaminating glucose, either in the maltose or FBS, might
explain the initial enhanced growth on addition of maltose. Growth on maltose would require
either a transport system to bring maltose into the cell and then metabolise it as described for
E. coli (Raibaud and Schwartz, 1980; Freundlieb and Boos, 1986). Or a secreted enzyme such
as amylase to degrade the maltose externally. The conversion of maltose to glucose would be
followed by the phosphorylation of glucose by glcK to produce glucose-6P and entry into the
ED pathway. No annotated genes for maltose uptake or degradation in C. jejuni Dg275 were
readily identifiable. The results showed also that strains could not utilise lactose. Hence, it was
concluded that Dg275 can transport and metabolise glucose but not disaccharides or polymers

containing glucose.
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5.1 Introduction
Chickens are considered a natural host for C. jejuni (Yogasundram et al., 1989), which is a
commensal of the intestinal flora of chickens (Hermans et al., 2012). However, the glc locus
had not been found in any of the chicken isolate genome sequences in the
PUBMLST/campylobacter database (Vegge et al.,2016). In a previous chicken colonisation
trial (Mohammed, 2018), Ross chickens were infected with ~107 cfu of C. jejuni strains isolated
from Norway rats, using the oral gavage method. The two gl/c positive strains tested were Dg275
and Dg95. Both of these RG2 strains colonised the caecum of the chickens with a recovery of
~2.5 logio cfu/g at 7dpi (days post infection). Although Dg275 and Dg95 were less effective
colonisers than several ‘classic’ glc negative Norway rat isolates of C. jejuni, such as Dg200
(ST45CC45), Dgl153 (ST42CC42) and Dgl194 (ST21CC21), the study demonstrated efficient
colonisation of Ross chickens at both 3 dpi and 7 dpi by Dg275 and Dg95. Strains recovered
from chicken caceal contents were confirmed by PCR as the correct C. jejuni strain and
monitored for glucose utilisation (Mohammed, 2018). Interestingly, the five separate colonies
(designated Ch95-95 (1-5) analysed from Chicken number 95, which had been colonised with
C. jejuni Dg95, were unable to utilise glucose despite possessing the glc locus. This was in
contrast to the 20 colonies analysed from the other 4 chickens infected with Dg95 and the 25
colonies analysed from chickens infected with Dg275. All retained the ability to utilise glucose.
In this study, attempts to delete the entire glc locus (~6 kbp) from C. jejuni strain Dg275 were
unsuccessful. Therefore, as a naturally derived mutant was already available, mutations in
Ch95-95 isolates were further analysed to enable use of this strain as a glc negative derivative

of Dg95.
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5.2 Loss of the ability to utilise glucose following passage of Dg95 in chickens

Five single colonies had been stocked from the day seven caecal samples from each of the six
chickens colonised with Dg95 (Mohammed, 2018). To test ability to use glucose, strains were
tested in a microtiter plate growth assay for enhanced growth in DMEMT in the presence of
glucose, fig5.1. The results demonstrated typical enhanced growth of the challenge input strain
Dg95 in the presence of glucose. For Dg95, the ODgoo reached a maximum of 0.3+0.060 without
glucose compared to 0.5 £0.0017 with glucose at 48 h (P<0.004). Also, the Dg95 strain
continued to grow better with glucose at 72h, when ODsoo was 0.32+0.024 without glucose
compared to 0.46+0.028 with glucose (P<0.001). At the last point of growth, at 96h, the
difference was still evident. The ODgoo with DMEM{ +glc was 0.45+0.188, compared to
DMEMTf —gle, which was 0.314+0.052, fig 5.1. In contrast, all five recovered colonies from
Ch95-95(1-5) showed no enhanced growth with glucose.

Indeed, the addition of 20 mM of glucose to DMEMT led to a small decrease in the optical
density of these cultures. For example, for Ch95-95(1), grown in the presence of glucose, the
ODeoo at 48h was 0.35+ 0.054, compared to 0.43+0.021 with cultures grown in the absence of
glucose (P<0.08), fig 5.1. Continued growth without glucose was slightly better than cultures
with glucose. At a later stage of growth, the ODgoo was 0.3+0.13 and 0.25+0.141 without
glucose, compared to 0.26+0.072 and 0.23 £0.163 with glucose. P values were not significant

at the last two-time points72h and 96h. Ch95-95(2-5) also grew in the same way as Ch95-95(1).
In conclusion, the presence of glucose had no apparent beneficial effect on the growth of
recovered strains from chicken Ch95. These strains behaved in the same way as other glc

negative strains that have been tested previously, such as Dg200, fig4.4, chapter 4.
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DMEMT -/+glucose

124 ud8 =72 96

Figure 5.1 Testing ED-positive isolates recovered from chicken trials for glucose utilisation.
DMEM{f medium was inoculated, starting ODeoo 0.002, with Dg95 (chicken inoculum) and 5 isolates
Ch95-95(1-5) from Chicken number 95 from previous chicken trials (Mohammed, 2018). Strains
were incubated for 96 h at 37°C in microtiter plates with and without 20mM glucose, shaking at
600rpm. Aliquots were taken at indicated time points and monitored by ODeoo. In the presence
(hatched bars) or absence (solid bars) of 20mM glucose, SE was determined from three replicate
wells for each strain.

After the inability of Ch95-95 strains to use glucose in DMEMF media was confirmed, Ch95-
95(1) was tested in MHB-FBS in a 50 ml conical flask growth assay for enhanced growth in
the presence of glucose, fig 5.2. The results showed the enhanced growth of the input strain
Dg95 in the presence of glucose. The ODgoo reached a maximum of 0.52+0.002 without glucose
compared to 0.76+0.007 with glucose at 48h (P<0.005). At the same time, the ODsoo actually
decreased from 0.7+ 0.007 without glucose, to 0.66+0.0141 with glucose (P<0.01) for Ch95-

95(1). At the last time point of growth (72h), the Dg95 strain survived better with glucose than
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without; ODeoo was 0.27+0.014 without glucose compared to 0.5+0.007 with glucose
(P<0.001). In contrast, growth and survival of Ch95-95(1) was not significantly different with
or without glucose, where ODgoo with glucose was 0.4+0.006 and 0.46+ 0.03 without glucose.
Cfu results also indicated that there was no significant difference in the rate of growth and
survival of Ch95-95(1) during culture in the presence or absence of glucose, at any of the time
points that were tested, fig 5.2. This confirmed the failure of Ch95-95 (1) to use glucose. In
contrast, for Dg95, in the presence of glucose viable count was two times higher, 4.28E+09
cfu/ml compared to 2.19X10° cfu/ml following 48h growth in the absence of glucose, while at
60h, cfu was 1.57X108%fu/ ml without glucose, compared to 4.75X103cfu / ml with glucose,
fig 5.2.

In conclusion, the results of this experiment confirmed the inability to use glucose and that it
had no apparent effect on growth in the Ch95-95 strains, with there being no significant
difference between growth with and without glucose. On the contrary, for Dg95, the glucose

aided growth.
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Figure 5.2 Growth of wild type Dg95 and natural mutation Ch95-95(1) in MHBFBS
supplemented with glucose. Strains were subcultured from BA2% plates, onto MHA medium
and grown for approximately 36h at 37°C. Standardised cells, from the MHA plate, were diluted
in MHB medium to 0.2 ODggo and 150ul used as inoculum in 15ml MHB- FBS + 20 mM of
glucose. 50ml conical flasks incubated at 37°C, 150rpm with 60% humidity. Solid bars
represent growth without glucose, while dotted bars represent growth with glucose. Error bars
were derived from duplicate technical repeats. P values, compare significant differences
between Dg95 and Ch95.

5.3 Identification of mutations affecting the utilisation of glucose by Sanger and
Nanopore sequence

The presence of selected genes of the gic locus in each of the Ch95-95 isolates had been
confirmed by PCR analysis using primers eda-zwf, zwf-pgi, and pgi-glcP and WGS of Ch95-
95(1) had identified the mutation Gly167 to a TGA stop codon in glucokinase (g/k) of Ch95-
95(1) (Mohammed, 2018). In this study, to establish if all five Ch95-95 isolates carried the
same mutation in the g/k gene, g/k was amplified from isolated gDNA of each strain, fig5.3 and
sent for Sanger sequencing. The same size PCR fragment was amplified from all strains,
confirming no major deletion within the g/k gene.
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5.3.1 Sanger sequence

Three of the five strains Ch95-95(1,2,3,4,5) were tested using Sanger sequence analysis. DNA
sequence from these three strains, Ch95-95-1,2,3, each showed differences in the section of the
glk gene that was sequenced fig5.4. In Ch95-95(1), there is a single nucleotide polymorphism
(SNP) GGA to TGA at 490bp in the glk gene, corresponding to codon Gly167. TGA acts as a
stop codon and results in a truncated glucose kinase which would be consistent with non-
functionality of the glc locus. Surprisingly, the glk gene in Ch95-95(2) did not have a stop codon
at 490bp as in Ch95-95(1), but possessed a different mutation within glk. In Ch95-95(2) glk
there is a SNP at 499 bp leading to the codon change GGG to TGG. This results in mutation of
the consensus carbohydrate binding site, EXGH (Coombes et al., 2020), where Gly(G) encoded
by GGG is replaced by Trp (W) (TGG) resulting in the amino acid sequence EGWH fig5.4.

For Ch95-95(3), no defect appeared at 490bp and499bp as in Ch95-95(1), Ch95-95(2),
respectively. As this strain was incapable of using glucose, this strain needs more sequencing

and analysis.
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Figure 5.3 Agarose gel of amplified gik from Dg95 and recovered Ch95-95 colonies.
Primers and primer characteristics are listed in the Methods section of Chapter 2. Primers pglF
and pgiR were used to amplify a 2.09 kbp fragment, including the complete g/k gene, using
purified gDNA from Dg95 and isolates Ch95-95(1-5) as template.

Dgs  CCTTGCAGCAATGGCGGTTATATTGCTTTAGCAGGAGAGGGTGGGCATACTAG-TTTTTCGCCTTTT
PIO®( ( PPIOD ( @6 POVOPOOE

CCTTGCAGCAATGGCGGTTATATTGCTTTAGCAGGAGAGGGTGGGCATACTAG-TTTTTCGCCTTTT
Ch95950) ST OW ¢ ( PSIVOD (@ ( (| PODPOOE

CCTTGCAGCAATGGCGGTTATATTGCTTTAGCAGGAGAGGGTTGGCATACTAG-TTTTTCGCCTTTT

Cho5-952) P CSNGG6YTALAGEGWHTS FSPF
CCTTGCAGCAATGGCGGTTATATTGCTTTAGCATGAGAGGGTGGGCATACTAGTTTTTTCGCCTTTT

Ch5950) @ (SW 6 c Y DADA x® 6 ¢ DOSOHEF AF

Figure 5.4 Multiple alignment g/k nucleotide and amino acid sequences for Dg95 and Ch95-
95 strains. PCR products (Figure 5.3) were sequenced with primers pglF and pgiR, and
sequences were aligned using DNA Dynamo. Shown are nucleotide residues 457 to 522 of the
glk gene. The black uppercase lettering refers to DNA, while aa residues are bolded. The asterisk
(*) represents the stop codon in Ch95-95(1) Gly 167, W in Ch95-95(2). The bold black line refers
to the EGGH consensus sequence of g/k.
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5.3.2 Whole genome sequencing for some chicken strains and Dg95

Draft Illumina genome sequences of Dg95 and Ch95-95(1) were already available
(Mohammed, 2018). Mutation within g/k was the sole mutation within the glc locus of this
strain. To search for the presence of other common mutations outwith the g/c locus that might
affect expression or function of the glc locus, gDNA from Ch95-95(2) and Ch95-95(3) was
also subjected to Illumina whole genome sequencing.

There are two copies of the glc locus, and hence glk, within Dg95 (see Chapter 3). There was
no evidence of heterogeneity within the site of mutation in either Ch95-95(1) or Ch95-95(2),
on analysis of PCR amplified g/k by Sanger seqeuncing. While this indicates the same mutation
within both sites, it was important to confirm this and this was done using Nanopore
sequencing. Nanopore sequencing was also used to confirm draft assembly and establish a
closed genome sequence, gDNA was prepared using a Monarch genomic DNA purification kit
and the quality of DNA used for sequencing is shown in fig 5.5 and Table 5.1. Illumina
sequencing was performed commercially by Novogene. Nanopore sequencing and associated
bioinformatics analysis was kindly performed by Dr. Soon Gweon (University of Reading).
The assembled annotated genomes of Dg95, Ch95-95(1) and Ch95-95(2) were 1.667.271 Mbp,
1.666.696 Mbp and 1.667.268 Mbp, respectively. Dg95 is a wild type glucose utilising strain
of C. jejuni isolated from farm associated Norway rats, while Ch95-95(1) and Ch95-95(2)
represent non-glucose utilising mutated strains of Dg95, which evolved during colonisation of

chicken 95.
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Strains Nano drop | 260/280 | 260/230 | Conc. (ng/ ul
ng/ ul (Fluorescence)

Ch95-95(1) | 61.8 1.77 1.96 51.1

Ch95-95(2) | 45.65 1.76 2.5 393

Table 5.1An example of DNA purification, estimated from the two
ratios 260/280 and 260/230. DNA purity is routinely determined using
260/280 ratios. Table showed 260/280 ratios within an acceptable range.
A260/A230 within a range of 1.80 to 2.50 is generally considered
acceptable and clean.

Figure 5.5 Gel electrophoresis for quality of DNA for sequencing. The Ch95-95(2) strain
was used for extraction. DNA using a Monarch genomic DNA purification kit. 1 ul of DNA
ladder and 2 pl of the genomic DNA plus 2 ul of blue dye for both. It ran for 40 min at 100 V

in 1.0% = 0.5 g of Agarose + 50 ml of 1XTAE buffer.
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A comparison of the closed genome sequences of Ch95-95(1) and Dg95 confirmed the single
mutation within the glc locus, a point mutation in g/k encoding a stop codon in place of Gly167,
and hence, a truncated glucokinase. The presence of the same single g/c mutation in both copies
of glk positions 47958 within r7nA4 and 411895 within r7nB was confirmed for Ch95-95(1). In
addition, a comparison of the closed genome sequences helped to detect other changes outside
of the glc loci. These are listed in table 5.2. At position 552252, there was an additional G in
Ch95- 95(1), not in Dg95. Also, there were two sites where a single G was deleted, at positions
674889 and 1278726.

Interestingly, a comparison of Ch95-95(2) with Dg95 confirmed that the G to T substitution in
Ch95-95(2), as highlighted in fig5.4 and 5.6, is the only mutation within the glc locus. This
strain did not possess a GGA to TGA SNP, as was seen in Ch95-95(1). Again, the same
substitution was present in both copies of the glc locus, at positions 47967 and 411906 on the
closed genome. In this case, as highlghted by Sanger sequencing, this substitution leads to a
significant active site amino acid substitution Gly170Trp. Also, the comparison identified eight
sites with changes outside of the g/c loci. In five positions a single G or C had been deleted
(77939, 485112, 564023, 674889 and 1278726), one position involved a substitution (337609),
and in two sites 668755 and 138379 an additional C had been inserted, fig5.6, table5.2.
Significantly, Gly170 was within the consensus sugar binding site, EXGH, of glucokinase
(Coombes et al., 2020). Hence, both the substitution to a stop codon and the mutation of the
sugar binding site can explain the loss of a functional glucokinase, and hence, glucose
metabolism via the ED pathway. Of the 14 chickens that were inoculated with Dg95 or other
glc positive strains, Ch95-95 was the only chicken in which a non-functional g/c locus was

recovered (Mohammed, 2018).

135



Chapter 5 Characterisation of naturally evolved
mutants unable to utilise glucose
Strains Gene/ gene product | Position [-Ref| M Position Types of
(Dg95) Sequence mutation
95 (1) | gk (cAMP2019) mss |6 |1 | W | Accaceacaceer Glyl64
M | A’GCATGAGAG GGT Stop, pseudogene Nonsense
glk (CAMP2019) 4187 [ G [T | W | AGCAGGAGAGGGT Glyl64
M [ A'GCATGA GAG GGT Stop codon (pseudogene) Nonsense
Intergenic 552052 1 G |GG [ W | T'CTGGGGGGG GGGATT SSM / Insertion
(Hypothetical protein) M | T'CTGGGGGGGGGGGAT
Hypotheticalproteln (C) 6714889 | GG| -G | W | TITATGGGGGGGGGTAAA | Phel82, Metl83, nine amino acid to Lys192 SSM, frameshift
M | CTT TATGGGGGGGGT AAA Leu182, Tyr183, nine amino acid to, Stop (pseudogenc)
j1295(CAMP1213) 12781261 GGl -¢ | W | G’'GGGGGGGGGGAT..... TCT Gly32, Gly, Gly, Asp35, six amino acids, Ser4]
M | G’'GGGGGGGGGATA ... TAA | Gly32, Gly, Gly, 1135, six amino acid, Stop (pseudogene)  [SSM, frameshift
Ch5-95(2) glk (CAMP2019) 61 |6 [T | W | T"GGGCATACT AGT Gly167, His168, Thr169, Ser170
M | T'TGGCATACT AGT Trp167, His168, Thrl69, Ser170 Missense
glk (CAMP2019) 41196 | G [T | W | T"GGGCATACTAGT Gly167, His168, Thr169, Ser170
M | T'TGG CAT ACT AGT Trpl67, His168, Thr169, S erl70 Missense
Intergenic 77939 | cc|-c | W [ ATCCCCCCCCCCCATA
(hypotheticalprotein) M | A’ TCCCCCCCCCCATAT SSM / Deletion
Hypothetical protein ) | 564023 | cc | -¢ | w [ATCCCCCCCCCCCCAT Gly5, Gly6, Gly7, Gly8, Asnl, three amino acids, Ala12 SSMframeshif
ATTCCCCCCCCCCCAT Glys, Gly6, Gly7, Gly8, Asnl, three amino acids, Stop
pseudogene)
Hypothetical protein (C) 674889 | GG| -G | W | TTT ATGGGGGGGGGT AAA Phe182, Met183, nine amino acid to Lys192 Missense
M | CITTATGGGGGGGGT AAA  |Leul82, Tyr183, nine amino acid Stop (pseudogene) /frameshift
cepA (Cj0358) 37609 | ¢ | A | W | T'GCAGCGGGTCAT Ala97, Ala98, Gly99, His100
M | T GAAGCGGGTCAT Gly97, Ala98, Glys9, His100 Missense
Intergenic (hypothetical 485112 | 66| -G | W | CGGGGGGGGGGT ATG Argd4, Gly9s, Gly96, Gly97, Met98
protein and selUgene M | CGGGGGGGGRTIATAG Argd4, Gy, Gly96,Val97 Stop codon SSM Desletion
Putative methyltransferase (C) | 668755 [ C [ cC| W | A’CCCCCCCCCCGTAAC Prol125, Pro126, Arg 127, Asn128.
M | A’CCCCCCCCCECGTAA Pro125, Pro126, Pro 127, Stop (pseudogene) SSM, Frameshift
¢j1295(CAMP1213) 12787126166 | -G [ W | G’GGGGGGGGGGAT.....TCT Gly32, Gly, Gly, Asp3$ six amino acid, Serdl
M | G’'GGGGGGGGGATA .....TAA | Gly32, Gly, Gly, Ile35, six amino acid Stop(pseudogene) SSM, frameshift
Putative methyltransferase(C) | 1380379| C | CC| W | A’CCCCCCCCCCGTAAC Prol125, Pro126, Arg 127, Asn128.
M | A’'CCCCCCCCCEEGTAA Prol25, Pro126, Pro 127, Stop (pseudogene) [SSM , Frameshift

Table 5.2 SNPs, deletions and insertions in Ch95-95(1) and Ch95-95(2). This table explains the
sites for five changes in the Ch95-95(1) genome and 10 changes in the Ch95-95(2) genome, compared
with Dg95. Both strains had substitution in the glk gene in different positions (Ch95- 95(1) in rrnA
(position 47958) and rrnB (position 411897), Ch95- 95(2) in rrnA (position 47967) and rrnB
(position411906). Both had deletion in PseC (UDP-4- amino-4, 6dideoxy-N- acetyl-beta-L-
altrosamine transaminase (position 1278726). Five sites (positions 485112, 564023, 668755, 674889
and 1278726) had deletion in Ch95-95(2). There were three insertions at positions (668755) and
(1380379) for Ch95-95(2), and one position insert interageneic hypothetical protein (position
552252) in Ch95-95(2).ccpA ‘Cytochrome c551 peroxidase, Putative polysaccharide. (C bold) refers
to complementarity strand, (SSM); slipped-strand mispairing.
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Figure 5.6 Genetic context of mutations in Ch95-95(1&2). (A) Schematic presentation of
the location of mutations in Ch95-95(1) g/k gene in r7nA and r»nB and additional mutations.
(B) Schematic presentation of location of mutations in Ch95-95(2). Black color indicates genes/
intergenic regions which contain a mutation and white color indicates location sequence in wild

type strain.
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5.4 Comparing the glk gene in RG2 strains with the chicken trial strains
To compare the glk gene in 39 C. jejuni strains, a glk sequence was downloaded for all strains
from the PubMLST website, and the Clustal Omega programme was used for alignments. Based
on the alignment results in table 5.3 and Table 3.1, there are seven different g/k alleles among
RG2 strains. Both ED type 2 Dg275 and type 3 Dg95 have the common glk allele number 4.
In the Dg22 strain, the glk gene (allele number 9) showed the next highest identity with the g/k
gene in Dg95, with only one mismatch at 970bp (T instead of C in glk Dg95), fig5.7.
Additionally, strains Dg217 and Dg210, which have glk allele number 12 and belong to ED
type7, showed 99.8%, identity with the glk gene in Dg95 with two mismatches at 142bp (G
instead of A) and 281bp (G instead of A). The strains also showed high identity in Dg294 and
Dg345 (ED type 10) strains, with 99.05% identity and 10 mismatches, table 5.3. However, the
more distantly related strains Dg43 and Dg234 possessed a glk gene with only 999bp encoding
2 fewer C-terminal amino acids, fig5.8. These were the least similar to Dg95 glk. With 25
mismatches, Dg234, Dg233, and Dg268, shared only 87.3% identity with Dg95 glk table5.3
Dg234, Dg233 had been isolated from farm E on 26/06/2012, while Dg268 was isolated from
farm C on 03/07/2012, see table 3.1. Dg43, Dgl8, Dg381, and Dg201 had 116 mismatches and
showed 88.2% identity compared to Dg95 glk. As highlighted above the strains recovered from
the chicken trial, Ch95-95(1) and Ch95-95(2) had only a single mutation at 490 bp (TGA
instead of GGA), and TGG instead of GGG, respectively.
Notably, sequences around the region of glk mutation in Ch95-95(1) and Ch95-95(2) were
conserved. While there was evidence of third position wobble (position 492bp) in Gly167 codon
and in Glul68 codon, the amino acid sequence GEGGH was conserved. This emphasises that
the nucleotide changes observed in Ch95-95 chicken isolates is not common and that these
mutations leading to loss of glucose kinase function are a valid explanation for loss of glucose

utilisation by these 2 strains.
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Strains Identity Nucleotide Mismatches | Contigs | Gaps
% length bp
1Dg95, Dg275 100 1005 - 35/34 -
Dg22 99.9 1005 1 32 0
Dg217 99.8 1005 2 33 0
Dg210 41
Dg294 99.05 1005 10 36 0
Dg345 33
Dg43 999 116 58 2
Dgl8 88.2 65
Dg381 77
Dg201 68
Dg234 999 125 64 2
Dg268 87.3 71
Dg233 61
Ch95-95(1) 99.9 1005 1 - 0
Ch95-95(2) 99.9 1005 1 - 0

Table 5.3 Percent identity and mismatches in the glk gene among RG2 strains and
chicken trial strains. The g/k sequence was download from the PubMLST website, and
DNA Dynamo and Clustal Omega were used for alignment.!Dg95 and Dg275 are
representative of the following large group with an identical g/k nucleotide sequence:
Dg20, Dg26, Dg44, Dg57, Dg63, Dg68, Dg69, Dg80, Dg81, Dgl04, Dgl109, Dgl17,
Dgl22, Dgl30, Dgl31, Dgl37, Dgl80, Dgl84, Dgl87, Dg224, Dg246, Dg304,

Dg307and Dg356.
25948 D268 GCTTTAC T GGGA GGT GGG C ATA Ci| G |AGTTTTTC [T'|CCTTTTGATGATACTGAAGT |G AT |A
25978 Dgd3a GCTTT}\HC GG!GA A| GGT GGG C ATA C| G |JAGTTTTTC CCTTTTGATGATACTGAAGT ATH
26009|Dg345 GCITTA GCA GG AGA G GG GGG C ATA C T AGTTTTTC T|CCTTTTCATGATACTGAAGT (G AT (A
26027|Dg210 GCITTA GCA GG AGA G GGT GGG C ATA C T AGTITTTC G CCTTTTCATGATACTGAAGT T AT G
25974 |Dg22 GCITTA GCA GG A GA G GGT GGG C ATA C T AGTTITTTC G CCTTTTGATGATACTGAAGT T AT G
26020|Dg95 GCITTAGCA GG AGA G GGT GGG C ATA C T AGTTTTTC G CCTTTTGATGATACTGAAGT T AT G
Ch95-95(1) GCITTAGC A TG AJGA G GGT GGG C ATA C T AGTTITTIC G CCTTTTGATGATACTGAAGT T AT G
Ch95-95(2) GCITTAGCAGG AGA G GGT C ATA C T AGTTTTTC G CCTTTTGATGATACTGAAGT T AT G

khkxhk * L 3

kekk kikr Kk thktkthk Fhkkkhkrkkhkthkrkedk Tk

Figure 5.7 Alignment of the g/k gene for the RG2 group compared to Ch95-95(1) and
Ch95-95(2). The PubMLST website was used to download the g/k gene for all RG2 strains,
and alignment was done using the DNA Dynamo programme and Clustal Omega. One
representative of each g/k ST (Table 5.3) is included. The red squares refer to the differences
among the RG2 strains, while the blue squares (540 bp) show the differences between the RG2
(rat) strains and Ch95-95(1) and Ch95-95(2).
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Dg268 MSISONKKSYPRLLADIGGTNARFALEVAANIIKNIEIFPCNDYNTVVDAVKAYLNKVGN
Dg43 MSISONKKSYPRLLADIGGTNARFALEVAANIIKNIEIFPCNDYNTVVDAVKAYLNKVGN
Dg210 MSISONKKSYPRLLADIGGTNARFALEVAANTIENIEVLVCNDYNTVVDAVKVYLNKVGN
Dg34s MSISONKKSYPRLLADIGGTNARFALEVAANTIENIEVLVCNDYNTVIDAVKVYLNKVGN
Ch95-95(2) MSISONKKSYPRLLADIGGTNARFALEVAANTIENIEVLVCNDYNTVIDAVKVYLNKVGN
Ch95-95(1) MSISOQNKKSYPRLLADIGGTNARFALEVAANTIENIEVLVCNDYNTVIDAVKVYLNKVGN
Dg22 MSISOQNKKSYPRLLADIGGTNARFALEVAANTIENIEVLVCNDYNTVIDAVKVYLNKVGN
Dg95 MSISOQNKKSYPRLLADIGGTNARFALEVAANTIENIEVLVCNDYNTVIDAVKVYLNKVGN
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Dg2683PTIKYGAFATIANPVVGDWVQMTNHHWAFSIETTROALNLEVLILINDFTAQAYAIPRMSS
Dg43 PTIKYGAFAIANPVVGDWVOMTNHHWAFSIETTRQALNLEVLILINDFTAQAYAIPRMSS
Dg210PIVKYSAFAIANPVVGDWVOQMTNHHWTFSIETTKOQALNLEVLILINDFTAQAYAISQMSS
Dg34S PIVKYSAFAIANPVVGDWVOMTNHHWTFSIETTROQALNLEVLILINDFTAQAYAISQMSS
Ch95-95(2) PIVKYSAFAIANPVVGDWVOMTNHHWTFSIETTROALNLEVLILINDFTAQAYAISQMSS
Ch95-95(1) PIVKYSAFATANPVVGDWVOQMTNHHWTFSIETTRQALNLEVLILINDFTAQAYAISQMSS
Dg22 PIVKYSAFAIANPVVGDWVOMTNHHWTFSIETTRQALNLEVLILINDFTAQAYAISQMSS
Dg9S PIVKYSAFAIANPVVGDWVOMTNHHWTFSIETTROQALNLEVLILINDFTAQAYAISQMSS
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Dg268SELIQIGGNFCAINAPKAVLGPGTGLGVSGLIPYGNGDYIALSGEGGHTSFSPFDDTEVI
Dg43 SELIQIGGNFCAINAPKAVLGPGTGLGVSGLIPYGNGDYIALSGEGGHTSFSPFDDTEVI
Dg210TELIQVGGTSCEINAPKAVLGPGTGLGVSGLIPCSNGGY IALAGEGGHTSFSPFDDTEVM
Dg34STELIQVGGTSCEINAPKAVLGPGTGLGVSGLIPCSNGGYIALAGE TSFSPFDDTEVI
Ch95-95(2) TELIQVGGTSCEINAPKAVLGPGTGLGVSGLIPCSNGGYIALA TSFSPFDDTEVM
Ch95-95(1) TELIQVGGTSCEINAPKAVLGPGTGLGVSGLIPCSNGGYIALA GGHTSFSPFDDTEVM
Dg22 TELIQVGGTSCEINAPKAVLGPGTGLGVSGLIPCSNGGYIALAGEGGHTSFSPFDDTEVM
Dg9S TELIQVGGTSCEINAPKAVLGPGTGLGVSGLIPCSNGGYIALAGEGGHTSFSPFDDTEVM

HE S = S N R S o A R S i R S B e b - A, AR D A4 b o S S b e o b o b A D

Dg268IWRYAKKKYGHVSAERFLSGSGLVLIYEALANRKGIKSAKISSELISEQALSGKSPLCRL
Dg43 IWRYAKKKYGHVSAERFLSGSGLVLIYEALANRKGIKSAKISSELISEQALSGKSPLCRL
Dg210IWQYAKKKYGHVSAERFLSGSGLVLIYEALADREGIKSSKIAPELISEQALSGRSPLCRL
Dg34SIWRYAKKKYGHVSAERFLSGSGLVLIYEALADREGIKSSKIAPELISEQALSGRSPLCRL
Ch95-95(2) IWOYAKKKYGHVSAERFLSGSGLVLIYEALADREGIKSSKIAPELISEQALSGRSPLCRL
Ch95-95(1) IWOYAKKKYGHVSAERFLSGSGLVLIYEALADREGIKSSKIAPELISEQALSGRSPLCRL
Dg22 IWOYAKKKYGHVSAERFLSGSGLVLIYEALADREGIKSSKIAPELISEQALSGRSPLCRL
Dg95 IWOYAKKKYGHVSAERFLSGSGLVLIYEALADREGIKSSKIAPELISEQALSGRSPLCRL
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Dg268 TLDIFCAMLGTISADLALTLGARGGVYLCGGIIPRFVDYFKTSPFRVRFENKGRFGAYLA
Dg43 TLDIFCAMLGTISADLALTLGARGGVYLCGGIIPRFVDYFKTSPFRVRFENKGRFGAYLA
D210 TLDIFCAMLGTISANLALTLGARGGVYLCGGIIPRFIDYFKTSPFRMRFENKGRFDAYLA
De34SsTLDIFCAMLGTISANLALTLGARGGVYLCGGIIPRFIDYFKTSPFRMRFENKGRFDAYLA

Ch9S5-95(2) TLDIFCAMLGTISANLALTLGARGGVYLCGGIIPRFIDYFKTSPFRMRFENKGRFDAYLA
Ch95-95(1) TLDIFCAMLGTISANLALTLGARGGVYLCGGIIPRFIDYFKTSPFRMRFENKGRFDAYLA
Dg22 TLDIFCAMLGTISANLALTLGARGGVYLCGGIIPRFIDYFKTSPFRMRFENKGRFDAYLA
Dgos TLDIFCAMLGTISANLALTLGARGGVYLCGGIIPRFIDYFKTSPFRMRFENKGRFDAYLA
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Dg268 AIPVYVVLAKYPGIFGVAVALENHLKDYFSKKZ ——
Dg43 AIPVYVVLAKYPGIYGVAVALENHLKDYFSKKZ ——
Dg210 AIPVYVVLAKYPGIYGVAVALENHLKDYFLKNRGZ
Dg34s AIPVYVVLAKYPGILYGVAVALENHLKDYFLKNRGZ
Ch95-95(2) AIPVYVVLAKYPGIYGVAVALENHLKDYFLKNRGZ
Ch95-95(1) AIPVYVVLAKYPGIYGVAVALENHLKDYFLKNRGZ
Dg22 AIPVYVVLAKYPGIYGVAVALENYLKDYFLKNRGZ
Dg9s AIPVYVVLAKYPGILYGVAVALENHLKDYFLKNRGZ
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Figure 5.8 Protein sequences of the gik gene of strains. that are listed in Table 5.3 were
aligned using Clustal Omega (Sievers ef al., 2011). The whole g/k gene was translated to create
the amino acids sequences. Blue squares represent the mutations TGA-Z stop codon and TGG-W
in the strains recovred from the chicken trial, Ch95-95(1) and Ch95-95(2), respectively. The bold
black line refers to EGGH consensus sequence. The rest of strains were farm-associated C. jejuni
strains. Dg95 and Dg201 were isolated from farm G, Dg268 and Dg345 from farm C, while Dg22
from H and Dg43 from farm X.
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5.5 Conclusion

Based on systematic genomic analyses, glc loci are present in only 1.7% of >6,000 genomes of
C. jejuni and C. coli from different sources, clinical and environmental animals (Jolley et al.,
2012). Of the C. jejuni strains that were positive, 51.4% were isolated from rats, 42.9% were
isolated from wild birds, 2.9% were isolates from farm environments, and two isolates were
from an unknown source (Vegge et al., 2016). Further, 43.2% of C. coli strains were isolated
from human disease and 8.1% were isolated from rats and soil (Vegge et al., 2016). The RG2
strains that were tested were highly adapted to the colonisation of chickens (Mohammed, 2018).
The data presented in this chapter confirm the inability of recovered strains in chickens to use
glucose, by growth assay in vitro. In addition, genomic studies confirmed that Ch95-95(1)
contained five mutations in different positions and that two of them were in the glc loci at the
glk gene, one in the glc locus within rrnd, position 47958 and the same mutation in the glc
locus within rrnB, position 411897. The other three were outside of the g/c loci in different
positions 552252, 674889, and 1278726. On the other hand, Ch95-95(2) had 10 mutations. This
included the mutation in g/k within the glc loci in rrnAd, position 47967, and in rrnB position
411906, and eight mutations outside of the g/c loci in positions 77939, 674889, 337609, 485112,
668755, 1278726, and 1380379. These mutations at positions 674889 and 1278726 were
common to both Ch95-95 (1) and (2) and hence may potentially have an additional common

negative impact on glucose utilisation.
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Chapter6 Oxidative stress

6.1 Introduction

C. jejuni is oxygen sensitive and grows optimally in the presence of low oxygen concentrations.
For the best growth, it requires the following concentration of gases: approximately 5-6%
oxygen and 10% carbon dioxide with the complement as nitrogen (Bolton and Coates, 1983;
Garénaux et al., 2008). C. jejuni does not grow under strict anaerobic conditions. In C. jejuni
respiration is preferentially aerobic with O as terminal electron acceptor, hence a requirement
for oxygen for good growth (Garénaux et al., 2008; Pittman and Kelly, 2005). However, a
number of the key enzymes of central metabolism of C. jejuni have oxygen-labile iron-sulphur
clusters and are more closely related to corresponding enzymes of anaerobic bacteria than those
of aerobic bacteria. Examples include, serine dehydratase (SdaA) that deaminates serine to
produce pyruvate and ammonia, pyruvate: acceptor oxidoreductase (POR) that catalyses
decarboxylation of pyruvate to acetyl-CoA for entry into the TCA cycle and 2-oxoglutarate:
acceptor oxidoreductase (OOR) (Kelly, 2001). C. jejuni posseses several alternate electron
acceptors such as fumarate, nitrite and nitrate that can be used for anaerobic respiration and to
support growth in the lower gut (Sellars et al., 2002; Garénaux et al., 2008). Under such
conditions, a small amount of oxygen is also required for functional ribonucleotide reductase
and nucleic acid synthesis which provides an explanation for the inability to grow under strict
anaerobic conditions (Garénaux et al., 2008; Pittman and Kelly, 2005).

The natural environment of C. jejuni is the intestinal tract of chickens and other animals
(Mughini, et al., 2012; Thakur and Gebreyes 2005). Survival in the environment and during
food processing are important steps in transmission between animals and to humans. During
these stages, C. jejuni will be exposed to much higher than the preferred levels of oxygen, up
to atmospheric oxygen levels (21%), and hence the bacteria are exposed to exogenous aerobic

as well as endogenous oxidative stress as a result of aerobic metabolism.
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Oxidative stress results in extensive damage to DNA, lipid and protein, due to the production
of toxic reactive oxygen species (ROS). C.jejuni employs many defence mechanisms to deal
with oxidative stress. ROS-detoxification enzymes of C. jejuni 11168 include one superoxide
dismutase (SodB) one catalase (KatA) and three different enzymes of the peroxyredoxin family,
including alkylhydroperoxide reductase (AhpC), Tpx and Bcp. sodB, katA and ahpC have been
shown by mutagenesis to have a primary role in reducing damage caused by high oxygen
(Imlay, 2008; Oh et al., 2015). SodB catalyses the breakdown of the superoxide anion O>" to
hydrogen peroxide (H>O.), catalase breaks down H>O» producing water and oxygen while alkyl
hydroperoxide reductase detoxifies organic peroxides (Seaver and Imlay, 2001; Parsonage et
al., 2008). Cells mutated in ahpC and katA, resulted in a coccoid morphology, while the sodB
mutant had an elongated cellular morphology under aerobic condition (Oh et al., 2015). PerR
and CosR are the two primary regulators controlling expression of genes involved in the
oxidative stress response. (See chapter 1.6 for detail on the genes oxidative stress response).

C. jejuni strains carrying the glc locus encode products for uptake and phosphorylation of
glucose as well as key enzymes of the ED pathway. These strains have been identified primarily
from wild birds and Norway rats (Vegge ef al., 2016). It is likely that transmission of these
strains includes passage through water, mud and the environment and substantial exposure to
high levels of oxygen. Pseudomonas spp. like Campylobacter have an incomplete EMP
pathway and metabolise glucose via the ED pathway. The importance of the ED pathway and
production of the reducing factor NADPH to survival against oxidative stress has been
highlighted for the strict aerobe P. putida (Chavarria et al., 2013). In addition, pyruvate, the
product of catabolism of glucose via the ED pathway, is known to act as an anti-oxidant when
added to C. jejuni growth media by decreasing the level of H>O; thus permitting growth in

higher levels of oxygen. (Verhoeff-Bakkenes ef al., 2008).
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In this chapter, the impact of a functional ED pathway on growth and survival of these
Campylobacter strains at different oxygen concentrations and protection against hydrogen

peroxide is investigated.

6.2 Confirmation of presence of key genes related to oxidative stress in Dg275 and Dg95

Before studying the effect of glucose on growth and survival under conditions with non-ideal
levels of oxygen, a survey of presence of genes encoding enzymes and regulators related to
oxidative stress was performed. Draft genomes of the two Glc positive strains, Dg275 and
Dg95, as well as the relatively closely related Gle negative strain, Dg200 were analysed using
genes of the well characterised strain NCTC11168 as reference. The PUBMLST/
campylobacter website was used as a source of the sequence of each gene from all strains for
subsequent alignment. As shown in table 6.1, all three strains possessed the complete sequence
for all genes analysed and in most cases the genes were greater than 97 % identical to the
corresponding gene/ gene product in NCTC11168. Notably, both rrp4 and rrpB encoding
regulators are present in all strains. These MarR- type regulators have been linked to control of
stress under aerobic conditions and oxidative stress but possession of these genes by C. jejuni
strains was shown to be variable (Gundogdu et a/, 2016). Of all comparisons, r7pA shared the
lowest identity (89.2 %) with the corresponding gene in NCTC11168; while the r7pB gene in
both Dg275 and Dg95 shared 97.9% identity with NCTC11168 rrpB.

Although potential impact of point mutation(s) or differences in regulation of any of these genes
cannot be excluded, it can be concluded that both Glc positive strains, Dg275 and Dg95, and
the Glc negative strain, Dg200, to be studied possess the main genes linked to response to
aerobic and oxidative stress.
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Genes Dg275 | Dg95 Dg200
catalase (katA- cj1385) 98 98 97
Alkyl hydroperoxide reductase ahpC- cj0334 98.6 98.6 98
Superoxide dismutase (sodB-cj0169) 99 99 99
heme -trafficking protein (¢j1386) 96.9 96.9 99.3
rrpA (cj1556) 89.2 89.2 89.2
rrp B (cj1546) 97.9 97.9 97.4
a putative periplasmic protein (¢cj/371) 97.2 97.2 97.9
tpx (cj0779) 99.2 99.2 99.2
bep (cj0271) 99.1 96.4 96.2
fdxA (cj0333c) 97.8 97.8 97.1
s-ribosylhomocysteinase -LuxS (cj1198) 97.5 97.5 97.9
fur(cj0400) 98.9 98.9 98.9
perR(cj0322) 99.2 99.2 99.0
cosR (cj0355¢) 99.7 99.7 99.1

Table 6.1 Survey for presence of genes encoding enzyme and regulator related to
ROS resistance. Genes were identified in PUBMLST/campylobacter, download and
aligned using Clustal Omega with NCTC11168 as reference strain. Percent nucleotide
identity over the entire gene in each case is shown. Dg275 and Dg95 possess the glc locus,
Dg200 does not. See chapter 1.6.2 for detail of gene product function.
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6.3 Effect ED pathway on growth in different concentrations of Oxygen
6.3.1 Comparison of growth of ED positive and negative strains in 5%0:

C.jejuni is routinely grown in an atmosphere of 5%02, 10%CO2, 2%H> and 83%N>. Growth of
the two C.jejuni ED positive strains, Dg95 and Dg275, in addition to two ED negative strains,
Dg200 and NCTC11168, was monitored, using these standard gaseous conditions, in the rich
growth medium MHB-FBS. All strains were cultured in 50ml conical flasks with 15ml media,
including Bolton broth supplement antibiotic at 37°C, with shaking at 130rpm.

ED positive strains were tested for growth in the presence and absence of 20mM glucose, while
growth of the ED negative strains was tested only in the absence of additional glucose. Both
NCTC11168 and Dg200 grew much faster then the two glc positive strains, Dg275 and Dg95.
By 12h both NCTC11168 and Dg200 had reached a viable count of 2x10® cfu/ml and early
stationary phase, as reflected by cfu. In contrast, both Dg275 and Dg95 had a much longer lag
phase, evident in both the cfu count and ODsoo. From the 13h to 24h time points, for Dg 275,
growth appeared to be exponential while for Dg95 increase in cfu continued up to 38h. This
was the same whether these latter strains were grown in the presence of glucose or not. As
previously reported, chapters 4 and 5 the impact of glucose correlated with enhanced survival
in the very late stages of growth where both ODsoo and viable count decreased more slowly in

the presence of glucose, fig 6.1
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Figure 6.1 Growth at 5%02, 10%CO02, 2%H?2 in rich media with and without glucose. Strains
tested were: RG2 Dg275 and Dg95 as (+ED), one of ST21CC-21, NCTC11168 and one of ST45CC-
45, Dg200 as (ED).MHB-FBS (15ml) in a 50ml conical flasks was inoculated with 150ul
standardized cells, prepared from BA plates as described in chapter 2(2.4.4) with shaking at 130rpm
in M35 cabinet. Samples were monitored for ODgoo (dash line) and cfu (solid line) at time indicated.
Green, with 20mM glucose; red no glucose.
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6.3.2 Comparison of growth of ED positive and ED negative strains in 2%0;

Growth of the same strains was tested in MHB-FBS with 2%0,, 10%CO», 2%H> and 86 % N>,
see fig6.2. The pattern of growth of all 4 strains was similar and much more limited, as judged
by ODsoo under these more oxygen limited conditions. Interestingly, Dg275 and Dg95 (both
ED+) no longer showed the extended lag seen when grown in 5% O2 fig6.1 Maximum ODsoo
reached for all strains was 0.3-0.4, and cfu around 3x10%/ml. For all strains decline in cfu began
between 48 and 60h. Impact of glucose under these growth conditions was minimal marginal,

if any, of the characteristic increased survival of Dg275 in the presence of glucose at 72h.
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Figure 6.2 Effect of 2%0,,10%C0,,2% H; on growth with and without glucose. MHB-
FBS (15ml) in a 50ml conical flasks was inoculated with 150ul standardized cells, prepared
from BA plates as described in chapter 2(2.4.4) with shaking at 130rpm in M35 cabinet.
Samples were monitored for ODsoo(Dash line) and cfu (Solid line) at time indicated. Green,
with 20mM glucose; red no glucose. Means and error bars show from two biological cultures.
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6.3.3 Comparison of growth of ED positive and ED negative strains in 15.9%0:

Strains Dg 275 and Dg 95 (both ED+), Dg200 and NCTC11168 (both ED-), were then tested
for growth properties in high oxygen 15.9%02, 4%CO2, 0% Hz with 79.9 % N, in MHB-FBS
media with and without glucose, fig6.3. Dg200 and NCTC11168 survived in the presence of
15.9 %oxygen, but showed a striking delay in growth. NCTC11168 started growing only after
48 h incubation, as monitored by both ODgoo and cfu. Dg200 showed evidence of an increase
in cfu between 36 and 48h but no increase in ODgoo until 48-60h. Both strains grew to a
maximum of 1.8x108 cfu/ml.

In contrast, the growth curve of both Dg275 and Dg95 in 15.9%o0xygen mirrored the
characteristic lag and slow start to growth up to around 12h, as seen with growth in 5% oxygen,
fig6.1. Both Dg275 and Dg95 showed exponential growth by 24h (monitored by cfu and ODeoo)
and reached a maximum at 48h. At 48h for both strains the ODsoo was 1.3 and cfu approximately
3.4X10%/ml. Growth then decreased by 1 logio by 60h.

Interestingly, cultures of Dg275 and Dg95 both showed the same enhanced growth (cfu/ml)
early in exponential phase, at 24h and enhanced ODgoo between 48 and 72h when grown in the
presence of glucose. Irrespective of the impact of glucose, both Dg275 and Dg95 were evidently

more acclimatized for growth in high levels of oxygen.
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Figure 6.3 Effect of 15.9%0,,4.5%C0,,0% H; on growth with and without glucose. MHB-
FBS (15ml) in a 50ml conical flasks was inoculated with 150ul standardized cells, prepared
from BA plates as descried in chapter 2(2.4.4) with shaking at 130rpm in M35 cabinet. Samples
were monited for ODsoo(Dash line) and cfu (Solid line) at time indicated. Green with 20mM
glucose, red no glucose. SE is from duplicates for Dg275 and Dg95 (+ED), Dg200 and
NCTC11168 (-ED). Based on ODeoo, P value gave results 0.01 for Dg95 at 57h growth with

glucose compare without glucose. Cultures at initial cells densities at ODgoo =0.002.
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It 1s well documented that some strains of C. jejuni show better growth than others in high

oxygen, and also that strains, including NCTC11168, can adapt to growth at high oxygen

concentrations (Boysen ef al., 2007). For this reason, subcultures taken from 60h growth of

both Dg200 and NCTC11168 were glycerol stocked and retested along with the original stocks

for growth in MHB-FBS with 15.9 % oxygen, fig6.4. Purity of all cultures was confirmed by

gram stain, and comparison of aerobic and microaerobic subculture on BA at 37°C.
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Figure 6.4 Adaptation of Dg200 and NCTC11168 to growth in 15.9%O0;. C. jejuni
NCTC 11168%*, and Dg200* are the adapted strains which had been isolated and glycerol
stocked from samples of 60 h culture previously grown in 15.9 % oxygen, fig6.3.
Inoculation and culture of both adapted* and original strain (no asterisk) in MHB-FBS with
15.9 % O3, 4.1 % CO2, 79 % N> and sampling were as described in fig6.3. ODeoo, dash line;
viable cells (cfu/ml), solid line. The errors in bacterial growth were calculated by
determining the standard deviation from the mean of triplicate experiments.
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As might be predicted, NCTC 11168* (previously exposed to high oxygen) showed good
evidence of adaptation to growth in 15.9% oxygen, while the original stocked NCTC11168
again only grew following a long delay, see fig6.4). After 24h, the ODgoo of the NCTC 11168*
culture was approximately 10-fold higher than that of NCTC 11168, which had an ODg <0.1
(P=0.001,24 h NCTC11168* vs NCTC11168).

Similarly, with a cfu/ml of 4.58X108 at 24 h for NCTC 11168* compared to one of 6.83X10’
for NCTC 11168 (P = 0.01) the difference in colony forming units also confirmed good early
growth of the adapted strain. By 48-60h the original stock was beginning to grow while the
adapted culture entered the decline phase. A similar pattern was evident with Dg200 with
delayed growth of the original stock to 48-60h and early growth of the previously exposed
strain Dg200*. At 24h, Dg200* reached an ODgoo of 1.08 while Dg200 was 0.07 (P= 0.003).
The difference in ODsoo between the two cultures continued till 60h when a significant
difference remained (P= 0.06). Quantitation of cfu followed a similar pattern with a ten-fold
higher count for Dg200* and significant difference at 24h (P= 0.02) increasing to P = 0.05 at
48h. These results indicate that adaptation of Dg200 like NCTC11168 to high oxygen can be

readily acquired.

6.3.4 Comparison of growth and survival of ED positive strains in DMEM(f with 15.9 %
(0]

Growth of ED positive C. jejuni strains in DMEMT provided a suitable screen for identification
of strains capable of metabolising glucose, see chapter3. As with growth in MHB,
supplementation of DMEM{ with 20mM glucose enhanced survival of ED positive cultures in
the decline phase of growth. The benefit of glucose metabolism was more marked with

DMEMT, fig6.5, due to the more restricted availability of suitable nutrients.

154



Chapter6 Oxidative stress

Therefore, the impact of high oxygen on growth of ED positive strains in DMEMf with and
without 20mM glucose was investigated. The enhanced growth and survival in the presence of
glucose was even more marked when cultures were incubated with 15.9 % oxygen. With Dg275
a difference in cfu/ml was already evident at 24h and by 48h there was a 2 logio higher
number of viable cells in the media with added glucose. This difference continued up to 72h,
when no viable cells were recovered from the media without glucose.

While the difference was not as great with Dg95, the pattern was the same, at 48h the difference
was significant (P=0.01) and by 60h no viable cells were recovered from the media without
glucose. Both bacteria were clearly much more susceptible when grown in DMEM({ in high
oxygen, fig6.5 than under standard microaerobic conditions, fig6.1, in the absence of glucose.
This suggests that availability of glucose as a nutrient cannot be the only explanation for
enhanced growth in the presence of glucose and that glucose catabolism via the ED pathway

may contribute to protection from stationary phase and oxidative stress.
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Figure 6.5 Impact of glucose of growth of ED positive strains in DMEMY{f with 15.9%(A)
or 5%(B) oxygen. 15ml in a 50ml conical flasks was inoculated with 150l standardized cells,
prepared from MHA plates and grown at 150rpm in M35 cabinet. Sample were monitored for
ODeoo (Dash line) and cfu (sold line) at times indicated. Green, with 20mM glucose, red no

added glucose, Means and error bars are from three independent biological cultures.
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6.3.5 Ch95-95¢glk is susceptible t015.9%0:

Ch95-95glk (1) is a non-glucose metabolising mutant derived from Dg95 in a chicken
colonisation trial (Mohammed, 2018). The gene encoding glucokinase, glk, is a pseudogene
due to a stop codon immediately upstream of the predicted glucose binding site, chapter5. In
the absence of glucose phosphorylation, Zwf (G6P dehydrogenase) cannot function to produce
6P gluconate, the substrate for the ED pathway, see fig 1.6A&B. As discussed in chapter 5,
under standard microaerobic conditions with 5%Q,, presence of the g/k pseudogene in Ch95-
95 (1) abolishes the benefit of glucose metabolism to enhanced survival at 72h. Otherwise the
mutation had little impact on growth and survival of the strain. The impact of this mutation was
also tested on growth and survival at high oxygen. Fig6.6A&B show growth of both the wild
type, Dg95, and Ch95-95 glk (1) during growth in MHB with and without 20mM glucose in
the presence of 15.9 % O». Fig6.6 C&D show growth of both strains when cultured under
standard microaerobic conditions for comparison. There was a small difference, 1.5 fold higher
ODeoo value for Dg95 compared to Ch95-95 glk at 36h, corresponding to a 1.6 fold increase in
cfu at the same time point with 5 %0, fig6.6 C&D (P =0.04), grown without glucose. There
was difference between growth of parent and mutant strain, without glucose, up until 36h in
15.9 %0.. But by 48h, recovery of Ch95-95 glk had dropped significantly, by 2 logio compared
to Dg95 (2.6x10° cfu/ml compared to 2.4x10® cfu/ml, respectively, fig 6.6B), even in the
absence of glucose. The gl/k mutation had no readily apparent effect on growth in MHB no
glucose under standard culture conditions (5%03) but with 15.9% oxygen Ch95-95 glk was
much more susceptible to aerobic stress in the late stationary phase of growth irrespective of

presence or absence of glucose.
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Figure 6.6 Growth of Dg95 and Ch95-95g/k in MHB with glucose in 15.9%02(A,
B).and 5% (C-D). Strains were grown on a BA-2% plate for 48h, asingle colony was re
-subculture on MHA for 36h and used for inoculum. Strains were incubated in 15ml MHB
medium, 20mM glucose, and incubated for 72h in 50ml conical flasks with shaking at
150 rpm, inoculated with 150pul standard of 0.2 ODsoo suspension of culture. Cell density
and cfu at 24h till 72h are shown. Aliquots were taken during growth, as indicated, and
monitored for ODeoo and viable cells (cfu). Solid bars, growth without glucose, while
Dotted bars growth with glucose. Means and error bars from three independent biological
cultures.
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6.3.6 Effect of atmospheric conditions on survival

During transmission to humans and in the environment, C. jejuni is exposed to atmospheric
oxygen tension of 21% O with 0.04 % COz and 78 % N». The ability of C. jejuni to survive
under atmospheric conditions are likely to substantially impact successful transmission from
the environment to other animals and humans. Here, the impact of glucose on survival of C.
jejuni Dg275 (RG2, ED positive) under aerobic conditions was compared to that of
NCTC11168 ST21CC-21, ED negative. Both strains were initially grown, with shaking
at 379C, under standard microaerophilic conditions (5% Oz, 10%CO., 2%H>) in MHB or
MHB+FBS and for Dg275 with or without glucose. After 24h growth, the flasks with culture
were transferred to a shaking incubator in the air and cultured for a further 12h at 37°C. Fig 6.7
shows bacterial density ODsoo and viable count cfu up to 12h. The curves for Dg275 and
NCTC11168 in MHB were similar, fig 6.7. In both cases the cells survived for §-10h under the
atmospheric conditions and then suddenly entered a rapid decline phase. The drop in survival
was more pronounced for Dg275 with a decrease of 5 logio cfu/ml between 8 and 10 h for
Dg275 grown in MHB plus 20mM glucose. Again, provision of glucose appeared to protect
cells. In the absence of glucose in MHB, fig 6.7B, there was no difference in survival up to 8h,
but between 8 and10 h the number of culturable cells plummetted to <100 cfu/ml (none were
recovered). The decrease in cfu of NCTC11168 was slower with a decrease of 2 logio cfu/ml
between 10 and 12h. The presence of FBS in the media did not affect the survival curve of
NCTC11168. For Dg275, addition of FBS to the media completely changed the shape of the
curve to a gradual decrease in cfu/ml of about 1 logio/ 2h over the entire curve, with

approximately 1 x10°cfu/ml still surviving at12h.
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In this case, there was no difference between presence/ absence of glucose, suggesting that
something else in FBS was protecting Dg275 cells. The results are consistent with reports of

the high resistance of NCTC11168 to atmospheric O;.
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Figure 6.7 Survival of Dg275 and NCTC11168 in atmospheric oxygen. (A) Dg275 in
MHB-FBS plus or minus glucose (B) Dg275 in MHB plus or minus glucose (C)
NCTC11168 in MHB or MHB-FBS. Cultures were inoculated to give a final OD of 0.002
and grown for 24h in 50ml conical flasks in the M35 cabinet(5%0>,10%C0,2%H>) at
37°C, 0 time indicates point of transfer of culture to atmospheric conditions at 37°C, where
shaking continued at 150rpm. Atmospheric cultures were monitored for ODsoo (dash line)
and cfu (solid line) at times indicated. Green with 20mM glucose, red no added glucose.
Error bars derived from three technical repeats.
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Glucose was earlier shown to substantially enhance survival of Dg275 during growth in
DMEMT{, see fig6.5. Extensior‘l of this to monitor survival of Dg275, Dg95 (ED + strains), Dg
200 and NCTC11168 (ST45CC-45 and ST21CC21, respectively), in atmospheric conditions
following growth in DMEMf was also tested.

As above, cultures were grown at 37°C, in 5%0,, 10%CO,, 2%H, for 24h and then transferred
to air where shaking continued at 37°C. The results reinforce the extent to which glucose
protects Dg275 from aerobic stress in a minimal medium. At 24h, Dg275 cultures are in early
stationary phase and grow well for a further 24h under microaerobic conditions 5%Q; even in
the absence of glucose, see fig 6.8. However, when switched to atmospheric oxygen, 4h later
no cells were recovered from Dg275 cultures without glucose, whereas Dg275 cultures grown
in DMEM( with 20mM glucose could still be recovered at 10° cfu/ml after 8h incubation with
shaking in air, fig 6.8. Dg95 showed the same trend although cfu were only detected at 4h post
aerobic incubation.

Both Dg200 and NCTC 11168 grow faster than Dg275. Hence the poor recovery of these strains
could be related to the state of cells at 24h microaerobic incubation, glucose would not be
expected to enhance survival of either of these Glc negative strains. In DMEM(f media, it has

been demonstrated that in the absence of glucose cultures of Dg275 and other ED positive

strains become nutrient limited and die faster (Mohammed, 2018).
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Figure 6.8 Impact of glucose on growth and survival of Dg275 and Dg95 under
atmospheric condition in DMEMTf with and without glucose. 15ml DMEMT{ in a 50ml
conical flask was inoculated with 150ul standardized cells (0.2 ODsoo), prepared from MHA
plates and grown at 150rpm in M35 cabinet. Samples were monitored for ODsoo and cfu at
time indicated. After 24h the culture was transferred to air with shaking at 150rpm, at 37°C.
Cfu was determined following 10-fold serial dilutions, spotted on BA-2% incubated at 37°C
for 48h in 5%0;, 10%CO;, 2%H, . Pattern fill, with 20mM glucose, solid fill no added
glucose. SE is from triplicate repeats, strains Dg275 and Dg95(ED pathway), Dg200 and
NCTC11168(-ED). Results shown are the means and SD of triplicate samples. The experiment
was repeated three times and all results produced similar results. Statistical analysis was
conductedusing the t-test in excel.
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6.4 Effect of H20: on survival of NCTC11168 and Dg275 during growth

Exposure to hydrogen peroxide (H202) was used as one indicator of the resistance of Dg275
and Dg95 to oxidative stress. The impact of growth in the presence of glucose on sensitivity of
cells H2O2 was monitored.To establish optimal assay conditions, initial studies assessed
sensitivity of the well- studied strain NCTC11168 during growth and then compared this to
sensitivity of Dg275.

Bacteria were cultured in 15ml MHB- FBS broth in 50ml conical flasks, at 37°C, with shaking
at 150rpm under standard conditions, 5% O, 10% CO2, 2% H> and 83%N, with 70% humidity,
as described in fig6.9 and chapter2, 2.1.4. Bacterial cells were recovered at times during
exponential (4 and 6h), stationary (12 and 24h), late stationary (48h) and death phase (72h) of
growth and resuspended in PBS at a final ODgoo of 0.18 to monitor for sensitivity to hydrogen
peroxide, as described in chapter 2.2.8.

Initial tests monitored sensitivity to increasing concentrations of H>O> 1-15mM for different
time periods 15, 30 and 60 min, at 37°C under microaerobic conditions. Survival of bacterial
cells was monitored by calculation of cfu, chapter2, 2.4.5, following serial dilution of samples,
spotting and incubation on BA-2% plates at 37°C for 48h under microaerophilic conditions. As
previously documented (Rodrigues et al., 2015), NCTC11168 was much more resistant to
hydrogen peroxide during the stationary phase of growth, showing high resistance to 10mM
hydrogen peroxide following 30min exposure with samples from 12h, 24h and 48h growth,
fig6.9 C-E. There was no significant difference in cfu recovered from these growth samples
treated with 1 mM H>O; for up to 30min. With SmM H>O> or 10mM H>O> and 30 min exposure
of these stationary phase NCTC11168 cells, recovery of colony forming units was 45-56 % and

29-34 % respectively.
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Only with increased exposure 60min and/or increased concentration of H>O» 15mM did

recovery of NCTC11168 cells decrease by more than 1 logio.

A- NCTC11168- peroxide sensitivity during growth
at 4dh
10E+12 -

1OE+10 4
10E+08
g 10E+06 -

10E+04 |

10E+02 |
OmM ImM SmM 10mM 15mM

«15min . 30min .1n  Hydrogen peroxide concentration
C-NCTC11168- peroxide sensitivity during growth at
12h

10E+12

1D0E+10
é 10E+08
10E+06

10E+04

1DE+02

OmM 1mM S5SmM  10mM  15mM
Hydrogen peroxide concentration

=15min «30min «1h
E- NCTC11168- peroxided sehlsitivity during growth
at 48

10E+12
1D0E+10
10E+08
g 10E+06
10E+04

10E+02
OmM 1mM SmM 10mM  15mM

Hydrogen peroxide concentration
= 15min »30min « lh

B- NCTC11168- peroxide ;ﬂsﬂivity during growth
at
1DE+12 |

1DE+10 4
1DE+08
EIDE"O(S E

1DE+04 |

1DE+02
O0mM ImM SmM 10mM 15mM
«15min .30min .1n Hydrogen peroxide concentration
D-NCTC11168- peroxide sensitivity during growth
at 24h
1DE+12

1OE+10 |
1DE+08 1
E 1OE+06 |

1DE+04 |

10E+02 A
0OmM 1mM SmM 10mM 15mM

Hydrogen peroxide concentration
=15min  «30min «1h
F-NCTC11168- peroxiatze_,szel:sitivity during growth
10E+12
10E+10
10E+08
g 10E+06
10E+04

10E+02
OmM 1mM SmM 10mM 15mM

Hydrogen peroxide concentration
wilSmin »30min »lh

Figure 6.9 Sensitivity of C. jejuni NCTC11168 to H,O; at different stages of growth.
NCTC11168 was cultured in 15 ml MHB-FBS in 50 ml conical flasks, at 37°C, with
shaking at 150 rpm under standard microaerophilic conditions, in the M35 cabinet with
70% humidity, as described in chapter2, 2.1.4. At indicated times, samples of culture
equivalent to 0.9 ODeoo units were taken and processed for the peroxide sensitivity assay
2.8. The final concentration of cells in each assay (1ml) corresponded to an ODsgo of 0.18,
variation of cfu with time 1s indicated by OmM samples, monitored at 60 min. For 4 h
sample, ODeoo was not assessed. Samples were exposed to increasing concentrations of
H»0», as indicated for 15,30 and 60 minutes, under standard microaerobic conditions in the
M35 cabinet at 37°C section 2.8. Susceptibility to H>O, was assessed by cfu of serial
dilutions as described, 2.4.5. Averages and SD shown are from triplicate flasks inoculated

with the same starting culture 5.0X 10 /ml.
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Strains |Growth Survival (%) of cfu
time/h

15 minutes 30 minutes 60 minutes

ImM | 5SmM| I0mM| ImM | 5SmM| 10mM | ImM| SmM| 10mM

4 19.7 | 14.10{ 10.40 | 193 | 197 |14 0.48 | 0.19 | 0.04

6 80 55 12 74 146.1 |5 66.4 | 4.6 | 0.01
NCTC11168
12 |75 58 | 41 70 444 |336 |59.6|142 |75
72 |56 43 |27 32 (226 | 187 |17 |137]05
4 398 1393 1002 |38 044 [0.02 |031]0 0
Dg275 6 1251 | 7.71 | 0.01 |2.08 |1.58 [0.09 |0.21|0.10 | 0.02

12 67.7 | 434|004 | 703 |57.2 | 0.55 54.6 | 42.5 | 0.03

72 439 1431|001 |77 |6.09 |5.41 0.77 1 0.49 | 0.33

Table 6.2 Survival of exponential and death phase cells of NCTC11168 and Dg275 to H 20:
exposure.

In the early phases of growth, 4h-6h, when the bacteria are rapidly multiplying, NCTC11168
cells were much more sensitive to H>O, fig 6.9 A,B. Table 6.2 highlights survival values of
mid-exponential phase cells, following different treatments. After 4h growth and exposure to 1
mM H>O> for 15 min, 30 min or 60 min only 20%, 1.9% or 0.5% of cells survived. A similar
profile of 14%, 1.9% and 0.2% survival, respectively, was seen with 5 mM H>0O., and with 10
mM H;03, 10.4%, 1.4% and 0.04% survival was observed. Exposure of 4h growth to 15mM
H>O» was very detrimental, only 1.4% of cells survived 15 min exposure, with no colonies
recovered following longer exposure times. Following 6h growth, NCTC11168 cells were

already resistant to | mM H»O> even following 60min exposure, although at 10mM H>O»
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sensitivity followed a similar profile to the 4h sample with approximately 10%, 5% and 0.01%
recovery following 15, 30 and 60 min exposure, respectively.

In the later (death) phase of growth, 72h, the decrease in viability of cells during growth was
evident. Colony forming units of the control samples 0 mM peroxide, 0.18 ODsoo had already
dropped from ~1x10°/ml at peak stationary phase, to ~1x107/ml. These bacteria were
comparatively resistant to H2O», although more sensitive than 48h growth samples at each
concentration of H,O» tested fig6.9 E and F. Comparison of percent survival of 72h samples
to 4h growth samples is summarised in table 6.2. A 10-35 fold higher survival was recorded for
the 72h samples compared to 4h samples at each H>O> concentration tested following 30 or 60
min exposure. A concentration of I mM H2Oz, only had a pronounced effect on the 4 h sample,
where cfu values dropped from 2.3x10%/ml in untreated sample to 5x10%ml and 1.2x10%ml
following 30 min and 60 min incubation, respectively.

The 72h sample was also affected by 1 mM H>O; but only marginally with the cfu decreasing
from 1.3x107/ml in untreated sample to 2.4x10%/ml following 60 min exposure. In contrast, 15
mM H>O; impacted survival of bacteria at all growth stages and led to at least a 4-5 logio drop
in colony forming units of exponential cells, following exposure for 30 min or more. Notably,
sensitivity of cells was generally affected more by increase in exposure time than by increase
in H2O> concentration, for example see fig 6.9 A and F 1,5 and10mM.

An exception was 60 min exposure where increase in H>O» concentration correlated with
increased sensitivity. Thus while 1 mM H>O; with 30 and 60min exposure is a useful
concentration to test the most sensitive cells, inclusion of concentrations of 5 and 10mM is
appropriate to monitor less sensitive samples and to reinforce results. Having established the

peroxide sensitivity assay using NCTC11168, the assay was repeated for cultures of Dg275.
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Results are shown below in fig6.10. Data for survival of Dg 275 grown in MHB-FBS (no
glucose) has been extracted and added to table 6.2.

As with NCTC11168, samples from early cultures are particularly sensitive to H>O,. Dg 275
has a much longer lag phase during growth than NCTC11168, with cultures in the exponential
phase between 6 and 12h, see fig6.9. Hence, the 4 and 6h cells of Dg275 were highly sensitive.
For example, with the 4h sample, only 3.4%, 0.39% and 0.02% survived exposure for 30 min
to ImM, SmM and 10mM H>0O,, respectively and the 12h sample also showed a 2 logio decrease
in survival on exposure to 10mM H>O for 30 min. Stationary phase samples of Dg275
exhibited resistance to hydrogen peroxide at the lower concentrations of 1mM and 5mM, but
showed some sensitivity at concentrations of 10mM and 15mM. Cultures of 60 and 72h growth
already had a low cfu count of 1.2x107/ml and 7.0x10%/ml for the test suspension ODgoo 0.18
and cells from72 growth were ~4 fold more sensitive to H2O» than cells grown for 60h.
Although these late-stage cells exhibited increasing sensitivity to H2O», they remained more
resistant than Dg275 cells from early exponential phase, table 6.2. Overall, the pattern of H,O»

sensitivity was similar for both strains.

6.5 Impact of glucose metabolism on resistance of Dg275 and Dg95 to H,O>

To study the effect of growth on glucose on survival in the presence of hydrogen peroxide,
focus was on the later stage of growth of the ED positive strain Dg275, at a time when this
strain has been shown to metabolise glucose (Mohammed, 2018). Both Dg275(EDtype2) and
Dg95(ED type 3) have been shown to utilise glucose. In addition the inability of the mutant,
Ch95-95glk(1) to grow on glucose has been demonstrated, fig 5.2 ,fig 5.4 and hence this mutant
was included for comparison to investigate the impact of the ability to utilise glucose on these

C. jejuni strains.
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Fig6.10 shows the survival of Dg275 cells, harvested at different times during growth with or
without glucose and exposed to H2O,. As previously established, growth of Dg275 in MHB-
FBS with and without 20mM glucose produced similar viable counts up to 36-48h, with a
notable decrease in cfu in the absence of glucose at 60h and 72h (not shown). The enhanced
survival of Dg275 in the presence of glucose is evident in the untreated, 0OmM H>O: control
samples, fig6.10.

Following growth for 60h in the absence of glucose, the untreated control had a cfu count of
1.2x107/ml and for 72h of 7.0x10%ml ; in contrast to growth in the presence of glucose where
the cfu counts for untreated control were 5.8x10%/ml at 60 h and 4.3x10%/ml at 72h.

The classic profile of hydrogen peroxide sensitivity of the strain Dg275 grown in the absence
of glucose is discussed above, section 6.4. With respect to the impact of growth on glucose,
following 30 min exposure to H20», there was no difference in sensitivity of cells grown in the
presence or absence of glucose up to 60h, while at 72h there was approximately a 3-5-fold
increase in percent recovery of cells that had been grown on glucose, fig6.10 and table 6.3.
Following 60min exposure to H>O; the difference was greater, samples taken at 48,60 and 72h
growth in glucose all exhibited ~4-8 fold higher recovery over cells grown without glucose,
table 6.3. In contrast to sensitivity of exponential phase cells, sensitivity of death phase cells
was independent of HO> concentration and more dependent on time of incubation, possibly

correlating with H.O» enhanced rate of death of a sensitive subset of cells.
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Figure 6.10 Sensitivity of Dg275 to H,O: grown in the presence or absence of glucose.
Dg275 was cultured in MHB- FBS with or without 20mM glucose and assayed for
sensitivity to peroxide, as described in fig6.9. The final concentration of cells in each
hydrogen peroxide assay (1ml) corresponded to an ODgoo of 0.18, variation of cfu with
time 1s indicated by 0 mM (H20:- control) samples, monitored at 60 min. For 4h sample,
ODeoo was not assessed. Averages and SD shown are from triplicate flasks inoculated with
the same starting culture 6 x 10/ml.
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Strains Growth /hour Survival rate (%) at hour exposure with
different concentration of H,O:
1mM SmM | 10mM 15mM
Dg275 60 3.20 2.27 2.14 1.16
Dg275+glc 14.17 11.79 10.5 9.1
Dg275 72 0.77 0.49 0.33 0.23
Dg275+glc 5.29 2.05 1.80 1.19

Table 6. 3 Impact of glucose in growth media on survival of Dg275 following 60 min
exposure to H>O,.

Dg95 (+ED) and the mutant Ch95-95g/k (1) (-ED), were grown in MHB-FBS plus 20mM
glucose, sampled throughout the growth phase and tested for susceptibility to H,O> at
concentrations of ImM and 5mM for 15, 30 and 60 min exposure, fig6.11. Growth of both
strains in this medium was comparable up to approximately 48h, see fig5.2. After this time the
impact of glucose utilisation was evident as recovery of cfu decreased more rapidly with
continued growth of Ch95-95g/k than with the parent strain Dg95. This was also evident in
cfu/ml values from the ‘O mM’ control samples shown in fig6.11. Control samples from the
parent strain had cfu counts of 9.8x10%/ml (48h), 8.3x107/ml (60h) and 7.2x107/ml (70h)
whereas the mutant strain had values of 6.5x10%/ml (48h), 3.3 x107/ml (60h) and 5.7x10%/ml
(70h). On treatment of exponentially growing cells (6h) with H>O», both strains exhibited a
high sensitivity. Following 30min exposure to SmM H>O», survival was <1.58% (no colonies
recovered) for both strains. With ImM H>O; and 60min incubation, recovery was 0.1% for

Dg95 and 0.67% for Ch9595glk, fig6.11.
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Late logarithmic stationary phase cells (10h-48h) exhibited the characteristic more resistant
profile figb.11B&C. Following 60h and 70h growth, fig6.11 E&F, the peroxide sensitivity
pattern was similar to that of Dg275 with and without glucose. In addition to decreased survival
of Ch95-95glk during growth, reflecting the inability to metabolise glucose, the percent survival
of viable cells on exposure to H,O> was reduced compared to Dg95, table 6.4. This was
particularly evident following 60 min exposure to either ImM or SmM H>O> where recovery

of the parent strain Dg95 was 15-fold and 10-fold higher than that of Ch95-95g/k, respectively.
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Figure 6.11 Sensitivity of Dg95 and Ch95-95g/k to H20;. Dg95 and Ch95-95glk(1)were
cultured in MHB- FBS with 20mM glucose and assayed for sensitivity to peroxide, as described
in fig 6.9. The final concentration of cells in each hydrogen peroxide assay (1ml) corresponded
to an ODeoo of 0.18, variation of cfu with time is indicated by OmM samples, monitored at 60
min. For 6h sample, ODgoo was not assessed. Averages and SD shown are from duplicate flasks
inoculated with the same starting culture 9 x 10%ml for Dg95 and 7x10%/ml for Ch95- 95g/k (1).

Strains Growth Survival rate (%) at 60-70h exposure with different
concentration of H,O;
(h) 15 minutes 30 minutes 60 minutes
1mM SmM |1ImM |[S5SmM | 1mM S5mM
Dg95 60 30 21 8.01 3.0 34 7.6
Ch95-95(1) 30.6 23 13 10 1.7 0.75
Dg95 70 13 10 42 11 30.3 4.6
Ch95-95(1) 16 11 10 3 53 0.6

Table 6.4 Relative survival of Dg95 and Ch95-95g/k to H,O: exposure following growth

in MHB-FBS with glucose.
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6.6 Conclusion

Campylobacters require a low concentration of oxygen, and cannot grow in atmospheric oxygen
(Kelly, 2008), however there are some studies demonstrating that C. jejuni can grow in vitro in
atmospheres with an oxygen tension of 21%0: (Kaakoush, et al., 2007). The ED pathway has
been associated with aerobic growth and it was considered that possession of the ED pathway
may enhance survival of these glucose utilising bacteria on exposure to oxygen levels above 10
% and even up to atmospheric condition (21%0>).

Under growth with suboptimal concentrations of oxygen (2%), the ED positive strains Dg275
and Dg95 both grew as well as the ED negative strains tested. However, during growth with
2% Oxygen there was no evidence of benefit of addition of glucose to the growth media. Viable
cell count of cells grown with and without glucose all decreased at the same rate. This was in
contrast to growth under standard conditions of 5%Q;, where glucose consistently enhanced
survival during the decline phase of growth whether in minimal or rich media.

In high oxygen, adaptation of the ED negative strains, Dg200 and NCTC11168, was required
to overcome aerobic stress. In contrast, the ED positive strains Dg275 and Dg95, were shown
to have the ability to grow immediately in high oxygen and there was some evidence of
enhanced growth in the exponential phase which should be confirmed. This may indicate that
these strains carrying the gl/c locus are already primed to deal with aerobic stress.

At 15.9%0;, the impact of the presence of glucose with cultures grown in DMEMf was
particularly marked. The difference in stationary phase growth and survival with and without
glucose was much greater than seen with the same strains grown under standard microaerobic
conditions in DMEMT{. A strain carrying a mutation within the glc locus, abolishing glucose
utilisation, was required to confirm the significance of the glucose metabolism, rather than

another property of these strains, to survive oxygen stress.
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The Ch95-95glk(1) strain in which the gene encoding glucokinase (glk) is a pseuodogene was
used. It was demonstrated that inclusion of glucose in growth media with Ch95-95g/k(1) had
no benefit to survival of this strain under standard microaerobic conditions (See Chapter 5 for
details). Under 15.9% O, Ch95-95glk(1) also showed no growth or survival benefit with
inclusion of glucose in the media. However, interestingly the survival of Ch95-95glk(1) both
with and without glucose was greatly decreased in the decline phase, although like the parent
strain, Dg95, it required no pre-adaptation for growth under these conditions. These data all
support the hypothesis that glucose utilisation via the ED pathway is aiding survival of cells
from aerobic and oxidative stress in the decline phase of growth.

Hydrogen peroxide is considered a major ROS and, in bacterial cells, is generated during the
process of aerobic metabolism (Day et al., 2000). In this study, susceptibility to H>O> was
studied as an example of the response of C. jejuni to oxidative stresses by either exogenous or
endogenous H>O,. . Initial studies confirmed the high susceptibility of Dg275 and Dg95 to H>O>
in early exponential phase, at 4h and 6h growth, when cells are actively dividing. At this time
cells were sensitive to 30 min exposure 1mM H>O» by stationary phase. Cells were highly
resistant to H>O> and only sensitive to a high concentration of 15mM H>O; and/or longer
exposure times of 1h. All strains were again more susceptible to H>O> during the decline phase
of growth at 60h and 72h, but still not as sensitive as in early exponential phase of growth.
Addition of glucose to culture media had a clear effect on protecting Dg275 and Dg95 cells
(both ED positive) from the effects of H>O». This correlates with enhanced survival of these
cells during the decline phase. In general, the results indicate that glucose has a positive effect
on the survival of C. jejuni in the decline phase of growth and that this in turn also enhances

survival on exposure H>O».
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Metabolism via the ED pathway produces 2 products known to have a role in production against
oxidative stress. NADPH is an important reductant in protection against oxidative stress and is
a product of the conversion of glucose phosphate to Gluconol,5 lactone -6P by glucose-6-
phosphate dehydrogenase, the gene product of zwf.

In addition, one molecule of glucose metabolised via the ED pathway, in a few steps produces
one molecule of pyruvate and in a few additional steps produces a second molecule of pyruvate,
see chapterl, figl.7A. While pyruvate is the entry level to the TCA cycle and energy production
via aerobic respiration, it can also be fermented to acetate reducing production of ROS products.
Additionally, pyruvate is a recognised anti-oxidant and can chemically convert H>O> via an
enzyme independent chemical reaction to produce acetate and release water and carbon dioxide,

although enzymatic removal by catalase is likely more effective (Guarino et al., 2019).
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7.1 Introduction

C. jejuni is one of major causes of human bacterial gastroenteritis worldwide, causing
campylobacteriosis by both foodborne and waterborne infections (Liu et al., 2017). In addition,
C. jejuni infections can occur by direct contact with farm animals including sheep, pig, cattle
and chickens, the latter of which are considered to be the main vector for human
campylobacteriosis via contaminated food (Hartley-Tassell et al., 2018; Domingues et al.,
2012). The focus of this study was on some unusual C. jejuni strains frequently associated with
Norway rats, a potential source for C. jejuni in the food chain. The presence of rats on farms
was shown to be associated with an increase in Campylobacter introduction into chicken houses
(Kapperud et al., 1993). Also, another study confirmed that 87% of rat faecal samples tested
were positive for C. jejuni (Kasrazadeh et al., 1987). Thus, contamination of animal feed and
water as well as environmental soil is likely to contribute to transmission of C. jejuni in the
farmyard with subsequent colonisation of farm animals (Nkogwe et al., 2011). The C. jejuni
strains used in this study were isolated from farmyard associated Norway rats. These strains
included generalist C. jejuni strains belonging to ST21CC and ST45CC clonal complexes
commonly associated with human disease, as well as the newly identified RG2 group of ED
positive C. jejuni carrying the glc locus (Mohammed, 2018). This study primarily focused on

the glucose utilising strains of C. jejuni.
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7.2 Distribution of the glc locus among strains of C. jejuni

The first indication that any strains of C. jejuni might have the ability to utilise glucose was in
2008, when a locus encoding enzymes of the ED pathway was identified in the genome
sequence of C. jejuni subsp. doylei 269.97 (Miller, 2008). This sequence analysis identified the
seven genes constituting the glc locus as a gene cluster on a 8669bp region of DNA. In a survey
of available sequences, Vegge and workers identified the glc locus in only 1.7% of over 6,000
genomes, indicating that glucose utilisation was a property of a small subset of C. jejuni strains,
primarily from wild birds and rats, that is from environmental rather than clinical sources
(Vegge et al.,2016). The glc loci were found in Norway rats (39 strains), wild birds (30 strains),
farm environments (2 strains), and environmental waters (1 strain) (Jolley and Maiden. 2010;
Vegge et al., 2016). Functional utilisation of glucose in Campylobacter was first demonstrated
in C. coli (Vegge et al., 2016; Vorwerk et al., 2015) and only recently confirmed in strains of
C. jejuni (Mohammed, 2018), thus putting to rest the established criterion that C jejuni never
utilises glucose. The glucose utilising strains isolated from Norway rats (termed RG2 strains)
mostly fall into two to phylogenetic groups. The largest group containing Dg275
(ST7259CC45) and Dg95 share 4 of the 7 MLST alleles with the centrally defined clonal
complex ST45CC45. Based on wgMLST and cgMLST, these CC45 strains possessing the glc
locus represent a phylogenetic group clearly distinct from the ED-negative CC45 rat-associated
strains, represented by Dg200, ST45CC45 (Mohammed, 2018). Based on allele analysis of each
gene within the glc locus, the g/c loci identified thus far in different Campylobacter strains have
been classified into different EDMLST types. Thirty-six different ED types have been identified

in C. jejuni and ten in C. coli (Vegge et al., 2016).
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The majority of glucose utilising C. jejuni strains isolated from Norway rats were shown to
belong to ED type 2 (3-4-4-5-4-5-5), including Dg275 and ED Type 3 (3-4-4-6-4-5-5), varying
only in the pgl locus and includingDg95. Several other strains, Dg 180, Dg 184, Dg 122 and
Dg 187 also belong to clonal complex CC45 (ST4791CC45) are assigned ED types 9 and 11
and differ from ED Type 2 only in pgi or in pgl/ + pgi. For all of these strains, the EDMLST
correlates well with wgMLST and notably none belong to a large distinct phylogenetic group
of strains.

Some other of the glucose utilising C. jejuni strains isolated associated with Norway rats are
more distantly related to the above group, based on wgMLST or rMLST. These include strains
Dg 43, Dg 268, Dg233, fig3.1. These strains were shown to have the same set of 7 genes within
the glc locus as Dg275 and Dg95 (ED Types 2 and 3) but the glc locus from these strains were
also defined as phylogenetically distinct (ED type 21, 23). Several additional strains, Dgl18,
Dg201and Dg381, from this group were initially annotated as having an incomplete glc locus,
but PCR amplification and Sanger sequencing confirmed that each strain possesses a complete
glc locus and functional studies using DMEMf{ confirmed the characterised benefit of extended
growth and survival with inclusion of glucose in the media. Indeed, comparison of the impact
of glucose on growth in minimal and rich media, demonstrated that all strains, irrespective of
ED type and wgMLST grouping, exhibit the same growth profile with no benefit of glucose
during exponential growth and similar growth profiles reflecting benefit of glucose only in late
stationary and the decline phase of growth.

The rrn operon copy number in bacteria varies from 1 to 15 per genome (Rainey et al., 1996).
For example, Clostridium paradoxum and Bacillus subtilis (Loughney et al., 1983), contain
between 10 to 15 rRNA operons (Rainey et al., 1996) while the enteric bacterium E.coli has

seven copies (Ellwood and Nomura, 1980), and both Rickettsia prowazekii (Andersson et al.,
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1995) and Mycoplasma pneumonia possess one copy of the RNA operon (Bercovier et al.,
1986). It has been reported that deletion of one of the »7n operons in E. coli did not have a
significant negative effect on its growth (Condon et al., 1995).

C.jejuni possesses three copies of the 77n locus, each containing 16S rRNA, 23S rRNA, 5S
rRNA genes and several tRNAs (Taylor ef al.,1992; Parkhill et al., 2000). The glc locus was
located within one copy, 7rnA in C. coli (Vorwerk et al., 2015) and in Dg275 it was identified
in both r7nA and rnB but not in 77nC (Mohammed, 2018). In this study, a combination of
[llumina and Nanopore sequencing with hybrid assembly has confirmed insertion of the glc
locus in rrnA and rrnB of Dg95 but not in 7#nC and surprisingly, combined with PCR analysis
has identified 3 copies of the glc locus in Dg43, one associated with each of the 3 rrn loci. No
marked correlation of growth properties with location or number of glc locus insertions within
the genome was seen in this study. The sequencing results from both Ch95-95 (1) glk and Ch95-
95 (2) glk where glk is a pseudogene or has a missense mutation, respectively identified the
same glk mutation in the complete glc locus within both rrnA and rrnB. This would be
consistent with rapid recombination of the glc locus within the genome of one bacterial cell
(Karlyshev and Wren, 2005). The extent of recombination and transfer of the g/c locus between
different strains of C. jejuni remains to be established. Transfer by natural transformation
between two strains of C. coli has been demonstrated in the laboratory, with a low level of
efficiency (Vorwerk et al., 2015) and this has yet to be demonstrated between strains of C.
Jjejuni. The general correlation of ED type with whole genome and core genome phylogenetic
grouping of glucose utilising strains together with the small percent of C. jejuni isolates having
a glc locus, is consistent with only a very low frequency of transfer of the g/c locus between C.
Jjejuni strains. However, it may be that in some natural environments there is strong selection

pressure for acquisition of the glc locus. This requires further study.
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7.3 Metabolism of sugars by C. jejuni

A variety of different bacteria have been shown to possess the ED pathway including
Pseudomonas spp and Escherichia coli. In E. coli the ED pathway enzymes are inducible and
serve primarily in gluconate catabolism, while glucose itself is catabolized preferentially by
EMP-mediated glycolysis (Conway, 1992). In Pseudomonas spp. as with Campylobacter the
EMP pathway is incomplete. In C. jejuni strains carrying the glc locus, the ED pathway would
be beneficial in hosts with readily available glucose, and in particular in hosts when the
preferred amino acids are limiting. In addition to free glucose, C. jejuni in the digestive gut of
animals, will be exposed to macromolecules containing glucose, for example amylose, starch,
cellulose. For this reason, the ability of several of the glucose utilising strains to metabolise
lactose and maltose was tested. It was shown that neither were metabolised by the strains tested
and this correlates with the absence of any readily identifiable maltose or lactose degradation
enzymes or uptake system in these C. jejuni genomes. However, despite being unable to directly
metabolise glucose containing disaccharides and polysaccharides such as cellulose, starch,
maltose and lactose these ED positive strains of C.jejuni are very likely to have access to these
molecules through co-association with other microbes of the animal gut microbiota. For
example, this has recently been shown for fucose metabolism by C. jejuni. Fucose is a common
component of mucins, but C. jejuni strains carrying the fuc locus do not possess a gene encoding
a fucosidase enzyme and hence are unable to cleave the fucose moieties from glycosylated host
mucins. However, a recent study has shown an inter- dependence of C.jejuni with Bacteroides
vulgatus to acquire free fucose, as B. vulgatus was shown to cleave 4-nitrophenyl-a-
Lfucopyranoside (Garber et al., 2020).

C. jejuni strains possessing the glc locus have been primarily identified from Norway rats, wild

birds and environment sources (Vegge et al., 2016). This is despite the very large numbers
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Of complete human and chicken genome sequences available (PUBMLST/campylobacter).
Presence of the ED pathway in C. jejuni subsp jejuni strains from humans or chickens is
extremely rare. It may be that there is some particular benefit to glucose metabolism in these
environmental strains. Glucose metabolism via the ED pathway supported stationary and
decline phase survival of all C. jejuni strains carrying the glc locus.

This is consistent with published studies demonstrating glucose catabolism via the ED pathway
in C. coli (Vorwerk et al., 2015). The ED pathway typically produces 1 mol each of ATP,
NADH, and NADPH per mol glucose (Flamholz et al., 2013), providing energy for continued
growth. It produces pyruvate which can be fed into the TCA cycle and aerobic respiration.
NADPH produced via the ED pathway is considered to be important in anabolic processes.
Glucose metabolism in C coli has been shown to contribute to anabolic processes including
surface polysaccharide production (Vorwerk, et al., 2015) and biofilm formation where with
one strain of C. coli a large increase in a pellicle or floating biofilm was observed, while in
another strain of C. coli glucose metabolism was diverted to catabolic processes (Vegge et al.,
2015). C. jejuni consistently transitions from a spiral morphology to a coccoid morphology
during nutrient starvation and the late stationary and decline phases of growth, as well as under
other conditions of stress (Reezal and Anderson, 1998). Glucose utilisation of Dg275 protected
this strain from coccoid formation in the late stationary/ decline phase and maintained viability
of the cultures.

It is not known what control mechanism is involved ensuring that glucose was only used once
preferred amino acids are deplete and if this may also be linked to stationary phase growth, but
availability of glucose provides an additional carbon and energy source to prevent cell death.
It has also been suggested that Imol of glucose produce 1mol of NADPH via the ED pathway
(Flamholz et al., 2013), and its reductive characteristics may be utilised for oxidative stress

protection (Stanton, 2012).
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7.4 Impact of different concentrations of oxygen on the survival of ED-positive C.jejuni
strains

C. jejuni is defined as a microaerophilic bacterium which means that it requires sub-
atmospheric concentrations of oxygen. It requires a low oxygen tension for growth (Kelly,
2008) and will not grow in air alone. C.jejuni growth in the presence of oxygen inevitably
produces reactive oxygen species (ROS), such as H2O., these products lead to damage of
intracellular macromolecules, such as DNA, proteins, and lipids (Imlay, 2008). C. jejuni,
including the glucose-utilising strains studied here, possesses genes for each of the key enzymes
typically involved in dealing with oxidative stress resistance. These include sodB, katA, and
ahpC (Parkhill et al., 2000). Mutations within ahpC, katA, and sodB result in C. jejuni strains
that are defective in production of the corresponding ROS-detoxification enzymes, peroxidase,
catalase, and superoxide dismutase and in each case exhibit growth reduction under aerobic
conditions compared to the wild-type (Euna et al., 2015). It is proposed here that the products
of glucose utilization by the glc locus have a role alongside the products of sodB, katA, and
ahpC in protecting ED positive RG2 strains against aerobic and oxidative stress. The ED
pathway has been associated with aerobic growth and it was considered that possession of the
ED pathway may enhance survival of these glucose utilising bacteria on exposure to oxygen
levels above 10 % and even up to atmospheric condition (21%0;). Glucose metabolism
enhanced survival of both Dg275 and Dg95 following growth at 5%0; and 15.9%0., but there
was no difference in growth with or without glucose with 2% Oo.

Moreover, the increase in glucose dependent survival in limited media (DMEMf) was
significantly higher when grown in 15.9 % O than with 5.0 % O.. In addition, a contribution
of glucose utilisation for protection was confirmed by comparing the growth with and without

glucose of Dg95(ED+) and Ch95-95g/k(1)(ED-).
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Addition of anti-oxidants during culture has been shown to protect C. jejuni from high oxygen
for short times, examples include ferrous sulfate, sodium metabisulfite and sodium pyruvate,
and been shown to help survival of C. jejuni exposed to high oxygen (Verhoeff- Bakkenes et
al., 2008; Chou et al.,1983). Addition of catalase, sodium dithionite or histidine to the growth
medium have also been shown to enhance the survival of C. jejuni at 17- 20% O; (Hoffman et
al., 1979; Juven and Rosenthal, 1985). Pyruvate is a product of glucose catabolism. Verhoeff-
Bakkenes et al reported that pyruvate helps to decrease the concentration of hydrogen peroxide
and thus enables C. jejuni to grow aerobically (Verhoeff-Bakkenes et al., 2008). The final step
in catabolism of glucose via the ED pathway is hydrolysis of the 6 carbon KDPG intermediate
to pyruvate and glyceraldehyde 3-phosphate by Eda, phosphogluconate aldolase. Thus, during
growth on glucose, ED positive strains of C. jejuni are likely to have an increased level of
pyruvate. Hence pyruvate accumulation could in theory contribute directly to combatting
oxidative stress. The impact of growth on glucose on protection against hydrogen peroxide was
demonstrated for both Dg275 and Dg95.

Dg275 and Dg95 exhibited a typical profile of sensitivity to hydrogen peroxide, with early
exponential phase being the most sensitive and a later sensitive period in decline phase (Hwang
et al.,2011). Growth in glucose led to a significantly better difference in survival in the decline
phase, but no difference in exponential phase of growth. This would correlate with the fact that
in exponential phase cells are primarily in spiral morphology and ‘healthy’ cells. Dense cultures
are better able to survive high oxygen,although this was unlikely to contribute here in a shaking
liquid culture. Other ways in which Campylobacter has been shown to survive a high oxygen
tension in vivo include metabolic commensalism with aerobic

microorganisms found on foods. Pseudomonas spp. is one where C. jejuni is able to withstand
conditions of atmospheric oxygen tension till 48h, when co-cultured with Pseudomonas species

(Hilbert et al., 2010).
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When C. jejuni strains were exposed to atmospheric oxygen, NCTC11168 survival had
decreased more than 1,000-fold after 12h at 37°C and by 24h no detectable viable cells
remained. This is in accord with published studies (Kaakoush et al., 2007) suggested that low

density cultures may be particularly susceptible to oxygen toxicity.

7.5 Mutations in the Ch95-95 mutants

In light of the very low presence of ED positive strains recovered from chickens, a chicken
colonisation trial had been run with Dg275 and Dg95 (Mohammed, 2018). While both strains
successfully colonised chickens, colonisation was approximately at 2 logio cfu/g lower than
with the best colonising strains. From one chicken, chicken 95, that had been colonised with C.
Jjejuni Dg95, only non-glucose metabolising colonies Ch95-95 (1-5) were recovered. This study
confirmed the inability of all 5 recovered colonies to use glucose despite still possessing

the glc locus and investigated the sequence of two strains Ch95-95 (1 and 2) by both Illumina
and nanopore sequencing. Both strains had a mutation in glk, glucose kinase, but surprisingly
in different positions.In Ch95-95(1) glk was now a pseudogene, following a single point
mutation changing Gly167 to a TGA stop codon, while in Ch95-95(2) the mutation resulted in
a significant amino acid substitution in the consensus sugar binding site, GluXGlyHis. In Ch95-
95 (2) Glyl170 was mutated to Trp, changing this sequence to GluGly TrpHis and thus
effectively abolishing the predicted binding site. Neither of these mutations would be expected
to be functional. Interestingly, in both cases the sequencing results identified the mutation in
glk in both copies of glc locus. In both Ch95-95(1) and Ch95-95(2) strains, there were several
additional differences between the genome sequence of the parent Dg95 and the recovered
Ch95-95 strains. Two of these differences were common to both Ch95-95 strains and in both

cases involved deletion of a single G in a poly G series, typical of slipped strand mispairing.
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One of these changes was a deletion of G at position-1278726 in ¢j1295 which is located beside
PseC (UDP-4-amino- 4,6dideoxy-N-acetyl-beta-L-altrosamine transaminase).

The other was within a Hypothetical protein (position- 674889). It is interesting that the
inoculated Glc* C. jejuni strains in only one single chicken of around 10 chickens tested had
mutated to a nonfunctional g/c locus and that, in this case, all 5 recovered colonies had lost the
ability to utilise glucose but possessed different mutations within g/k. It would be interest to
understand this in more depth and investigate mutations in the 3 other Ch95-95 isolates as well
as in other glucose utilising isolates recovered from other chickens. Are chickens indeed a
hostile environment for these strains and is glucose utilisation a disadvantage, making the glc
locus unstable in the chicken? Were these different mutations in the glc locus secondary to
some common earlier mutation? Understanding more about the benefits of the glc locus to these
C. jejuni strains and factors that influence niche and host preference will contribute to
understanding the biology of this important pathogen and how it survives in the environment.

To understand more, further investigation and future work is needed in several aspects;

1. Investigate the metabolic products during growth on glucose by NMR analysis. In addition
to comparing strains grown with and without glucose, compare products during growth in

different media and different concentration of oxygen.

2. In laboratory, surprisingly there was no evidence of a difference in growth between Dg43
which has three copies of glc locus and Dg275 which has two copies of glc loci. This point
would be interesting to further investigate, and could involve insertion of a third copy of the glc

locus in rrnC of Dg275 and removing the entire glc locus from 7#nC in Dg43.

3. Use of genetic manipulation to create a A pgi construct, to determine the importance of the
role of this gene in catabolism for glucose. While pgi2 belongs to ED pathway and converts
fructose6P to glucose6P, it does not play a main role in the ED pathway and has no direct
function in glucose metabolism. Importantly, this could also include comparison of the impact

of ED positive and this and other genetically manipulated ED negative strains on rat caecal
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microbiome. The two Ch95-95 glk mutants indicate that glucose metabolism may not be
beneficial for C. jejuni when in the chicken caecum. The WGS of the other isolates should also
be analysed. Studies involving rat and chicken caeum model systems as well as further live
animal studies could be used to further investigate the influence of rat / chicken gut environment

on these strains and also glucose metabolism by C. jejuni on the caecum microbiota.

4-In vitro, study the possibility and frequency of transmission of glc locus to ED-negative

recipient of C. jejuni by natural transformation, and functionality in recipients.
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Appendix 1. List of Chemical and Consumable

Chemical

Agar Bacteriological

Agarose Genetic Analysis Grade
Blood Agar Base No. 2

Bolton broth selective supplement

Brain heart infusion (BHI)

Bacterial viability assay kit
Carbol fuschin

Campylobacter Blood-Free Selective

Agar Base
(CCDA)

Dulbecco's Modified Eagle Medium.

DMEM, No

Glucose

Columbia Blood Agar Base

D-Glucose (> 99.5%)

Horse Blood Defibrinated
(200ml)
Iron (IT) L- ascorbate

Lactose (AnalaR)
Maltose

Mueller-Hinton agar
Mueller-Hinton broth

GeneJET DNA Purification Kit

Glycerol
GenelJET PCR Purification Kit

Dream Taq polymerase

Company

Thermo ScientiﬂcTM

Oxoid™

Fisher ScientificT™

Thermo ScientiﬂcTM

Oxoid™

Thermo ScientiﬂcTM
Oxoid™
Thermo ScientiﬂcTM

Oxoid™

Abcam
TCS Bioscience

Thermo Scientific
dTM

™

Oxo1

Thermo ScientiﬂcTM

Oxoid™

Thermo ScientiﬂcTM
Oxoid™

Sigma

TCS Bioscience

Sigma
Fisher ScientificT™
Fisher ScientificT™

Thermo Scientific™
Oxoid™

Thermo Scientific™
Oxoid™

Fisher Scientific™

Thermo Scientific™
Pierce™

Thermo

Scientific™
Thermo

Scientific™

188

Code
Number
10351303

75000500
10269522

11474219

11061680

ab189818
HS180-250
10699744

11520416

10188142

G8&270

HBO030

24808-52-4
101394S
10796291
10452453

10681675

10304400

10618294

10400450

11896833



Bolton broth selective supplement
CloneAmp™ HiFi PCR Premix

GeneRuler 1 kb DNA
CloneJET PCR Cloning Kit
GeneJET Plasmid Miniprep kit

Monarch genomic DNA
purification
In-fusion HD Cloning Plus

GeneJET PCR Purification Kit
PCR clean-up, Gel extraction kit

SYBR Safe DNA Gel Stain
GelRed® Nucleic Acid Gel Stain.

DeNovix dsDNA Broad Range
Kit

IM Hydrogen perioxidi

Maltose and Glucose Assay Kit

Fetal Bovine Serum, qualified, heat
mactivated, E.U.-
approved, South America Origin

Consumable

CampyGen™ 2.5L (CN0O025A)
CampyGen™ 3.5L (CNOO035A),

Petri dish 3 vents sterile polystyrene clear 90mm Sterilin

Disposable Cuvettes

Syringe filter 0.2 um

Syringe filter 0.45 um

lul Plastic Inoculation Loops 1000 (Sterile EtO)

Sul Plastic Inoculation Loops 1000 (Sterile EtO)

Thermo
Scientific™OQOxoi1d

Clontech

Thermo
Scientific
Thermo
Scientific
Thermo
Scientific
New England
Biolabs

TaKaRa

Thermo
Scientific ™
MACHEREY-
NAGEL
Invitrogen

Cambridge
bioscience

Cambridge
bioscience

Sigma-Aldrich
Abcam

Fisher-scientific

Company

Fisher-scientific
Fisher-scientific

Fisher-scientific
Fisherbrand™
Scientific — Fisher
Scientific — Fisher
Microspec

Microspec

189

11474219

639298
11823963

10809720

10319699

T3010S

638910
K0701

740609.50

533102

BT41003

DSDNA-
BROAD-

H1009
ab65335

11543407

Code
Number

10108012
10729393

11309283
11904385
15206869
15216869
C4G
B4G



Thermo scientific PCR tubes
Eppendorf Safe-lock (eppendorf tubes)

MicroplaTE, 96 WELL, PS, F-BOTTOM, CLEAR
LID, PS, HIGH PROFILE (9 MM), CLEAR, STERILE.

Yellow tips, bagged

Polypropylene Yellow Graduated Beveled Pipet Tip
10 ul filter tip (sterile)

10/20 ul filter tip (sterile)

200 ul filter sterile

1,000 filter sterile

Tips for CFU

Cryogenic tubes

Cryogenic storage boxes

Carrousel Stand For 7 Pipettes Pkl

Gilson Pipette PIPETMAN Classic P202 20uL
Microtitre plates (sterile 96-well polystyrene plates
15-50ml Conical Polypropylene Centrifuge Tubes.
Clear PCR tubes, TUBE-PCR-0.5-500 Quote.
microscope slide Corning Micro Slides Single
Coverslip

Electroporation Cuvettes

190

Fisher
Fisher

Greiner bio-one

Greiner bio-one
Fisher Scientific
Fisherbrand™
Starlab

Starlab

Starlab

Starlab

Fisher — scientific
Fisher-scientific
Fisher-scientific
Gilson

Gilson

Greiner
Fisherbrand™

Cambridge

Thermo Fisher

Thermo Fisher

VWR

11781108
15625367

655161
656171

739295
11517452
S1121-3810
S1120-3810
S1120-8810
S1122-1830
15760669
12952431
10149950
F161401
F123600
655161
11819650
CB-20-02-54670
171080
180910
732-1135



Appendix 2. Preparation of media and solutions

Media Component gm/litre
Mueller Hinton agar Beef, dehydrated infusion from 300
Casein hydrolysate 17.5
(MHAL Starch 5
Agar 17

pH7.3+0.1@25°C

1 litre of DW containing 38g of MHB powder was sterilised by autoclaving at
121°C for 15 min, cooled to 45-50°C, and poured into

sterile Petri dishes.
Mueller Hinton broth Beef, dehydrated infusion from 300
Casein hydrolysate 17.5
(MHB). Starch 1.5

pH7.3+0.1 @ 25°C

1 litre of DW containing 38g of MHB powder was sterilised by autoclaving at
121°C for 15 min, cooled to 45-50°C, and poured into

sterile Petri dishes.
Blood agar (BA) and BA- Proteose peptone 15.0
2% Liver digest 2:5
Yeast extract 5.0
Sodium chloride 5.0
Agar 12.0
pH7.4+0.2@ 25°C
1 litre of DW containing 40g of BA powder base no 2, was sterilised by autoclaving
at 121°C for 15 min, cooled to 45-50°C and then defibrinated horse blood was
added to 5% or 7% (v/v). BA was routinely prepared using an automatic plate
pourer.BA-2% was prepared as above except that an additional 16g agar / litre was
added to the BA powder.
CCDA Media plate Nutrient Broth No. 2 25¢g
Charcoal 4g
Casein Acid Hydrolysate 3g
Sodium Desoxycholate lg
Ferrous Sulfate 0.25g
Sodium Pyruvate 0.25g
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Brain heart infusion
(BHI)

DMEM({-FBS

DMEMf

DMEM¥-Asp- FBS

Ferrous iron ascorbate
(30mM stock) — Always
make fresh

DMEMT(- pyruvate

DMEM(f+ glucose

DMEM({+ Maltose

Typical Formula gm/litre
Proteose peptone 10.0
Brain infusion solids 12.5
Beef heart infusion solids 5.0
Glucose 2.0
Sodium chloride 5.0
Disodium phosphate 2.5
pH7.4+0.2@25°C

1 litre of DW containing 37g of BHI powder was poured into a universal, sterilised
by autoclaving at 121°C for 15 min, before heing cooled to 4550°C.

DMEM medium was routinely supplemented with final concentration of 0.2mM
iron (II) L-ascorbate (IA) and10 % FBS to support growth of C. jejuni isolates and
designated as DMEM({-FBS for 10 ml DMEMf — FBS 1ml of FBS.In 50 ml conical
flask, 15ml DMEM{-FBS (1.5 of FBS) Bolton Broth supplementary antibiotic (1%)
and Foetal Bovine Serum (10%).

For studying the effect of glucose on growth and monitoring glucose in a culture
medium over a growth curve, the DMEM medium was supplemented with 0.2mM
iron (IT) L-ascorbate (IA) as described by Vorwerk et al. (2015). Bolton Broth
supplementary antibiotic (1%) and Foetal Bovine Serum (10%) were added, where
indicated, this medium was designated as DMEMT.

DMEM medium was routinely supplemented with final concentration of 0.2mM
iron (II) L-ascorbate (IA) and10 % FBS to support growth of C. jejuni isolates
with 2mM aspartate, supplementary antibiotic (1%), were added 2mM aspartate
and Foetal Bovine Serum (10%), where indicated, this medium was designated as
DMEMT- asp-FBS.

Weigh 0.1218g, make up to 10ml with sterile DMEM in a falcon tube, sterilise
0.22um. Just before use dilute — add 660ul of 30mM ascorbate to 9.33ml sterile
DMEM to give 2mM IA.

DMEM medium was supplemented with 0.2mM iron (II) L-ascorbate (IA) as
described by Vorwerk et al. (2015), 20mM pyruvate added.

DMEM medium was routinely supplemented with final concentration of 0.2mM
iron (II) L-ascorbate (IA) and 20mM glucose in 50 ml conical flask, 15ml DMEMT{.

DMEM medium was routinely supplemented with final concentration of 0.2mM
iron (II) L-ascorbate (IA) and 20mM Maltose in 50 ml conical flask, 15ml DMEM{.
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DMEM(+ lactose DMEM medium was routinely supplemented with final concentration of 0.2mM
iron (II) L-ascorbate (IA) and 20mM lactose in 25 ml conical flask, 10ml DMEM{.

FIE Components Molecular Concentration mM
Weight mg/L)

D LGl 146 584 4

A Medin: L-Serine 105 42 04
L-Methionine 149 30 02
Glycine 75 30 04
L-Arginine hydrochloride 211 &4 0.39
L-cystine 2HCL 313 63 02
L-Histidine hydrochloride H2o0 210 42 02
L-Isoleucine 131 105 0.8
L-Leucine 131 105 0.8
L-Lysine hydrochloride 183 146 0.79
L-Phenylalanine 165 66 04
L-Threonine 119 95 0.79
L-Tryptophan 204 16 0.07
L-Tyrosine disodium salt dihydrate 261 104 0.39
L-Valine 117 ™ 0.8
Folic Acid 441 4 b0y
Choline chloride 140 4 0.02
D-Calcium pantothenate 447 4 610
Niacinamide 122 4 0.03
Pyridoxine hydrochloride 206 4 (L
Riboflavin 376 0.4 Ll
Thiamine hydrochloride 337 4 0.04
i-Inositol 180 7.2 0.04
Inorganic Salts
Ferric Nitrate 44 0.1 24
Calcium Chloride 111 200 1.8
Magnesium Sulfate 120 97.6 0.8
Potassium Chloride 75 400 53
Sodium Bicarbonate 83 3700 4
Sodium Phosphate monobasic 138 125 0.9
Sodium chloride 58 6400 163
Phenol Res 3764 15 0.3
Typical formula 60 14 0.7
Sodium chloride 78 8.0 0.46
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Phosphate buffer
saline (PBS)

Maximal recovery
diluents (MRD)

TE buffer

15% glycerol
stock medium

Bolton broth
selective supplement.

Vial contents:

Bacterial
storage Medium
Campylobacter
motility agar

TAE buffer

Potassium chloride 0.2
Disodium hydrogen phosphate 1.15
Potassium dihydrogen phosphate 0.2
pH 73
Typical formula gitre
Peptone 10
Sodium chloride 8.0
pH 70£0.2 @ 25°C

Following sterilization, MRD was stored at RT for a maximum of 8 weeks, peptone
saline diluent, Oxoid, code: CMO733B.

5 mM Tris-HCI, | mM disodium ethylene diamine tetraacetic acid (EDTA), pH & (TE
buffer) was prepared by mixing 0.1214g/1 of Tris (Fisher Scientific, code BP1521-1) with
0.3722g/1 of disodium ethylene diamine tetraacetic acid (EDTA, Fisher Scientific, code
DV0700/53). The pH was adjusted to 8.0 through addition of HCI. Following sterilization,
TE buffer was stored at room temperature, before using a 1/50 or 1/100 dilution for
bacterial cell lysis.

The storage medium was made from sterile BHI with 50% sterile glycerol to give a final
concentration of 15% (v/v) glycerol. A full loopful of bacterial cells was suspended into the
stock medium.

Cefoperazone 1hing
Vancomycin 1hing
Trimethoprim 1htmg
Cycloheximide 15.0nyg

For prepare Bolton broth selective supplement added Sml of 50%ethanol to one vial of
Bolton broth selective supplement, store at -20C.

The storage medium was made from sterile BHI with 50% sterile glycerol to give a final
concentration of 15% (v/v) glycerol. A full loopful of bacterial cells was suspended into the
stock medium.

Mueller-Hinton broth (MHB) was supplemented with bacteriological agar No. 1 to a

final concentration of 0.4% (w/'v) and prepared according to manufacturer’s instructions.

| litre of motility agar contained 21g of MHB and 4g of agar.

Component Vilime
Tz base 242g
Glacial acetic acid 57.1ml
SMEDTA pH 8.0 100ml

For preparation of 50x stock solution of TAE buffer, Feig base was dissolved in
750mL of Nano pure water. Add the acetic acid and EDTA, and adjusted the volume

to 1L by adding water. The ultimate pH of the 50x TAE buffer should be about 8.5.
For making the Ix TAE working buffer, 49 volume of water was added to | volume of

50x TAE buffer.
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Appendix 3. Alignment for pgi, edd and eda gene for Dg201,Dg381 which Dg43 as

reference

Dgic
DN
DE0IA

DENIC
DB
DEOIA

)
Dt
DgIB
DEIA

Dpéd
Dgxic
Dgxiy
DEOIA

Dyt

DN
DgIA

ATGAMATCTTTARCTCACTTATCATCTTATAGEOC TTTAAGTACCCATTTITCCATTATAARABAT TTACACATOAGGE T TTTATTTAAAGAAGA TOAGAATAGEGGTTT
ATGAMATCTTTARCTCACTTATCATCTTATAGRGC TTTAAGTACCCATTTTTCCATTATAARAGATTTACACATGAGGGTTTTATTTAAAGAAGATGAGAAT AGGGGTTT
ATGAAATCTTTARCTCACTTATCATCTTATAGREC TTTAAGTACCOATTTTTCCATTATAARABATTTACACATGAGGETTTTATTTAAAGAAGATGAGAAT AGCGETTT
ATGARMATCTTTAMCTCACTTATCATCTTATAGEEC TTTAAGTACCCATTTTTCCATTATAARAGATTTACACATGAGGGETTTTATTTAAAGAAGATGAGAATAGGGGTTT

TAGATATTTTTTACAMEC GEGRATTTAAEGC TTGATTATTCTAAAAATCETATTAGTEATGAMC TTTAMGC TTTTETTTGATTTORC TAATGAATGL TCTTTAAAAG
TAGATATTTTTTACAAGCGGORATTTAAGCTTGATTATTCTAARAAT CRTATTAGTGATGARMCTTTAAAGCTTTTGTTTRATTTGGCTAATGAATGCTCTTTAAAAG
TAGATATTTTTTACAMGCGEGRATTTAAGC TTGATTATTCTAAAMATCRTATTAGTRATGAMC TTTAAAGCTTTTRTTTGATTTORC TAATGAATGC TCTTTAAAAG
TAGATATTTTTTACARAGCGEOBATTTAAAGC TTGATTATTCTAAAAATCGTATTAGTGATGAMACTTTAAAGCTTTTETTTGATTTGGC TAATGAATGC TCTTTAAAAG

ATAAGATTAAGGC CATRTTTGAGGET CAMAGATTAATAATACTRAAMATAGAGC (GTTTTECATACAGC C TTARGAAATARMC TAATCGTTCTGTTAAGATTGATGAT

ATAAGATTAAGGCCATGTTTGAGGATCAAAAGATTAATAATACTGAAAATAGAGCCGTTTTRCATACAGCCTTAAGAAATARAACTAATCGTTCTGTTAAGATTGATGAT
ATAAGATTAAGGC CATETTTGASGET CAAMAGATTAATAATACTRAMATAGAGC(GTTTTECATACAGCCTTAAGAAATARMC TAATCGTTCTGTTAAGATTGATGAT
ATAAGATTAAGGCCATGTTTGAGGET CAAAAGATTAATAATACTGAAAATAGAGCCOTTTTGCATACAGCCTTAAGAAATALAACTAATCGTTCTGTTAAGATTGATGAT

ATEGATATTATGC CTAATGTGAGAGAAGTTTTAGT CAAAATGCAGAATTTTCAGATTCTATARGAACGGETTCTTGOC TTEETTATAC TAATCAMTCATTACAGATGY
ATGGATATTATGLCTAATGTGABAGAAGT TTTAGT CAAAATGCAGAAATTTTCAGATTCTATAAGAACGGETTCTTGGC TTEGTTATAC TAATCAAATCATTACAGATGT
ATEGATATTATG(CTAATOTGASAGAAGTTTTAGT CAAAATGCAGARATTTTCAGATTC TATARGAACGOETTCTTOOC TTEGT TATAC TAATCAAATCATTACAGATGT
ATGGATATTATGCCTAATGTGABAGAAGTTTTAGT CAAMTGCAGAAMTTTTCAGATTCTATAAGAACGGETTCTTGOC TTEGTTATACTAATCAAATCATTACAGATGT

TGTAMTATAGGCATAGGAGGATCAGATCTTGEGG( TTTAATGETETOT AAAGCACTAMGARCTATEC CCATCCAMGRATTCATATGCATTTTETTTCTAATETAGATG =
TGTAMTATAGGCATAGGAGGATCAGATCTTGSG6C TTTAATGETGTGT AAAGCAL TAMBALCTATEC CCATCCAMGBATTCATATGCATTTTETTTCTAATETAGATG ~
TGTAMTATAGGCATASGAGGATCAGATCTTEEOGC TTTAATOETGTOTAAAGCAL TAMBALC TATEC CCATCCAMGBATTCATATRCATTTTETTTCTAATETAGATG ~
TGTAMTATAGGCATAGGAGGATC AGATCTTEGGGC TTTAATEETETGTAAGCAL TAMEBALC TATEC CCATC CAMGEATTCATATGCATTTTETTTCTAATETAGATG =

Dpdd
DEMIC
DEIA

Dpdd
DEMIA

Dptd
Dg3sIA

DgIC
DESIA
DgsIB

DEMIC
Dgisia
Dgs18

DB

Dg3sIiB :

DB

ATGAAATCTTTAACTCACTTATCATCTTATAGESCTTTAAGTACCCATTTTTCCATTATAAAMGATTTACACATGAGGGTTTTATTTAAMGAAGATGAGAATAGGOSTT
ATGAAATCTTTAACTCACTTAT CATCTTATAGEEC TTTAAGTACCCATTTTTCCATTATAAMBATTTACACATGAGGGTTTTATTTAMGAAGATGAGAATAGGGSTT
- ATGAAATCTTTAACTCACTTATCATCTTATAGEOC TTTAAGTACCCATTTTTCCATTATARAAGATTTACACATGABGGTTTTATTTARAGAAGATGAGAATAGGOSTT
ATRAATCTTTAACTCACTTATCATCTTATAGEEC TTTAAGTACCCATTTTTCCATTATAMMBATTTACACATGAGGBGTTTTATTTAAMGAAGATGAGAA TAGGORTT

TTAGATATTTTTTACARAGCGGOGATTTAAGC TTRATTATTCTAARAATCGTATTAGTOATRAAACTTTAAAGCTTTTETTTGATTTGOC TAATRAATGCTCTTTARA -
CTTAGATATTTTTTACAMAGCGGOGATTTAMGC TTRATTATTCTAMMTCGTATTAGTGATRAMCTTTAAMBGCTTTTETTTGATTTGOC TARTRATGCTCTTTAMA |
TTAGATATTTTTTACARAGCGEGOATTTAAAGC TTRATTATTCTAAATCGTATTAGTRATRAAACTTTAAMGCTTTTETTTGATTTGOC TARTRAATGCTCTTTARA -
TTABATATTTTTTACAMASCGGGEATTTAALGC TTRATTATTCTAAMAATCETATTAGTGATEAM CTTTAAMGCTTTTETTTGATTTGEC TAATGAATGCTCTTTARM

- AGATAAGATTAAGGC CATETTTGAGGGT CARAMGATTAATAATACTRAAMTAGAGC CGTTTTECATACAGC CTTAAGARATAAAACTAATCRTTCTGTTAAGATTGAT
- AGATAMGATTAAGEC CATETTTGAGGGT CARAGATTAATAATACTEAMMATAGAGC CGTTTTECATACAGL CTTAAGAATAAMACTAATCETTCTGTTAAGATTEGAT |
- AGATAAGATTAAGGC CATGTTTGAGGGT CARAMGATTAATAATACTRAARMTAGAGC CGTTTTECATACAGC CTTAAGARATAMAACTAATCRTTCTRTTAAGATTGAT
- AGATAMGATTAAGGC CATETTTGAGGGT CAAMGATTAATAATACTRAMMATAGAGC CGTTTTECATACAGC CTTAAGAATAAAACTAATCRTTCTGTTAAGATTGAT

- GATATERATATTATGC CTARTGTGAGAGAAGTTTTAGT CAAAATGCAGAMTTTTCAGATTCTATAAGAACGOGTTCTTEGC TTGGTTATACTAATCARTCATTACAG -
GATATGGATATTATGC CTAATGTGAGAGAAGTTTTAGT CAARATGCAGARATTTTCAGATTCTATARGAACGGGTTCTTEGC TTGGTTATACTAATCAAATCATTACAS -
(GATATGOATATTATGCCTAATGTGAGAGAAGTTTTAGT CAAAATGCAGARATTTT CAGATTCTATARGAACGOGTTCTTOOC TTGOTTATACTAATCAAATCATTACAG
 GATATGGATATTATGCCTAATGTGAGAGAAGTTTTAGT CAAAATGCAGAMATTTTCAGATTCTATARGAACGGGTTCTTRGCTTRGTTATACTAATCAAATCATTACAG

ATGTTGTARATATAGGCATAGRAGEAT CABATCTTGGGGCTTTAATGETGTGTAAGCAC TAAAGAACTATGCCCATCCAMGBATTCATATGCATTTTGTTTCTAATEY
ATGTTGTARATATAGGCATAGRAGEAT CABATCTTGOGGCTTTAATEGTGTGTAMMGC AC TAAAGAAC TATGCCCATCCAMGGATTCATATGCATTTTGTTTCTAATGT
ATGTTGTARATATAGGCATAGRAGEATCAGATCTTEGGGC TTTAATGGTGTGTAMGCAC TAAAGARC TATGCCCATCCAMGGATTCATATGCATTTTGTTTCTAATGT
ATGTTGTARATATAGOCATAGBAGEATCAGATCTTGOOGC TTTAATGOTGTGTAMAGCACTAAAGARCTATGCCCATCCARGBATTCATATGCATTTTGTTTCTAATGTY
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Appendix 4: Alignment for glk gene for RG2 group

*HHHAHAA

25948 | Dg268 ATGTCTATTICTCAAAATAA.: ARATCTTATCCRAG TT':"I‘AGC GATATTGGTGGAAC l

25978 | Dg43a ATGTCTATTTCTCAAAATAAL A IAAATCTTATCCRAG |G T'rc'msc GATATTGGTGGAAC

26009 | Dg345 ATGTCTATTTCTCAAAATAA G AAATCTTATCCAAG A CTTTTAGC A GATATTGGTGGRAC B

26027|Dg210 ATGTCTATTTCTCAAAATAA G AAATCTTATCCAAG A CTTTTAGC A GATATTGGTGGRAC A

25974 |Dg22 ATGTCTATTTCTCAAAATAA G AAATCTTATCCAAG A CTTTTAGC A GATATTGGTGGAAC A

26020 |Dg95 ATGTCTATTTCTCAAAATAA G AAATCTTATCCAAG A CTTTTAGC A GATATTGGTGGAAC A

Ch95-95 (1) ATGTCTATTTCTCAAAATAA G AAATCTTATCCAAG A CTTTTAGC A GATATT AC A

Ch95-95(2) ATGTCTATTTCTCAAAATAA G AAATCTTATCCAAG A CTTTTAGC A GATATTGGTGGAAC A
e S e e

25948 |Dg268 AA Gcrcslg TTTGCA ’I‘AGAE GT C—CAGCAAATA ’.[AT ATAGAA I‘TTTT

25978 | Dg43a aa ) ceresld TrTecalc taca g ot lalccaceanaTallTaTlc A laaaalclaTacaalal TTTT T

26009 |Dg345 KA C GCTCG T TTTGCA T TAGA A GT G GCAGCAAATA C TAT T G AAAA T ATAGAA G TTTT AGT

26027 |Dg210 KA C GCTCG T TTTGCA T TAGA A GT G GCAGCAAATA C TAT T G AAAA T ATAGAA G TTTT AGT

25974 | Dg22 AA C GCTCG T TTTGCA T TAGA A GT G GCAGCAAATA C TAT T G AAAA T ATAGAA G TTTT ACT

26020 | Dg95 AA C GCTCG T TTTGCA T TAGA A GT G GCAGCAAATA C TAT T G AAAA T ATAGAA G TTTT AGT

Ch95-95(1) AA C GCTCG T TTTGCA T TAGA A GT G GCAGCAAATA C TAT T G AAAA T ATAGAA G TTTT AGT

Ch95-95(2) AA C GCTCG T TTTGCA T TAGA A GT G GCAGCAAATA C TAT T G AAAA T ATAGAA G TTTT ACGT
*k *hkkk *hx kAN *okk ok * Ak khkhkhkkkhkx *kok Kk x *k kkkk ok kK

25948 | Dg268 TGTAATGATTATAA [T] AC [T|GTT [T] TAGATGC[E|GTTAA T G [CTA]| TATTTAAATAA [K|GITEG[ K] AAT

2597¢ | Dg43a TGTAATGATTATAA [T |AC GTr TAGATGC IEGTTAA G G TATTTAAATAAIEGITGG ART

26009 | Dg345 TGTAATGATTATAA C AC T GIT & TAGATIGC G GITAA K G TATTTAAATAR G GITGG C AAT

26027 |Dg210 TGTAATGATTATAA C AC C GTI[ G|TAGATGC G GTTAA A G T G TATTTAAATAA G GITGG C AAT

25974|Dg22 TGTAATGATTATAA C AC C GIT A TAGATGC G GTTAA A G T G TATTTAAATAR G GITGG C AAT

26020 | Dg95 TGTAATGATTATAA C AC C GTT A TAGATGC G GTTAA A G T G TATTTAAATAA G GTTGG C AAT

Ch95-95(1) TGTAATGATTATAA C AC C GTT A TAGATGC G GTTAA A G T G TATTTAAATAA G GTTGG C AAT

Ch95-95(2) TGTAATGATTATAA C AC C GTT A TAGATGC G GTTAA A G T G TATTTAAATAA G GTTGG C AAT
O s Akkk Ak kh ek kkkkk kA

25948|Dg268 TTAAATAT GTGC':TTTGCTAT GCAAA . CCTGT E GTAGG GATTGGGTGCA
25978| Dg43a € TTAAATAT |G |GTECTTTTGCTAT| &) GCAAA|T |cCTaT |A] 6TAGG |2 |caTTGGGTGCA
26009|Dg345 CCTA T A G TTAAATAT A GTGCTTTTGCTAT T GCAAA C CCTGT G GTAGG G GATTGGGTGCA
26027|Dg210 CCTA T A G TTAAATAT A GTGCTTTTGCTAT T GCAAA C CCTGT G GTAGG G GATTGGGTGCA
25974 | Dg22 CCTA T A G TTAABATAT A GTGCTTTTGCTAT T GCAAA C CCTGT G GTAGG G GATTGGGTGCA
26020 Dg95 CCTA T A G TTAAATAT A GTGCTTTTGCTAT T GCAAA C CCTGT G GTAGG G GATTGGGTGCA
Ch95-95(1) CCTA T A G TTAAATAT A GTGCTTTTGCTAT T GCAAA C CCTGT G GTAGG G GATTGGGTGCA
Ch95-95(2) CCTA T A G TTAAATAT A GTGCTTTTGCTAT T GCAAA C CCTGT G GTAGG G GATTGGGTGCA

WA K KRAKAAKR  RARREKAKAAKRA  RAKxk | ARAKE  AAEAR  AKAAKARAATH
25948|Dg268 ATGACAAATCATCA [T|TGG [G] CTTTTTCTATAGAAACTACAA G ACAGGCTTTAAATTT [A] GAA
25978| Dg43a ATGACAAATCATCA TGG CTTTTTCTATAGAAACTACAA G ACAGGCTTTAAATTT GAA
26009 | Dg345 ATGACAAATCATCA C TGG A CTTTTTCTATAGAAACTACAA G ACAGGCTTTAAATTT |A| GAA
26027|Dg210 ATGACAAATCATCA C TGG A CTTTTTCTATAGAAACTACAA [A JACAGGCTTTAAATTT G GAA
25974 | Dg22 ATGACAAATCATCA C TGG A CTTTTTCTATAGAAACTACAA G ACAGGCTTTARATTT G GAA
26020|Dg95 ATGACAAATCATCA C TGG A CTTTTTCTATAGAAACTACAA G ACAGGCTTTAAATTT G GAA
Ch95-95(1) ATGACAAATCATCA C TGG A CTTTTTCTATAGAAACTACAA G ACAGGCTTTAAATTT G GAA
0195—95(2) ATGACAAATCATCA C TGG A CTTTTTC \CTACAA G ACAGGCTTTAAATTT G GAA

Ahkhkk Ak hkhAhhkhkkkh* *k Kk hhkhkxhxhkAkhkkrhhkhkhhkhxk* hhhkhkhkhkkhxhrhhk * kK
25948 Dg268 | TTSATTTT [A] ATTAATGATTTTACAGCACAAGC [T| TATGCAAT [AZ| C [T] C [T AATGTCTTCA
25978| Dg43a GT |A|TTGATTTT |A| ATTAATGATTTTACAGCACAAGC |T| TATGCAAT|AC| ¢ [7] ¢ [g| AATGTCTTCA
26009|Dg345 GT Al TTGATTTT Al ATTAATGATTTTACAGCACAAGC C TATGCAAT TT C A C A AATGTCTTCA
26027|Dg210 GT G TTGATTTT G ATTAATGATTTTACAGCACAAGC C TATGCAAT TT C A C A AATGTCTTCA
25974 | Dg22 GT G TTGATTTT G ATTAATGATTTTACAGCACAAGC C TATGCAAT TT C A C A AATGTCTTCA
26020 Dg95 GT G TTGATTTT G ATTAATGATTTTACAGCACAAGC C TATGCAAT TT C A C A AATGTCTTCA
Ch95-95(1) GT G TTGATTTT G ATTAATGATTTTACAGCACAAGC C TATGCAAT TT C A C A AATGTCTTCA
Ch95-95(2) GT G TTGATTTT G ATTAATGATTTTACAGCACAAGC C TATGCAAT TT C A C A AATGTCTTCA

Fhe | RERRRRER  WRRRRAARRRAARRTRRRARINR | ATRRNERT TR AR AT

2K X2 K72 NN
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120
120
120
120
120
120
120

180
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1890
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240
240
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240
240
240
240
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300
300
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25948 |Dg268
25978 |Dg43a
26009Dg345
26027 |Dg210
25974 |Dg22
26020|Dg95
Ch95-95(1)
Ch95-95(2)

25948 | Dg268
25978 Dg43a
26009 | Dg345
26027|Dg210
25974 Dg22
26020 |Dg95
Ch95-95 (1)
Ch95-95(2)

25948 | Dg268
25978 |Dg43a
26009 | Dg345
26027109210
25974 | Dg22
26020Dg95
Ch95-95 (1)
Ch95-95 (2)

25948 | Dg268
25978|Dgd3a
26009 | Dg345
26027|Dg210
25974 | Dg22
26020|Dg95
Ch95-95(1)
Ch95-95(2)

25948 | Dg268
25978 | Dg43a
26009 |Dg345
26027|Dg210
25974 |Dg22
26020 | Dg95
Ch95-95 (1)
Ch95-95(2)

ACATT (A|GATAT|A [TTTTGTGC |G |ATGTT |A |GG |A[ACTATTTCTGC |AG| ATTTAGCTTTGACTTTA
ACATT |A|GATAT E TTTTCTGC ATGTT GG ACTATTTCTGC ATTTAGCTTTGACTTTA
ACATT G GATAT T TTTTGTGC T ATGIT G GG G ACTATTTCTGC GA ATTTAGCTTTGACTTTA
ACATT G GATAT T TTTTGTGC T ATGTT G GG G ACTATTTCTGC GA ATTTAGCTTTGACTTTA
ACATT G GATAT T TTTTGTGC T ATGTT G GG G ACTATTTCTGC GA ATTTAGCTTTGACTTTA
ACATT G GATAT T TTTTGTGC T ATGIT G GG G ACTATTTCTGC GA ATTTAGCTTTGACTTTA
ACATT G GATAT T TTTTGTGC T ATGIT G GG G ACTATTTCTGC GA ATTTAGCTTTGACTTTA
ACAIT G GATAT T TTTTGTGC T ATGIT G GG G ACTATTTCTGC GA ATTTAGCTTTGACTTTA

KX KK E2 222 Fhhhrxxk *h xRk % XXX EHIH I XK IS0 S 2

GG| T| GCTAGAGG |G |GGAGTTTATCTTTGTGGTGGAATTATTCCTAG |G |TTT (G| TTGATTATTTT
GG GCTAGAGG GGAGTTTATCTTTGTGGTGGAATTATTCCTAG I‘TT TTGATTATTTT
GG A GCTAGAGG T GGAGITTATCTTTGTGGTGGAATTATTCCTAG A TTT A TTGATTATTTT
GG A GCTAGAGG T GGAGTTTATCTTTGTGGTGGAATTATTCCTAG A TTT A TTGATTATTTT
GG A GCTAGAGG T GGAGTTTATCTTTGTGGTGGAATTATTCCTAG A TTT A TTGATTATITT
GG A GCTAGAGG T GGAGTTTATCTTTGTGGTGGAATTATTCCTAG A TTT A TTGATTATTTT
GG A GCTAGAGG T GGAGTTTATCTTTGTGGTGGAATTATTCCTAG A TTT A TTGATTATTIT
GG A GCTAGAGG T GGAGTTTATCTTTGTGGTGGAATTATTCCTAG A TTT A TTGATTATTTT

* % khkrEkERAK khkhhhhhhhdhhx kb hhxxxh kAR KK AK *xkk kEkkkkkAR RS

TCTCCTTTTAGA [ T[A] CGTTTTGAAAATAAAGG[G|AG [A|TTTG|G| TGC|[T| TATTT [G] GCA
ETCTCCTTTTAGA E T CGTTTTGAAAATAAAGGAG @TTTG TGC@ TATTT GCA

AA A AC TCTCCTTTTAGA A T G CGTTTTGAAAATAAAGG A AG'STTTG A TGC G TATTT A GCA
AA A AC C TCTCCTTTTAGA A T G CGTTTTGAAAATAAAGG A AG G TTTG A TGC G TATTT A GCA
AR A AC C TCTCCTTTTAGA A T G CGTTTTGAAAATAAAGG A AG G TTTG A TGC G TATTT A GCA
AA A AC C TCTCCTTTTAGA A T G CGTTTTGAAAATAAAGG A AG G TTTG A TGC G TATTT A GCA
AR A AC C TCTCCTTTTAGA A T G CGTTTTGAAAATAAAGG A AG G TTTG A TGC G TATTT A GCA
AA A AC C TCTCCTTTTAGA A T G CGTTTTGAAAATARAGG A AG G TTTG A TGC G TATTT A GCA

*ok ** *hkkkkkhhhkr * xxdkkkxTI kK hh kA K*k * %k *khxk *Ex LR *kx

GC[A] ATTCCTGTATATGTTGT TTTGGCGARATATCC [T] GGAATTT [T] TGGTGTTGCTGT
GC T ATTCCTGTATATGTTGTTTTGGCGARATATCC C GGAATTT A TGGTGTTGCTGT G
GC T ATTCCTGTATATGTTGTTTTGGCGARATATCC C GGAATTT A TGGTGTTGCTGT G
GC T ATTCCTGTATATGTTGTTTTGGCGABATATCC C GGAATTT A TGGTGTTGCTGT G
GC T ATTCCTGTATATGTTGTTTTGGCGARATATCC C GGRATTT A TGGTGTTGCTGT G
GC T ATTCCTGTATATGTTGTTTTGGCGAAATATCC C GGAATTT A TGGTGTTGCTGT G
GC T ATTCCTGTATATGTTGTTTTGGCGAAATATCC C GGAATTT A TGGTGTTGCTGT G
GC T ATTCCTGTATATGTTGTTTTGGCGAAATATCC C GGAATTT A TGGTGTTGCTGT G

*k dkhkkkhhkdhkdhhkkhrhhkdkhdhhkdkkdhhrrhhhi * Ak kk koK kkkdkkkkkkxk *k

B E]
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.TAGAAAAT C ATTTGAA GATTATTTTT @ AMAAR ATA GG EGGTTA
TAGAAAAT C ATTTGAA GATTATTTTT ATA GG AGGTTA
TAGAAAAT C ATTTGAAR G GATTATTTTT TA AAAAA TAG GG GTTAA-
TAGRAAAT C ATTTGAA G GATTATTTTT TA AAAAR TAG GG GTTAA-
TAGAARAT [T]ATTTGAA G GATTATTTTT TA AAARA TAG GG GTTAA-
TAGAAAAT C ATTTGAA G GATTATTTTT TA AAAAA TAG GG GTTAA-
TAGAAAAT C ATTTGAA G GATTATTTTT TA AAAARA TAG GG GTTAA-
TAGRAAAT C ATTTGAA G GATTATTTTT TA AAAAA TAG GG GTTAA-
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'-3'-]'-]"3'—!'-3'—3

198

780
780
780
780
780
780
780
780

840
840
840
840
840
840
840
840

900
900
900
900
900
900
900
900

960
960
960
960
960
960
960
960

1006
1006
1005
1005
1005
1005
1005
1005



References

Aber, C. R., and D. C. Mackel. (1981). Epidemiologic typing of nosocomial microorganisms. Am.
J. Med. 70:898-905.

Acheson, D. and Allos, B.M. (2001). Campylobacter jejuni infections: update on emerging issues
and trends. Clinical Infectious Diseases, 32(8)1201-1206.

Alcaraz, L. D., Moreno-Hagelsieb, G., Eguiarte, L. E., Souza, V., Herrera-Estrella, L., and Olmedo,
G. (2010). Understanding the evolutionary relationships and major traits of Bacillus through
comparative genomics. BMC Genomics.

Alemka, A., Whelan, S., Gough, R., Clyne, M., Gallagher, M.E, Carrington, S.D.,(2010). Purified
chicken intestinal mucin attenuates Campylobacter jejuni pathogenicity in vitro. J Med
Microbiol, 59(Pt 8):898-903.

Alemka, A., Corcionivoschi, N., and Bourke, B. (2012). Defense and adaptation: the complex
interrelationship between Campylobacter jejuni and mucus. Front. Cell. Inf. Microbio., 2, 15.

Allen, K.N. and Imperiali, B. (2019). Structural and mechanistic themes in glycoconjugate
biosynthesis at membrane interfaces. Curr Opin Struct Biol, 59, 81-90.

Allos, B.M. and Blaser, M.J. (1995). Campylobacter jejuni and the expanding spectrum of related
infections. Clin Infect Dis. 20 (5),1092-1099.

Ang, C.W. (2002). Structure of Campylobacter jejuni lipopolysaccharides determines
antiganglioside specificity and clinical features of Guillain-Barre and Miller Fisher patients.
Infect Immun, 70 (3), 1202-1208.

Anonymous. (2006). The community summary report on trends and sources of zoonoses, zoonotic
agents, antimicrobial resistance and foodborne outbreaks in the European Union in 2005.
EFSA J. 94, 1-234.

Arbeit, R.D. (1995). Laboratory procedures for the epidemiological analysis of microorganisms. In
P.R. Murray, E.J. Baron, M.A. P. Faller, F.C. Tenover, and R.H. Yolken eds. Manual of
clinical microbiology. Washington DC: P. R. Murray, pp. 190-208.

Ashgar, S. S., Oldfield, N. J., Wooldridge, K. G., Jones, M. A., Irving, G. J., Turner, D. P. and
Ala'Aldeen, D. A. (2007). CapA, an autotransporter protein of Campylobacter jejuni, mediates
association with human epithelial cells and colonization of the chicken gut. J Bacteriol
;189(5):1856-65.

Asakura M, Samosornsuk W, Hinenoya A, Misawa N, Nishimura K, Matsuhisa A, Yamasaki
S.(2008). Development of a cytolethal distending toxin (cdt) gene-based species-specific
multiplex PCR assay for the detection and identification of Campylobacter jejuni,
Campylobacter coli and Campylobacter fetus. FEMS Immunol Med Microbiol;52(2):260-6.

199



Askoura, M., Sarvan, S., Couture, J.F., and Stintzi A. (2016). The Campylobacter jejuni ferric
uptake regulator promotes acid survival and cross-protection against oxidative stress. Infect
Immun., 84 (5), 1287-1300.

Atack, J.M. and Kelly, D.J. (2008). Contribution of the stereospecific methionine sulphoxide
reductases MsrA and MsrB to oxidative and nitrosative stress resistance in the food-borne
pathogen Campylobacter jejuni. Microbiology, 154 (8), 2219-2230.

Atlas, R.M. and Bej, A K. (1994). Polymerase chain reaction. In P. Gerhardt, R.G.E. Murry, W.A.
Wood, and N.R. Kreig, eds. Methods for general and molecular bacteriology. Ann Arbor, MI:
ASM Press, pp. 418—435.

Aung, W.W., Saleha, A.A., Zunita, Z., Murugaiyah, M., Aliyu, A.B., Goni, D.M., and Mohamed,
A.M. (2015). Occurrence of Campylobacter in dairy and beef cattle and their farm
environment in Malaysia. Pakistan Vet. J., 35 (4), 470-473.

Austen, R.A. and Trust, T.J. (1980). Detection of plasmids in the related group of the genus
Campylobacter. FEMS Microbiol Lett., 8, 201-204.

Ayrapetyan, M., Williams, T.C. and Oliver, J.D. (2015) Bridging the gap between viable but non-
culturable and antibiotic persistent bacteria. Trends in Microbiology, 23, 7-13.

Bacon, D.J., Alm, R.A., Burr, D.H., Hu, L., Kopecko, D. J., Ewing, C. P., and Guerry, P. (2000).
Involvement of a plasmid in virulence of Campylobacter jejuni 81-176. Infection and
Immunity, 68(8), 4384-4390.

Bacon, D.J., Alm, R.A., Hu, L., Hickey, T.E., Ewing, C.P., Batchelor, R.A. et al. (2002). DNA
sequence and mutational analyses of the pVir plasmid of Campylobacter jejuni 81-176. Infect
Immun.,70, 6242-6250.

Baichoo, N. and Helmann, J.D. (2002). Recognition of DNA by Fur: a reinterpretation of the Fur
box consensus sequence. Journal of Bacteriology, 184 (21), 5826-5832.

Baillon, M.L.A., Van Vliet, A.H., Ketley, J.M., Constantinidou, C., and Penn, C.W. (1999). An
iron-regulated alkyl hydroperoxide reductase (AhpC) confers aerotolerance and oxidative

stress resistance to the microaerophilic pathogen Campylobacter jejuni. Journal of
Bacteriology, 181 (16), 4798-4804.

Baker, L. M., Raudonikiene, A., Hoffman, P. S., & Poole, L. B. (2001). Essential thioredoxin-
dependent peroxiredoxin system from Helicobacter pylori: genetic and kinetic
characterization. Journal of bacteriology, 183(6), 1961-1973.

Banowary B., Dang V.T., Sarker S., Connolly J.H., Chenu, J., Groves P. et al. (2015).
Differentiation of Campylobacter jejuni using multiplex-PCR and high- resolution meltcurve
analysis.

Banowary B, Dang VT, Sarker S, Connolly JH, Chenu J, Groves P, Ayton M, Raidal S, Devi A,
Vanniasinkam T, Ghorashi SA. (2015). Differentiation of Campylobacter jejuni and
Campylobacter coli Using Multiplex-PCR and High Resolution Melt Curve Analysis.

200



Batchelor, R. A., B. M. Pearson, L. M. Friis, P. Guerry, and J. M. Wells. (2004). Nucleotide
sequences and comparison of two large conjugative plasmids from different Campylobacter
species. Microbiology 150:3507-3517.

Beier, R.C., Harvey, R.B., Hernandez, C.A., Hume, M.E., Andrews, K., Droleskey, R.E.,
Davidson, M.K., Bodeis-Jones, S., Young, S., Duke, S.E., and Anderson, R.C., (2018).

Interactions of organic acids with Campylobacter coli from swine. PLoS One, 13 (8),
0202100.

Benoit, S.L., Maier, R.J. (2018). Site-directed mutagenesis of Campylobacter concisus respiratory
genes provides insight into the pathogen’s growth requirements. Sci Rep 8, 14203.

Berg, R.L., Jutila, J.W., and Firchammer, B.D. (1971). A revised classification of vibrio fetus.
Am. J. Vet. Res., 32, 11-22.

Beumer RR, de Vries J, Rombouts FM.(1992). Campylobacter jejuni non-culturable coccoid cells.
Int J Food Microbiol. 1992 Jan-Feb;15(1-2):153—-163.

Bingham-Ramos, L.K. and Hendrixson, D.R. (2008). Characterization of two putative cytochrome

¢ peroxidases of Campylobacter jejuni involved in promoting commensal colonization of
poultry. Infect Immun, 76 (3), 1105-1114. doi:10.1128/IA1.01430-07

Black, R.E., Levine, M.M., Clements, M.L., Hughes, T.P., and Blaser, M.J. (1988). Experimental

Campylobacter jejuni infection in humans. Journal of Infectious Diseases, 157(3):472-9. doi:
10.1093/infdis/157.3.472. PMID: 3343522.

Blaser M, Cravens J, Powers BW, Wang WL.(1978). Campylobacter enteritis associated with
canine infection.Lancet1978; 979-81.

Bolton, F. J., & Coates, D. (1983). A study of the oxygen and carbon dioxide requirements of
thermophilic campylobacters. Journal of clinical pathology, 36(7), 829-834.

Boysen L, Knechel S, Rosenquist H.(2007). Survival of Campylobacter jejuni in different gas
mixtures. FEMS Microbiol Lett. 2007 Jan;266(2):152-7.

Bravo, V., Varela, C., Porte, L., Weitzel, T., Kastanis, G.J., Balkey, M. et al. (2020). Draft whole-
genome sequences of 51 Campylobacter jejuni and 12 Campylobacter coli clinical isolates

from Chile. Microbiol Resour Announc, 9. MRA.00072-20, €00072-20.

Brown, C.G. and Clarke, J. (2016). Nanopore development at Oxford Nanopore. Nat Biotechnol.
34 (8), 810-811. doi:10.1038/nbt.3622. PMID: 27504770.

Bruschi, M. and Guerlesquin, F. (1988) Structure, function and evo- lution of bacterial ferredoxins.
FEMS Microbiol. Rev. 54, 155-175.

201



Buelow,D.R.,Christensen, J.E., Neal-McKinney J.M., and Konkel, M. E. (2011).
Campylobacter jejuni survival within human epithelial cells is enhanced by the secreted
protein Cial. Molecular Microbiology, 80 (5), 1296-1312.

Burnham, P.M. and Hendrixson, D.R. (2018). Campylobacter jejuni: collective components
promoting a successful enteric lifestyle. Nat Rev Microbiol., 16 (9), 551-565.

Butzler, J. P., Dekeyser, P., Detrain, M., & Dehaen, F. (1973). Related vibrio in stools. Journal of
Pediatrics, 82, 493—495.
Butzler JP, Skirrow MB( 1979).Campylobacter enteritis.Clin Gastroenterol 1979; 8:737-765.

Bury-Moné, S., Nadeem, O., Kaakoush, Asencio, C., Méraud, F., Thibonnier, M., De Reuse, H.,
and Mendz, G.L. (2006). Is Helicobacter pylori a true microaerophile? Helicobacter.
11(4):296-303.

Butcher, J., Handley, R. A., van Vliet, A. H., and Stintzi, A. (2015). Refined analysis of the
Campylobacter jejuni iron-dependent/independent Fur-and PerR-transcriptomes. BMC,
Genomics, 16 (1), 1.

Butzler, J.P. (1978). Related vibrios in Africa. Lancet, 2, 858.

Byrne, C.M., Clyne, M., and Bourke B. (2007). Campylobacter jejuni adhere to and invade chicken
intestinal epithelial cells in vitro Microbiology (Reading).153(Pt 2):561-569.

Cameron, R.M., Moffatt, Fearnley, E., Bell, R., Wright, R., Gregory, J., Sloan-Gardner, T., Kirk,
M., and Stafford, R. (2020). Characteristics of Campylobacter gastroenteritis outbreaks in
Australia, 2001 to 2016. Foodborne Pathog Dis. 2020 May;17(5):308-315.

Carrington, S., Clyne, M., Reid, C., Fitzpatrick, E., and Moran, A. (2009). “Microbial interaction
with mucus and mucins,” in Microbial Glycobiology: Structures, Relevance and Applications,
eds A. P. Moran, P. Brennan, O. Holst, and M. Von Itzstein (London: Elsevier), 655-672.

Carvalho, A.F., Silva, D.M., Azevedo, S.S., Piatti, R.M., Genovez, M.E., Scarcelli, E. (2013).
Detection of CDT toxin genes in Campylobacter spp. strains isolated from broiler carcasses
and vegetables in Sdo Paulo, Brazil. Brazilian J. Microbiol. 44, 693-699.

Castanon, J.I. (2007). History of the use of antibiotic as growth promoters in European poultry
feeds. Poult Sci. 86 (11), 2466-2471.

Centers for Disease Control and Prevention. (2016). National antimicrobial resistance monitoring
system for enteric bacteria (NARMS): Human isolates surveillance report for 2014 (final
report). Atlanta, GA: US Department of Health and Human Services, CDC.

Chavarria M, Nikel PI, Pérez-Pantoja D, de Lorenzo V. (2013). The Entner-Doudoroff = pathway

empowers Pseudomonas putida KT2440 with a high tolerance to oxidative stress. Environ
Microbiol;15(6):1772-85.

202



Chen, Xi et al. (2016). The Entner—Doudoroff pathway is an overlooked glycolytic route in
cyanobacteria and plants. Proceedings of the National Academy of Sciences, 201521916.

Chou, S.P., Dular, R., and Kasatiya, S. (1983). Effect of ferrous sulfate, sodium metabisulfite, and
sodium pyruvate on survival of Campylobacter jejuni. Journal of clinical microbiology, 18(4),
986-987.

Christensen, J.E., Pacheco, S.A., and Konkel, M.E. (2009). Identification of a Campylobacter
Jjejuni-secreted protein required for maximal invasion of host cells. Mol. Microbiol., 650—662.

Christie, P.J. (2001). Type IV secretion: intercellular transfer of macromolecules by systems
ancestrally related to conjugation machines. Mol Microbiol., 40, 294-305.

Churko, J.M., Mantalas, G.L., Snyder, M.P., and Wu, J.C. (2013). Overview of high throughput
sequencing technologies to elucidate molecular pathways in cardiovascular diseases.
Circulation Research, 112 (12), 1613-1623.

Cody, A.J., McCarthy, N.M., Wimalarathna, H.L. et al. (2012). A longitudinal 6-year study of the
molecular epidemiology of clinical campylobacter isolates in Oxfordshire, United Kingdom.
J Clin Microbiol., 50 (10), 3193-3201.

Cody, A.J., McCarthy, N.D., Jansen van Rensburg M. et al. (2013). Real-time genomic
epidemiological evaluation of human Campylobacter isolates by use of whole genome
multilocus sequence typing. J Clin Microbio., 51 (8), 2526-2534.

Cody, A.l., Bray, J.E., Jolley, K.A., McCarthy, N.D., and Maiden, M.C.J. (2017). Core genome
multilocus sequence typing scheme for stable, comparative analyses of Campylobacter jejuni
and C. coli human disease isolates. J Clin Microbiol, 55 (7), 2086-2097.

Cole, S., Eiglmeier, K., Parkhill, J. et al. (2001).Massive gene decay in the leprosy bacillus. Nature
409, 1007-1011.

Collado L, Munoz N, Porte L, Ochoa S, Varela C, Muifioz I. Genetic diversity and clonal
characteristics of ciprofloxacin-resistant Campylobacter jejuni isolated from Chilean patients
with gastroenteritis. Infect Genet Evol ;58:290-293.
Collin, Fabrice (2019). "Chemical Basis of Reactive Oxygen Species Reactivity and Involvement
in Neurodegenerative Diseases" International Journal of Molecular Sciences 20, no. 10: 2407.
Colles, F.M. and Maiden, M.C. (2012a). Campylobacter sequence typing databases: applications
and future prospects. Microbiol., 158, 2695-2709.

Colles, F.M. and Maiden, M.C. (2012b). Sequence typing databases: applications and future
prospects. Microbiology (Reading), 158 (Pt 11), 2695-2709.

Conway, T. (1992). The Entner-Doudoroff pathway: history, physiology and molecular biology.
FEMS Microbiol Rev, 9 (1), 1-27.

203



Coombes, D., Davies, J. S., Newton-Vesty, M. C., Horne, C. R., Setty, T. G., Subramanian, R.,
Moir, J., Friemann, R., Panjikar, S., Griffin, M., North, R. A., & Dobson, R. (2020). The basis
for noncanonical ROK family function in the N-acetylmannosamine kinase from the pathogen
Staphylococcus aureus. The Journal of biological chemistry, 295(10), 3301-3315.

Coyne, M.J., Reinap, B., Lee, M.M., and Comstock, L.E. (2005). Human symbionts use a host-like
pathway for surface fucosylation. Science, 307, 1778-1781.

Crim, S.M., Griffin, P.M., Tauxe, R., Marder, E.P., Gilliss, D., Cronquist, A.B., Cartter, M., and
TobinD’Angelo, M. (2015). Centers for disease control and prevention. Preliminary incidence
and trends of infection with pathogens transmitted commonly through food foodborne
diseases active surveillance network, 10 U.S. Sites, 2006-2014. MMWR Morb Mortal Wkly
Rep 64:495—499.

Dai, L., Xia, J., Sahin, O., & Zhang, Q. (2019). Identification of a nth-Like Gene Encoding an
Endonuclease III in Campylobacter jejuni. Frontiers in microbiology, 10, 698.

Dasti, J.I., Tareen, A.M., Lugert, R., Zautner, A.E., and Gross, U. (2010). Campylobacter jejuni: a
brief overview on pathogenicity-associated factors and disease-mediating mechanisms. Int J
Med Microbiol, 300(4), 205-211.

Day, C.J.1., Semchenko, E.A., and Korolik, V. (2012) Glycoconjugates play a key role in
Campylobacter jejuni infection: interactions between host and pathogen..Frontiers in Cellular
and Infection Microbiology.

Day W. A., Jr., Sajecki J. L., Pitts T. M., Joens L. A. (2000). Role of catalase in
Campylobacter jejuni intracellular survival. Infect. Immun. 68 6337-6345.

De Haan, C.P.A., Lampen, K., Corander, J., Hinninen, M-L. (2013). Multilocus sequence types of
environmental Campylobacter jejuni isolates and their similarities to those of human, poultry
and bovine C. jejuni isolates. Zoonoses Public Health, 60, 125-133.

Dearlove, B.L., Cody, A.J., Pascoe, B., Méric, G., Wilson, D.J., and Sheppard, S.K. (2016). Rapid
host switching in generalist Campylobacter strains erodes the signal for tracing human
infections. ISME J., 10, 721-729.

Dekeyser P( 1972).Gossuin-Detrain M, Butzler JP, Sternon J. Acute enteritis due to a related vibrio:
first positive stool cultures. J Infect Dis ; 125: 390-392.

Dekeyser, P., Gossuin-Detrain, M., Butzler, J., and Sternon, J. (1972). Acute enteritis due to related
vibrio: first positive stool cultures. J Infect Dis, 125, 390-392.

Denes, A.S., Lutze-Wallace, C.L., Cormier, M.L., and Garcia, M.M. (1997). DNA fingerprinting
of Campylobacter fetus using cloned constructs of ribosomal RNA and surface array protein
genes. Vet Microbiol., 54, 185-193. doi:10.1016/S0378-1135(96)01273-4.

Dikalov, S., Griendling, K.K., and Harrison, D.G. (2007). Measurement of reactive oxygen
species in cardiovascular studies. Hypertension, 49 (4), 717-727.

204



Dingle, K.E., Colles, F.M., Wareing, D.R., Ure, R., Fox, A.J., Bolton, F.E., Maiden, M.C. (2001).
Multilocus sequence typing system for Campylobacter jejuni. J Clin Microbiol, 39 (1),
14-23.

Dingle, K.E., Colles, F.M., Falush, D., and Maiden, M.C. (2005). Sequence typing and
comparison of population biology of Campylobacter coli and Campylobacter jejuni.
J Clin Microbiol, 43 (1), 340347.

Domingues, A.R., Pires, S.M., Halasa, T., and Hald, T. (2012). Source attribution of human
campylobacteriosis using a meta -analysis of case-control studies of sporadic
infections. Epidemiol. Infect. 140, 970-981.

Dong, K., Pan, H., Yang, D., Rao, L., Zhao, L., Wang, Y., and Liao, X. (2020). Induction,
detection, formation, and resuscitation of viable but non-culturable state
microorganisms. Compr Rev Food Sci Food Saf., 19 (1),149-183.

Doyle, M.P. and Roman, D.J. (1981). Growth and survival of Campylobacter fetus subsp.
Jjejuni as a function of temperature and pH. J. Food Prot., 44, 596-601.

Dubnau, D. (1999). DNA uptake in bacteria. Annu. Rev. Microbiol., 53, 217-244.

Dwivedi, R., Nothaft, H., Garber, J., Xin Kin, L., Stahl, M., Flint, A., van Vliet AH, Stintzi A,
Szymanski CM. (2016a). L-fucose influences chemotaxis and biofilm formation in
Campylobacter jejuni. Mol Microbiol, 101(4), 575-589.

EFSA. (2011). Scientific opinion on Campylobacter in broiler meat production: control options
and performance objectives and/or targets at different stages of the food chain. EFSA
J.,9,2105.

EFSA. (2016). European Centre for Disease Prevention and Control. The European Union
summary report on trends and sources of zoonoses, zoonotic agents and food-borne
outbreaks in 2016.

Elvers, K.T. and Park, S.F. (2002). Quorum sensing in Campylobacter jejuni: detection of a luxS
encoded signalling molecule. Microbiology, 148 (5), 1475-148]1.

Eisen, J. A., and P. C. Hanawalt (1999). A phylogenomic study of DNA repair genes, proteins,
and processes. Mutat. Res.435:171-213.

Epps, S.V., Harvey, R.B., Hume, M.E., Phillips, T.D., Anderson, R.C., and Nisbet, D.J.,
(2013).Foodborne Campylobacter: infections, metabolism, pathogenesis and
reservoirs. Int. J. Environ. Res. Public Health, 10 (12), 6292-6304.

Ernst, J.F., Bennett, R.L., and Rothfield, L. I. (1978). Constitutive expression of the iron-
enterochelin and ferrichrome uptake systems in a mutant strain of Salmonella
typhimurium. J Bacteriol, 135, 928-934.

205



ESR. ISSN. (2016). The Institute of Environme ntal Science and Research Ltd.: notifiable
diseases New Zealand: annual report 2015. Porirua, New Zealand, pp. 1179-3058.

Everest, P.H., Goossens, H., Butzler, J.P., Lloyd, D., Knutton, S., Ketley, J.M., and Williams,
P.H. (1992). Differentiated Caco-2 cells as a model for enteric invasion by
Campylobacter jejuni and C. coli. J. Med. Microbiol., 37, 319-325.

Eyigor, A., Dawson, K. A., Langlois, B. E., and Pickett, C. L. (1999). Detection of cytolethal
distending toxin activity and cdt genes in Campylobacter spp. isolated from chicken carcasses.
Applied and Environmental Microbiology, 65 (4), 1501-1505.

Fauchere, J.L., Rosenau, A., Veron, M., Moyen, E.N., Richard, S., and Pfister, A. (1986).
Association with HeLa cells of Campylobacter jejuni and Campylobacter coli isolated from
human faeces. Infect Immun, 54 (2), 283-287.

Fayos, A., Owen, R.J. Hernandez, J., Jones, C. and Lastovica, A. (1993). Molecular  subtyping by
genome and plasmid analysis of Campylobacter jejuni serogroups O1 and O2 (Penner) from
sporadic and outbreak cases of human diarrhoea. Epidemiol. Infect., 111, 415-427.

Ferrero, R. L. and Lee, A. (1988). Motility of Campylobacter jejuni in a viscous environment:
comparison with conventional rod-shaped bacteria. Microbiology, 134 (1), 53-59.

Flamholz, A., Noor, E., Bar-Even, A., Liebermeister, W., and Milo, R. (2013). Glycolytic strategy
as a trade-off between energy yield and protein cost. Proc Natl Acad Sci USA, 110 (24), 10039-
10044.

Flanagan, R.C., Neal-McKinney, J.M., Dhillon, A.S., Miller, W.G., and Konkel, M.E. (2009).
Examination of Campylobacter jejuni putative adhesins leads to the identification of a new
protein, designated FlpA, required for chicken colonization. Infect Immun, 77 (6), 2399-2407.

Flint, A., Sun, Y. Q., & Stintzi, A. (2012). Cj1386 is an ankyrin-containing protein involved in
heme trafficking to catalase in Campylobacter jejuni. Journal of bacteriology, 194(2), 334—
345.

Flint, A., Sun, Y. Q., Butcher, J., Stahl, M., Huang, H., and Stintzi, A. (2014). Phenotypic screening
of a targeted mutant library reveals Campylobacter jejuni defenses against oxidative stress.
Infection and Immunity, 82 (6), 2266-2275.

Flint, A., Stintzi, A., & Saraiva, L. M. (2016). Oxidative and nitrosative stress defences of
Helicobacter and Campylobacter species that counteract mammalian immunity. FEMS
microbiology reviews, 40(6), 938-960.

Florent, A. (1959). Les deux Vibrioses ge nitales de la be” te bovine: la vibriose ve ne rienne, due a'
V. foetus venerialis, et la Vibriose d’origine intestinale due a* V. feetus intestinalis. Proc 16th
Int Vet Congr, 2, 489-493.

206



French, N.P., Midwinter, A., Holland, B., Collins-Emerson, J., Pattison, R., Colles, F., and Carter,
P. (2009). Molecular epidemiology of Campylobacter jejuni isolates from wildbird fecal
material in children's playgrounds. Appl Environ Microbiol, 75 (3), 779-783.

Freundlieb S, Boos W.( 1986) Alpha-amylase of Escherichia coli, mapping and cloning of the
structural gene, malS, and identification of its product as a periplasmic protein. J Biol Chem.
1986 Feb 25;261(6):2946-53. PMID: 3005273.

Freundlieb S, Ehmann U, Boos W.( 1988). Facilitated diffusion of p-nitrophenyl-alpha-D-
maltohexaoside through the outer membrane of Escherichia coli. Characterization of LamB
as a specific and saturable channel for maltooligosaccharides. J Biol Chem 5;263(1):314-20.

Friedberg, E. C.(2008). A brief history of the DNA repair field. Cell Res.18:3-7.

Friis, L.M., Pin, C., Taylor, D.E., Pearson, B.M., and Wells, J.M. (2007). A role for the tet(O) plasmid
in maintaining Campylobacter plasticity. Plasmid. 57 (1), 18-28.

Frirdich, E., Biboy, J., Pryjma, M., Lee, J., Huynh, S., Parker, C.T., Girardin, S.E., Vollmer, W., and
Gaynor, E.C. (2019). The Campylobacter jejuni helical to coccoid transition involves changes
to peptidoglycan and the ability to elicit an immune response. Molecular Microbiology, 112
(1), 280-
301.

Frost, J.A., Gillespie, I.A., and O’Brien, S.J. (2002). Public health implications of Campylobacter
outbreaks in England and Wales, 1995-1999: epidemiological and microbiological
investigations. Epidemiol. Infect., 128 (2), 111-118.

Garber, J. M., Nothaft, H., Pluvinage, B., Stahl, M., Bian, X., Porfirio, S., Enriquez, A., Butcher,
J., Huang, H., Glushka, J., Line, E., Gerlt, J. A., Azadi, P., Stintzi, A., Boraston, A. B.,
and Szymanski, C. M. (2020). The gastrointestinal pathogen Campylobacter jejuni
metabolizes sugars with potential help from commensal Bacteroides vulgatus.
Communications Biology, 3 (1), 2.

Garcia-Sanchez, L., Melero, B., and Rovira, J. ( 2018). Campylobacter in the food chain. Adv.
Food Nutr. Res., 86, 215-252.

Garénaux, A., Guillou, S., Ermel, G., Wren, B., Federighi, M., and Ritz, M. (2008). Role of the
Cj1371 periplasmic protein and the Cj0355¢c two-component regulator in the
Campylobacter jejuni NCTC 11168 response to oxidative stress caused by paraquat.
Research in Microbiology, 159 (9-10),

718-726.

Gargi, A., Reno, M., and Blanke, S. R. (2012). Bacterial toxin modulation of the eukaryotic cell

cycle: are all cytolethal distending toxins created equally? Frontiers in Cellular and
Infection Microbiology, 2, 124.

207



Gibson, J.R., Fitzgerald, C., and Owen, R.J. (1995). Comparison of PFGE, ribotyping and phage-
typing in the epidemiological analysis of Campylobacter jejuni serotype HS2 infections.
Epidemiol Infect., 115, 215-225.

Gilbert, M., Godschalk, P.C.R., Karwaski, M.F., Ang, C.W., van Belkum, A., Li, J.J,,
Wakarchuk, W.W., and Endtz, H.P. (2004). Evidence for acquisition of the
lipooligosaccharide biosynthesis locus in Campylobacter jejuni GBI, a strain isolated

from a patient with Guillain Barre syndrome, by horizontal exchange. Infect. Immun,
72(2),1162-1165.

Gilbreath JJ, Cody WL, Merrell DS, Hendrixson DR. (2011). Change is good: variations
in common biological mechanisms in the epsilonproteobacterial genera
Campylobacter and Helicobacter. Microbiol. Mol. Biol. Rev. 75:84-132.
10.1128/MMBR.00035-10.

Goni, M.D., Muhammad, J., Goje, M., Abatcha, M.G., Bitrus, A.A., and Abbas, M.A.
(2017).  Campylobacter in dogs and cats; its detection and public health significance: a
review. Adv. Anim. Vet. Sci., 5 (6), 239-248.

Goodwin, C.S., Armstrong J.A., Chilvers, T., Peters, M., Collins, M.D., Sly, L., McConnel,
W., and Harper, W.E.S. (1989a). Transfer of Campylobacter pylori and
Campylobacter mustelae to Helicobacter gen. nov. as Helicobacter pylori comb.

nov. and Helicobacter mustelae comb. nov., respectively. Int. J. Syst. Bacteriol,
39, 397-405.

Goodwin, C.S., McConnell, W., McCulloch, R.K., McCullough, C., Hill, R., Bronsdon,
M.A., and Kasper, G. (1989b). Cellular fatty acid composition of Campylobacter
pylori from primates and ferrets compared with those of other campylobacters. J Clin
Microbiol., 27 (5), 938-943.

Grant, A.J., Maskell, D.J., and Holmes, M.A. (2018). Phylogenetic analyses and
antimicrobial resistance profiles of Campylobacter spp. from diarrhoea patients
and chickens in Botswana.

Grant, K.A., Belandia, I.U., Dekker, N., Richardson, P.T., and Park, S.F. (1997). Molecular
characterization of pldA, the structural gene for a phospholipase A form
Campylobacter coli, and its contribution to cell-associated hemolysis. Infection and
Immunity, 65 (4), 1172-1180.

Grant, K.A. and Park, S.F. (1995). Molecular characterization of katA from Campylobacter
jejuni and generation of a catalase-deficient mutant of Campylobacter coli by
interspecific allelic exchange. Microbiology, 141 (6), 1369-1376.

Griekspoor, P., Colles, F.M, McCarthy, N.D., Hansbro, P.M., Ashhurst-Smith, C., Olsen,
B., Hasselquist, D., Maiden, M.C., and Waldenstrom, J. (2013). Marked host

specificity and lack of phylogeographic population structure of Campylobacter jejuni
in wild birds. J Mol Ecol., 22 (5), 1463-1472.

208



Griffiths, A.J.F., Wessler, S.R., Carroll, S.B., and Doebley, J. (2015). An introduction to
genetic analysis. 11th ed. Freeman, W.H. Freeman & Co. Ltd, W.H. & Company, pp.
400-412.

Grzybowska-Chlebowczyk, U., Kalita, B., Flak-Wancerz, A., Jasielska, M., Wigcek, S.,
Wojcieszyn, M., Horowska-Ziaja, S., Chlebowczyk, W., and Wo$, H. (2013).
Clinical course of Campylobacter infections in children. Pediatr. Pol., 88 (4), 329-
334.

Guccione E, Leon-Kempis Mdel R, Pearson BM, Hitchin E, Mulholland F, van Diemen
PM, Stevens MP, Kelly DJ.(2008). Amino acid-dependent growth of Campylobacter
jejuni: key roles for aspartase (AspA) under microaerobic and oxygen-limited
conditions and identification of AspB (Cj0762), essential for growth on glutamate.
Mol Microbiol., 69(1), 77-93.

Guerry, P. (2007). Campylobacter flagella: not just for motility. Trends Microbiol., 15 (10),
456-461.

Guerry, P., Alm, R.A., Power, M.E., Logan, S.M., and Trust, T.J. (1991). Role of two
flagellin genes in Campylobacter motility. J Bacteriol, 173 (15), 4757-4764.

Guerry, P., Ewing, C.P., Schirm, M., Lorenzo, M., Kelly, J., Pattarini, D.,Majam G, Thibault
P, Logan S. (2006). Changes in flagellin glycosylation affect Campylobacter
autoagglutination and virulence. Mol Microbiol, 60 (2), 299-311.

Guerry P, Poly F, Riddle M, Maue AC, Chen YH, Monteiro MA (2012).Campylobacter
polysaccharide capsules: virulence and vaccines. Front Cell Infect
Microbiol.15;2:7.

Gundogdu, O., Bentley, S.D., Holden, M.T., Parkhill J., Dorrell N., and Wren B.W. (2007).
Re-annotation and re-analysis of the Campylobacter jejuni NCTC11168 genome
sequence. BMC Genomics 8, 162.

Gundogdu, O., da Silva, D. T., Mohammad, B., Elmi, A., Wren, B. W., van Vliet, A. H., &
Dorrell, N. (2016). The Campylobacter jejuni Oxidative Stress Regulator RrpB Is
Associated with a Genomic Hypervariable Region and Altered Oxidative Stress
Resistance.

Gundogdu, O., Mills, D. C., Elmi, A., Martin, M. J., Wren, B. W., and Dorrell, N. (2011).
The Campylobacter jejuni transcriptional regulator Cj1556 plays a role in the
oxidative and aerobic stress response and is important for bacterial survival in vivo.
Journal of Bacteriology, 193 (16), 4238-4249.

Gundogdu, O., Wren, B. W., and Dorrell, N. (2015). Genetic mechanisms involved in
Campylobacter jejuni survival under oxidative stress conditions. Campylobacter
ecology and Evolution, 125.

Hald, B., Skov, M.N., Nielsen, E.M., Rahbek, C., Madsen, J.J., Waine, M., Chriél, M.,
Nordentoft, S., Baggesen, D.L, and Madsen, M. (2016). Campylobacter jejuni and

Campylobacter coli in wild birds on Danish livestock farms. Acta Vet Scand., 3, 58,
11.

209



Hansson, I., Sandberg, M., Habib, 1., Lowman, R., and Olsson, E.E. (2018). Knowledge gaps
in control of Campylobacter for prevention of campylobacteriosis. Transbound. Emerg.
Dis., 65, 30-48.

Harrington, C.S., Thomson-Carter, F.M., and Carter, P.E. (1997). Evidence for
recombination in the flagellin locus of Campylobacter jejuni: implications for the
tlagellin gene typing scheme. J. Clin. Microbiol., 35 (9), 2386-2392.

Hartley-Tassell, L.E., Day, C.J., Semchenko, E.A., Tram, G., Calderon-Gomez, L.I., Klipic,
Z.,Barry, A.M., Lam, A K., McGuckin, M.A., and Korolik, V. (2018). A peculiar case
of Campylobacter jejuni attenuated aspartate chemosensory mutant, able to cause
pathology and inflammation in avian and murine model animals. Sci. Rep. 8 (1),

12594.

Hazeleger, W.C., Wouters, J.A., Rombouts, F.M., and Abee, T. (1998). Physiological activity
of Campylobacter jejuni far below the minimal growth temperature. Appl Environ
Microbiol., 64 (10), 3917-3922.

He, Z., Gharaibeh, R.Z., Newsome, R.C., Pope, J.L., Dougherty, M.W., Tomkovich, S., ...
Jobin, C. (2019). Campylobacter jejuni promotes colorectal tumorigenesis through the
action of cytolethal distending toxin. Gut, 68 (2), 289-300.

Heather, J. M. and Chain, B. (2016). The sequence of sequencers: The history of sequencing
DNA. Genomics, 107 (1), 1-8.

Heredia, N. and Garcia, S. (2018). Animals as sources of food-borne pathogens: A review.
Animal nutrition (Zhongguo xu mu shou yi xue hui), 4 (3), 250-255.

Hendrixson, D. R., and DiRita, V. J. (2004). Identification of Campylobacter jejuni genes
involved in commensal colonization of the chick gastrointestinal tract. Mol. Microbiol.
52,471-484.

Hermans, D., Pasmans, F., Messens, W., Martel, A., Van Immerseel, F., Rasschaert, G.,
.Haesebrouck, F. (2012). Poultry as a host for the zoonotic pathogen Campylobacter
Jjejuni. Vector Borne Zoonotic Dis, 12 (2), 89-98..

Hermans, D., Van Deun, K., Martel, A., Van Immerseel, F., Messens, W., Heyndrickx, M.,
& Pasmans, F. (2011). Colonization factors of Campylobacter jejuni in the chicken
gut. Veterinary Research, 42(1), 82.

Hermans D, Pasmans F, Heyndrickx M, Van Immerseel F, Martel A, Van Deun K,
Haesebrouck F.( 2012a )Atolerogenic mucosal immune response leads to persistent
Campylobacter jejuni colonization in the chicken gut. Crit Rev Microbiol. 2012
Feb;38(1):17-29.

Herrera-Estrella, L., Olmedo, G., Alcaraz, L.D., Moreno-Hagelsieb, G., Eguiarte, L.E., and
Souza V. (2010). Understanding the evolutionary relationships and major traits of

Bacillus through comparative genomics. BMC Genomics, 11, 332.

210



Hilbert, F., Scherwitzel, M., Paulsen, P., and Szostak, M.P. (2010). Survival of
Campylobacter jejuni under conditions of atmospheric oxygen tension with the

support of Pseudomonas spp. Applied and Environmental Microbiology, 76 (17),
5911-5917.

Hodge, J.P. and Krieg, N.R. (1994). Oxygen tolerance estimates in Campylobacter species
depend on the

testing medium. J Appl Bacteriol, 77, 666-673.

Hoffman PS, George HA, Krieg NR, Smibert RM. (1979). Studies of the microaerophilic
nature of Campylobacter fetus subsp. jejuni. I1. Role of exogenous superoxide anions
and hydrogen peroxide. Can J Microbiol. 25(1):8-16.

Hofreuter, D. (2014). Defining the metabolic requirements for the growth and colonization
capacity of Campylobacter jejuni. Front Cell Infect Microbiol, 4, 137.

Hofreuter, D., Mohr, J., Wensel, O., Rademacher, S., Schreiber, K., Schomburg, D., Galan,
J.E. (2012). Contribution of amino acid catabolism to the tissue specific persistence of
Campylobacter jejuni in a murine colonization model.

Hofreuter, D., Novik, V., and Galan, J.E. (2008). Metabolic diversity in Campylobacter
Jjejuni enhances
specific tissue colonization. Cell Host and Microbe, 4 (5), 425-433.

Hofreuter, D., S. Odenbreit, and R. Haas. (2001). Natural transformation competence in
Helicobacter pylori is mediated by the basic components of a type [V secretion system.
Mol. Microbiol. 41:379-391.

Hofreuter, D., Tsai, J., Watson, R.O., Novik, V., Altman, B., Benitez, M., and Galan, J. E.
(2006). Unique features of a highly pathogenic Campylobacter jejuni strain. Infection
and Immunity, 74 (8), 4694-
4707.

Holmes, K., Mulholland, F., Pearson, B. M., Pin, C., McNicholl-Kennedy, J., Ketley, J.
M., and Wells, J. M. (2005). Campylobacter jejuni gene expression in response to
iron limitation and the role of Fur. Microbiology, 151, 243-257.

Hong, S., Cha, L., Kim, N.-O., Seo, J.-B., Kim, S.-Y., Kim, J.-Hyun G., Chung, T. Jeon, B.,
and Kang Y.H. (2014). Foodborne Pathogens and Disease, March, 240-247. 84-88.

Hooper, L.V. and Gordon, J.I. (2001). Glycans as legislators of host ~ -microbial
interactions: Spanning the spectrum from symbiosis to pathogenicity. Glycobiology,
11 (2), IR-10R.

Hooper, L.V., Xu, J., Falk, P.G., Midtvedt, T., and Gordon, J.I. (1999). A molecular sensor
that allows a gut commensal to control its nutrient foundation in a competitive ecosystem.

211



Hu, L. and Kopecko, D.J. (2008). Cell biology of human host cell entry by
Campylobacter jejuni. In 1. Nachamkin, C.M. Szymanski, and M.J. Blaser eds.
Campylobacter. Washington, DC: ASM Press, pp. 297-313.

Hudock JF, Borger AC, Kaspar CW(2005).Temperature-dependent genome degradation in
the coccoid form of Campylobacter jejuni. Curr Microbiol. 2005 Feb;50(2):110-113.

Huergo, L.F., Rahman, H., Ibrahimovic, A., Day, C.J.,, and Korolik, V. (2013).
Campylobacter jejuni Dps protein binds DNA in the presence of iron or hydrogen
peroxide. J Bacteriol.;195(9):1970-8.

Humphrey, S., Chaloner, G., Kemmett, K., Davidson, N., Williams, N., Kipar, A.,
Humphrey, T., and Wigley, P. (2014). Campylobacter jejuni is not merely a
commensal in commercial broiler chickens and affects bird welfare. MBio., 5 (4),
e01364-14.

Huq, M., Gonis, G. and Istivan T. (2014). Development and evaluation of a multiplex
PCR for the detection of Campylobacter concisus and other Campylobacter spp.
from gastroenteritis cases. Open J. Med. Microbiol. 4, 29-37.

Hwang, S., Kim, M., Ryu, S., and Jeon, B. (2011). Regulation of oxidative stress response
by CosR, an

essential response regulator in Campylobacter jejuni. PloS One, 6 (7), €22300.

Ikeda, N. and Karlyshev, A.V. (2012). Putative mechanisms and biological role of coccoid

form formation in Campylobacter jejuni. European Journal of Microbiology &
Immunology, 2 (1), 41-49.

Imlay, J.A. (2003). Pathways of oxidative damage. An nu Rev Microbiol, 57, 395-418.

Imlay, J.A. (2008). Cellular defenses against superoxide and hydrogen peroxide. Annu. Rev.
Biochem.,. 77, 755-776.

Jagadeesan, B., Gerner-Smidt, P., Allard, M.W., Leuillet, S., Winkler, A., Xiao, Y.H. et
al. (2019). The use of next generation sequencing for improving food safety:
translation into practice. Food Microbiol., 79, 96-115.

Jia Liu 1, Lawrence Litt 1,*, Mark R. Segal 2, Mark J. S. Kelly 3, Jeffrey G. Pelton
and  Myungwon Kim (2011). Metabolomics of Oxidative Stress in Recent Studies
of Endogenous and Exogenously Administered Intermediate Metabolites .

Jin, S., Joe, A., Lynett, J., Hani, E. K., Sherman, P., and Chan, V. L. (2001). JIpA, a novel
surface-exposed lipoprotein specific to Campylobacter jejuni, mediates adherence

to host epithelial cells. Molecular Microbiology, 39, 1225-1236.

Johansson, C., Nilsson, A., Kaden, R., and Rautelin, H. (2018). Campylobacter coli clade 3
isolates induce rapid cell death in vitro. Appl. Environ. Microbiol, 12, 2993.

212



Johnson, T.J., Shank, J.M., and Johnson, J.G. (2017). Current and potential treatments for
reducing Campylobacter colonization in animal hosts and disease in humans. Front
Microbiol, 8, 487.

Jolley, K.A. and Maiden, M.C. (2010). BIGSdb: Scalable analysis of bacterial genome
variation at the

population level. BMC Bioinformatics, 11, 595.

Jolley, K.A., Bliss, C.M., Bennett, J.S., Bratcher, H.B., Brehony, C., Colles, F.M.,
Wimalarathna, H., Harrison, O.B., Sheppard, S.K., Cody, A.J., and Maiden, M.C.J.
(2012). Ribosomal multilocus sequence typing: universal characterization of
bacteria from domain to strain. Microbiology, 158, 1005-1015.

Jorgensen, F., Ellis-Iversen, J., Rushton, S., Bull, S. A., Harris, S. A., Bryan, S. J.,
Gonzalez, A., and Humphrey, T. J. (2011). Influence of season and geography on
Campylobacter jejuni and C. coli subtypes in housed broiler flocks reared in Great
Britain. Applied and Environmental Microbiology,

77 (11), 3741-3748.

Juven BJ, Rosenthal 1. (1985). Effect of free-radical and oxygen scavengers on
photochemically generated oxygen toxicity and on the aerotolerance of Campylobacter
jejuni. J Appl Bacteriol.;59(5):413-9.

Kaakoush, N., Castafio-Rodriguez, N., Mitchell, H.M., and Man, S. M. (2015). Global
epidemiology of Campylobacter infection. Clinical Microbiology Reviews, 28 (3),
687-720.

Kaakoush, O., Miller, W.G., De Reuse, H., and Mendz, G.L. (2007). Oxygen requirement

and tolerance
of Campylobacter jejuni. Research in Microbiology.

Kai Dong, Hanxu Pan, Dong Yang, Lei Rao, Liang Zhao, Yongtao Wang, Xiaojun Liao
(2019). Induction, detection, formation, and resuscitation of viable but non-
culturable state microorganisms. Comprehensive reviews in food science and food
safety.

Kale, A., Phansopa, C., Suwannachart, C., Craven, C. J., Rafferty, J. B., and Kelly, D. J.
(2011). The virulence factor PEB4 (Cj0596) and the periplasmic protein Cj1289
are two structurally related SurA-like chaperones in the human pathogen
Campylobacter jejuni. Journal of Biological Chemistry, 286 (24), 21254-21265.

Kamei, K., Kawabata, H., Asakura, M., Samosornsuk, W., Hinenoya, A., Nakagawa, S. et
al. . (2016). A cytolethal distending toxin gene-based multiplex PCR assay for
Campylobacter jejuni, C. fetus, C. coli, C. upsaliensis, C. hyointestinalis, and C. lari.
Jpn. J. Infect. Dis. 69, 256-258.

Kapperud G, Skjerve E, Vik L, Hauge K, Lysaker A, Aalmen I, etal,(1993).
Epidemiological investigation of risk factors for Campylobacter colonization in
Norwegian flocks. Epidemiol Infect 111:245-255.

213



Karkhoff-Schweizer, R.R, Schryvers, A.B., and Schweizer, H.P. (1994). Cloning and
sequence analysis of the fur gene encoding an iron-regulatory protein of Neisseria
meningitidis. Gene. 1994 Apr;141(1):139-140.

Karlyshev, A.V., Champion, O.L., Churcher, C., Brisson, J.R., Jarrell, H.C., Gilbert, M., .
Szymanski, C.M. (2005). Analysis of Campylobacter jejuni capsular loci reveals
multiple mechanisms for the generation of structural diversity and the ability to form
complex heptoses. Mol Microbiol, 55(1), 90-

103.

Karlyshev, A.V., Linton, D., Gregson, N.A., Lastovica, A.J., and Wren, B.W. (2000).
Genetic and biochemical evidence of a Campylobacter jejuni capsular
polysaccharide that accounts for Penner serotype specificity. Mol Microbiol, 35 (3),
529-541.

Karlyshev, A.V., Linton, D., Gregson, N.A., and Wren, B.W. (2002). A novel paralogous
gene family involved in phase-variable flagella-mediated motility in Campylobacter
Jjejuni. Microbiology, 148 (Pt 2), 473-480.

Karlyshev AV, Wren BW.(2005). Development and application of an insertional system for
gene

delivery and expression in Campylobacter jejuni. Appl Environ Microbiol.
Jul;71(7):4004-13.

Karmali, M.A., Penner, J.L., Fleming, P.C., Williams, A., and Hennessy, J.N. (1983). The
serotype and biotype distribution of clinical isolates of Campylobacter jejuni and
Campylobacter coli over a threeyear period. J Infect Dis, 147. 243-246.

Kasrazadeh M, Genigeorgis C. (1987).Origin and Prevalence of Campylobacter jejuni in
Ducks and Duck Meat at the Farm and Processing Plant Level. J Food Prot. 1987
Apr;50(4):321-326.

Kelly, D.J. (2001). The physiology and metabolism of Campylobacter jejuni and
Helicobacter pylori. Symp Ser Soc Appl Microbiol, 30, 16S-24S.

Kelly, D.J. (2001). The physiology and metabolism of Campylobacter jejuni and
Helicobacter pylori. Symp Ser Soc Appl Microbiol(30), 16s-24s.

Kelly, D.J. (2008). Complexity and versatility in the physiology and metabolism of
Campylobacter Jejuni. In N.I., S.C.M., and B.M.J. eds. Campylobacter. Washington.
USA: ASM Press, pp. 44—46.

Ketley, J.M. (1997). Pathogenesis of enteric infection by Campylobacter. Microbiology
(Reading), 143 (Pt 1), 5-21.

214



Keo T, Collins J, Kunwar P, Blaser MJ, lovine NM. (2011). Campylobacter capsule and
lipooligosaccharide confer resistance to serum and cationic antimicrobials. Virulence
2:30-40.

Kim, J.C., Oh, E., Kim, J., and Jeon, B. (2015). Regulation of oxidative stress resistance in
Campylobacter jejuni, a microaerophilic foodborne pathogen. Front Microbiol, 6, 751.

Kim, M., Hwang, S., Ryu, S., and Jeon, B. (2011). Regulation of perR expression by iron and
PerR in Campylobacter jejuni .J Bacteriol. 2011 Nov;193(22):6171-8.

Kim, J.S., Artymovich, K.A., Hall, D.F., Smith, E.J., Fulton, R., Bell, J., Dybas, L.,
Mansfield,
L.S., Tempelman, R., Wilson, D.L., and Linz, J.E. (2012). Passage of Campylobacter
Jjejuni through the chicken reservoir or mice promotes phase variation in contingency
genes Cj0045 and Cj0170 that strongly associates with colonization and disease in a
mouse model. Microbiology (Reading), 158
(Pt 5), 1304-1316.

King, E.O. (1957). Human infections with vibrio fetus and a closely related vibrio. J Infect
Dis, 101, 119-
128.

Kirk, M.D., Pires, S.M., Black, R.E., Caipo, M., Crump, J.A. et al. (2015). Correction:
World Health Organization estimates of the global and regional disease burden of 22

foodborne bacterial, protozoal, and viral diseases, 2010: a data synthesis. PLOS
Medicine, 12 (12), €1001940.

Kist, M. (1986). Who discovered Campylobacter jejuni/coli? A review of hitherto
disregarded literature. Zentralbl Bakteriol Mikrobiol Hyg A, 261(2), 177-186.

Kokotovic, B. and On, S.L.W. (1999). High-resolution genomic fingerprinting of
Campylobacter jejuni and Campylobacter coli by analysis of amplified fragment
length polymorphisms. FEMS Microbiol. Lett., 173, 77-84.

Konkel, M.E., Garvis, S.G., Tipton, S.L., Anderson, D.E., Jr., and Cieplak W., Jr. (1997).
Identification and molecular cloning of a gene encoding a fibronectin-binding protein
(CadF) from Campylobacter jejuni. Mol. Microbiol, 24, 953-963.

Konkel, M.E., Kim, B.J., Rivera-Amill, V., and Garvis, S.G. (1999). Bacterial secreted
proteins are required for the internalization of Campylobacter jejuni into cultured
mammalian cells. Mol Microbiol, 32 (4),

691-701.

Konkel, M.E., Klena, J.D., Rivera-Amill, V., Monteville, M.R., Biswas, D., Raphael, B., and
Mickelson,

215



J. (2004). Secretion of virulence proteins from Campylobacter jejuni is
dependent on a functional flagellar export apparatus. J Bacteriol, 186
(11), 3296-3303.

Konkel, M.E., Mead, D.J., Hayes, S.F., and Cieplak, W. Jr. (1992). Translocation of
Campylobacter jejuni
across human polarized epithelial cell monolayer cultures. J Infect Dis., 166 (2), 308—
315.

Kuhn, K. G., Nielsen, E. M., Mglbak, K. & Ethelberg, S. (2018). Determinants of sporadic
Campylobacter infections in Denmark: A nationwide case—control study among
children and young adults. Clin. Epidemiol. 10, 1695-1707.

Kwan, P.S., Barrigas, M., Bolton, F.J., French, N.P., Gowland, P., Kemp, R., . . . Fox, A.J.
(2008). Molecular epidemiology of Campylobacter jejuni populations in dairy cattle,
wildlife, and the environment in a farmland area. Appl Environ Microbiol, 74 (16),
5130-5138.

Lara-Tejero, M. and Galén, J.E. (2001). CdtA, CdtB, and CdtC form a tripartite complex that
is required for cytolethal distending toxin activity. Infection and Immunity, 69 (7),
4358—4365.

Lauwers S, DeBoeckM, Butzler JP.( 1978). Campylobacter enteritisin Brussels.

Lastovica, A. and Skirrow, M.B. (2000). Clinical significance of Campylobacter and
related species other than Campylobacter jejuni and C. coli. In I. Nachamkin and
M.J. Blaser, eds. Campylobacter. Washington, DC: ASM Press, pp. 89-120.

Lastovica AJ(1996). Campylobacter/Helicobacterbacteremia in Cape Town, South Africa
1977-1995. Campylobacters, Helicobacters, and Related Organisms. Edited by: Newell DG,
Ketley JM and Feldman RA. 1996, New York, NY, Plenum Press, 475-479.

Lastovica A.J. ,Newell D.G. , E.E. Lastovica, E.E. (1998).Campylobacter, Helicobacter and
related organisms, The Rustica Press, Pinelands, South Africa pp. 30-33.

Le Breton Y, Pichereau V, Sauvageot N, Auffray Y, Rincé A (2005). Maltose utilization in
Enterococcus
faecalis. J Appl Microbiol. 98(4):806-13.

Leach, S., Harvey, P., and Wali, R. (1997). Changes with growth rate in the membrane lipid
composition of and amino acid utilization by continuous cultures of Campylobacter
Jjejuni. J Appl Microbiol, 82
(5), 631-640.

216



Lee, R. B., Hassane, D. C., Cottle, D. L., and Pickett, C. L. (2003). Interactions of
Campylobacter jejuni cytolethal distending toxin subunits CdtA and CdtC with HeLa
cells. Infection and Immunity, 71 (9), 4883—4890.

Lee H, Ma R, Grimm MC, et al.(2014). Examination of the Anaerobic Growth of
Campylobacter concisus Strains. Int J Microbiol. 2014;2014:476047.

Lehri, B. , Kukreja, K. , Vieira, A. , Zaremba, M. , Bonney, K. , & Karlyshev, A. V. (2015).

Specific genetic features of Campylobacter jejuni strain G1 revealed by genome
sequencing. FEMS Microbiology Letters, 362(4), 1-3.

Leon-Kempis, M.D.R., Guccione, E., Mulholland, F., Williamson, M.P., and Kelly, D.J.
(2006) The Campylobacter jejuni PEBla adhesin is an aspartate/glutamate-binding

protein of an ABC transporter essential for microaerobic growth on dicarboxylic
amino acids. Mol Microbiol 60: 1262—
1275.

Levican, A., Ramos-Tapia, ., Bricefio, 1. ef al. (2019). Genomic analysis of Chilean strains

of Campylobacter jejuni from human faeces. BioMed Research International, Biomed
Res Int:1902732.

Linden, S.K., Sutton, P., Karlsson, N.G., Korolik, V., and McGuckin, M.A. (2008a). Mucins
in the mucosal barrier to infection. Nat Mucosal Immunol, 1, 183-197.

Linton, D., A. V. Karlyshev, and B. W. Wren. (2001). Deciphering Campylobacter

jejuni cell surface interactions from the genome sequence. Curr. Opin. Microbiol.
4:35  -40.

Lior, H., Woodward, D.L., Edgar, J.A., LaRoche, L.J., and Gill, P. (1982). Serotyping of

Campylobacter jejuni by slide agglutination based on heat-labile antigenic factors. J
Clin Microbiol., 15, 761-768.

Little, C., Gormley, F., Rawal, N., and Richardson, J. (2010). A recipe for disaster:
Outbreaks of campylobacteriosis associated with poultry liver paté in England and
Wales. EpidemiologyandInfection, 138(12),1691-1694.

Litwin, C. M. and Calderwood, S. B. (1993). Role of iron in regulation of virulence
g enes. Clinical Microbiology Reviews, 6(2), 137-149.

Liu, K.C.,, Jinneman, K.C., Neal-McKinney, J., Wu, W.H., and Rice, D.H. (2017).
Simultaneous identification of Campylobacter jejuni, Campylobacter coli, and

Campylobacter lari with smart cycler-based multiplex quantitative polymerase chain
reaction. Foodb. Pathog. Dis. 14, 371-378.

Loman, N. and Pallen, M. (2015). Twenty years of bacterial genome sequencing. Nat Rev
Microbiol, 13,

217



787-794.

Looft, T., Cai, G., Choudhury, B., Lai, L. X., Lippolis, J. D., Reinhardt, T.A., Sylte, M.J.,
and Casey, T.A. (2019). Avian intestinal mucus modulates Campylobacter jejuni
gene expression in a host-specific manner. Frontiers in Microbiology, 9, 3215.

Maiden, M.C., Bygraves, J.A., Feil, E., Morelli, G., Russell, J.E., Urwin, R., Zhang, Q.,
Zhou, J., Zurth, K., Caugant, D.A., Feavers, .M., Achtman, M., and Spratt, B.G.
(1998). Multilocus sequence typing: a portable approach to the identification of
clones within populations of pathogenic microorganisms. Proc Natl Acad Sci USA,
95 (6), 3140-3145.

Maiden, M.C., Jansen van Rensburg, M.J., Bray, J.E., Earle, S.G., Ford, S.A., Jolley, K.A.,
and McCarthy, N.D. (2013). MLST revisited: the gene-by-gene approach to bacterial
genomics. Nature Reviews. Microbiology, 11 (10), 728-736.

Man, S.M. (2011). The clinical importance of emerging Campylobacter species. Nat Rev
Gastroenterol Hepatol, 8, 669-685.

Man, S.M., Kaakoush, N.O., Mitchell, H.M. (2011). The role of bacteria and pattern-
recognition receptors in Crohn's disease. Nat Rev Gastroenterol Hepatol, 8 (3), 152-
168.

Manning, G., B. Duim, T. Wassenaar, J. A. Wagenaar, A. Ridley, and D. G. Newell. (2001).
Evidence for a genetically stable strain of Campylobacter jejuni. Appl. Environ.
Microbiol. 67:1185-1189.

Maria del Rocio Leon-Kempis, Guccione, E., Mulholland, F., Williamson, M.P., and
Kelly, D.J. (2006). The Campylobacter jejuni PEBla adhesin is an

aspartate/glutamate-binding protein of an ABC transporter essential for microaerobic
growth on dicarboxylic amino acids. Mol Microbiol., 260 (5), 1262-1275.

Marinho HS, Cyrne L, Cadenas E, Antunes F.(2013). H202 delivery to cells: steady-state
versus bolus
addition. Methods Enzymol. 526:159-73.

Martin JL, Waksman G, Bardwell JC, Beckwith J, Kuriyan J. (1993).Crystallization of
DsbA, an Escherichia coli protein required for disulphide bond formation in vivo. J
Mol Biol. 1993 Apr 5;230(3):1097-100.

Martiny, D., Dediste, A., Debruyne, L., Vlaes, L., Haddou, N.B., Vandamme, P., and
Vandenberg, O. (2011). Accuracy of the API Campy system, the Vitek 2 Neisseria-
Haemophilus card and matrixassisted laser desorption ionization time-of-flight mass

spectrometry for the identification of Campylobacter and related organisms. Clin
Microbiol Infect, 17 (7), 1001-1006.

218



McCarthy, N.D., Owen, R., Litrup, E., Egholm, M., Affourtit, J.P., Bentley, S.D., Parkhill,
J., Maiden, M.C., Falush, D. (2013). Progressive genome-wide introgression in
agricultural Campylobacter coli. Mol Ecol., 22 (4), 1051-1064.

McKay, D., Fletcher, J., Cooper, P., and Thompson-Carter, F.M. (2001). Comparison of two
methods for serotyping Campylobacter spp. J. Clin. Microbiol., 39, 1917-1921.

Meerburg, B.G., Jacobs-Reitsma, W.F., Wagenaar, J.A., and Kijlstra, A. (2006). Presence
of salmonella and Campylobacter spp. in wild small mammals on organic farms.
Appl Environ Microbiol, 72 (1), 960-962.

Meerburg, B.G. and Kijlstra, A. (2007). Role of rodents in transmission of salmonella and
campylobacter. Journal of the Science of Food and Agriculture, 87 (15), 2774-2781.

Meégraud, F. and Gavinet, A.M. (1989). L'infection a Campylobacter de I'enfant
hospitalisé Ann. Pédiatr., 36, 97-100.

Mendz, G.L., Ball, G.E., and Meek, D.J. (1997). Pyruvate metabolism in Campylobacter spp.
Biochem Biophys Acta, 1334, 291-302.

Mendz, G.L., Hazell, S.L., and Burns, B.P. (1994). The Entner -
Doudoroff pathway in Helicobacter pylori. Arch Biochem Biophys, 312 (2), 349-356.

Meéric, G., Yahara, K., Mageiros, L., Pascoe, B., Maiden, M.C., Jolley, K.A., and Sheppard,
S.K. (2014). A reference pan-genome approach to comparative bacterial genomics:
identification of novel epidemiological markers in pathogenic Campylobacter spp.

Miles, A. A., Misra, S. S., & Irwin, J. O. (1938). The estimation of the bactericidal power of
the blood. The Journal of hygiene, 38(6), 732—749.

Miller, W.G. (2008). Comparative genomics of Campylobacter species other than
Campylobacter jejuni.
73-95.

Miller, W.G., Parker, C.T., Heath, S., and Lastovica, A.J. (2007). Identification of genomic
differences between Campylobacter jejuni subsp. jejuni and C. jejuni subsp. doylei
at the nap locus leads to the development of a C. jejuni subspeciation multiplex PCR
method. BMC Microbiol. 7, 11.

Min, T., Vedadi, M., Watson, D.C., Wasney, G.A., Munger, C., Cygler, M., ... Young,
N.M. (2009). Specificity of Campylobacter jejuni adhesin PEB3 for phosphates and
structural differences among its ligand complexes. Biochemistry, 48 (14), 3057-
3067.

219



Mira, A., Martin-Cuadrado, A.B., D'Auria, G., and Rodriguez-Valera, F. (2010). The
bacterial pan-
genome: a new paradigm in microbiology. Int Microbiol, 13 , 45-57.

Moffatt, C., Glass, K., Stafford, R., D'este, C., and Kirk, M. (2017). Campylobacteriosis
conundrum— examining the incidence of infection with Campylobacter sp. in
Australia, 1998-2013. Epidemiology and Infection, 145 (4), 839-847.

Mohammed, O. (2018). Characterisation of two unusual Phylogenetic Clades of Norway rat
associated Campylobacter jejuni. PhD thesis. University of Reading: UK.

Monteville, M.R., Yoon, J.E., and Konkel, M.E. (2003). Maximal adherence and invasion
of INT 407 cells by Campylobacter jejuni requires the CadF outer-membrane protein
and microfilament reorganization. Microbiology, 149(Pt 1), 153-165.

Moore JE. (2001). Bacterial dormancy in Campylobacter, abstract theory or cause for
concern? Int J Food Science Technol.;36:593—-600.

Moore, J. E., Corcoran, D., Dooley, J. S., Fanning, S., Lucey, B., Matsuda, M., O’Riordan,
L. (2005). Campylobacter. Veterinary Research, 36 (3), 351-382.

Moran, A., Brennan, P., Holst, O., and von Itzstein, M., Eds. (2009). Microbial
glycobiology: structures, relevance and applications. London: Elsevier.

Moran, A. P., Gupta, A., and Joshi, L. (2011). Sweet-talk: role of host glycosylation in
bacterial pathogenesis of the gastrointestinal tract. Gut 60, 1412—1425.

Morey, F. (1996). Five years of Campylobacter bacteremia in central Australia. In D.G.
Newell, J.M. Ketley, and A. FR, eds. Campylobacters, helicobacters, and related
organisms. New York, NY: Plenum Press, pp. 491-494.

Moxon, R., Bayliss, C., and Hood, D. (2006). Bacterial contingency loci: the role of simple
sequence DNA repeats in bacterial adaptation. Annu Rev Genet, 40, 307-333.

Mughini Gras L, Smid JH, Wagenaar JA, Boer AG, Havelaar AH, Friesema IH, French
NP, Busani L, Pelt W. Risk factors for Campylobacteriosis of chicken, ruminant, and
environmental origin: A combined case-control and source attribution analysis.

Muraoka, W.T. and Zhang, Q. (2011). Phenotypic and genotypic evidence for L-fucose
utilization by Campylobacter jejuni. J Bacteriol, 193 (5), 1065-1075.

Naughton, J., Duggan, G., Bourke, B., and Clyne, M. (2014). Interaction of microbes with

mucus and
mucins: recent developments. Gut Microbes., 5 (1), 48-52.

220



Neal-McKinney, J.M. and Konkel, M.E. (2012). The Campylobacter jejuni CiaC virulence
protein is secreted from the flagellum and delivered to the cytosol of host cells. Front.
Cell. Infect. Microbiol.,
2,31.

Neumann, B., Prior, K., Bender, J.K., Harmsen, D., Klare, 1., Fuchs S. et al. (2019). A core
genome multilocus sequence typing scheme for Enterococcus faecalis. J. Clin.
Microbiol., 57, e1686—€1618.

Newell, D.G., McBride, H., Saunders, F., Dehele, Y., and Pearson, A.D. (1985). The
virulence of clinical

and environmental isolates of Campylobacter jejuni. J. Hyg., 94, 45-54.

Newell, D.G., Mughini-Gras L., Kalupahana R.S., Wagenaa J.A. (2017). Campylobacter
epidemiologysources and routes of transmission for human infection. In G. Klein

(Ed.), Campylobacter: Features, Detection, and Prevention of Foodborne Disease
(pp. 85-110).

Newell, D.G. and On, S.L.W. (1988). Speciation and subtyping of Campylobacters,
helicobacters and related organisms: a survey of current applications. In A.J.
Lastovica, D.G. Newell, and E.E. Lastovica, eds. Campylobacter, Helicobacter and
related organisms. Cape Town, South Africa: Institute of Child Health, University of
Cape Town. pp. 213-215.

Nielsen, E.M., Engberg, J., Fussing, V., Petersen, L., Brogren, C.H., and S.L.W. (2000).
On evaluation of phenotypic and genotypic methods for subtyping Campylobacter
Jjejuni isolates from humans, poultry, and cattle. J. Clin. Microbiol., 38, 3800-3810.

Nielsen, H. L., Ejlertsen, T., Engberg, J., and Nielsen, H. (2013). High incidence of
Campylobacter concisus in gastroenteritis in North Jutland, Denmark: a population-
based study. Clinical Microbiology and Infection, 19 (5), 445-450.

Nkogwe, C., Raletobana, J., Stewart-Johnson, A., Suepaul, S., and Adesiyun, A. (2011).
Frequency of detection of Escherichia coli, Salmonella spp., and Campylobacter spp.
in the faeces of wild rats (Rattus spp.) in Trinidad and Tobago. Vet Med Int, 686923.

Nordberg, J., and Amér, E. S. J. (2001). Reactive oxygen species, antioxidants, and the
mammalian thioredoxin system. Free Radic. Biol. Med. 31, 1287-1312.

OCroinin, T. and Backert, S. (2012). Host epithelial cell invasion by Campylobacter jejuni:
trigger or zipper mechanism? Frontiers in Cellular and Infection Microbiology, 2, 25.

Oberhelman, R.A. and Taylor, D.N. (2000). Campylobacter infections in developing
countries. In 1. Nachamkin and M.J. Blaser (eds.), Campylobacter. 2nd edition.
Washington: American Society for Microbiology, pp. 139-153.

221



Oh, E., McMullen, L., and Jeon, B. (2015). Impact of oxidative stress defense on bacterial
survival and morphological change in Campylobacter jejuni under aerobic conditions.
Front Microbiol. Apr
10;6:295.

On, S.L.W. (2001). Taxonomy of Campylobacter, Arcobacter, Helicobacter and related
bacteria: current
status, future prospects and immediate concerns. J. Appl. Micro-biol., 90, 1S-15S.

Owen, R.J., Beck, A, and Borman, P. (1985). Restriction endonuclease digest patterns of
chromosomal DNA from nitrate-negative Campylobacter jejuni-like organisms. Eur J
Epidemiol., 1, 281-287.

Owen, R.J., Hernandez, J., and Bolton, F. (1990). DNA restriction digest and ribosomal
DNA gene patterns of Campylobacter jejuni: a comparison with bio-, sero-, and
bacteriophage types of United Kingdom outbreak strains. Epidemiol Infect., 105,
265-275.

Palyada, K., Sun, Y.Q., Flint, A., Butcher, J., Naikare, H., and Stintzi, A. (2009).
Characterisation of the oxidative stress stimulon and PerR regulon of Campylobacter
Jjejuni. BMC Genomics, 10 (1), 481.

Park, S.F. (2002) The physiology of Campylobacter species and its relevance to their role as
food-borne
pathogens. Int J Food Microbiol, 74, 17-188.

Parker, C.T., Miller, W.G., Horn, S.T., and Lastovica, A.J. (2007). Common genomic
features of Campylobacter jejuni subsp. doylei strains distinguish them from C.
Jjejuni subsp. jejuni. BMC Microbiol., 7 (1), 50.

Parkhill, J., Wren, B.W., Mungall, K., Ketley, J.M., Churcher, C., Basham, D.,Barrell, B.G.
(2000). The genome sequence of the food-borne pathogen Campylobacter jejuni
reveals hypervariable sequences. Nature, 403 (6770), 665—668.

Parsonage D, Karplus PA, Poole LB. (2008).Substrate specificity and redox potential of
AhpC, a bacterial peroxiredoxin. Proc Natl Acad Sci U S A. 2008;105(24):8209-14.

Parte, A. C., Sarda Carbasse, J., Meier-Kolthoff, J. P., Reimer, L. C., & Goker, M. (2020).
List of Prokaryotic names with Standing in Nomenclature (LPSN) moves to the
DSMZ. International journal of systematic and evolutionary microbiology, 70(11),
5607—5612.

Pearson, B.M., Gaskin, D.J.H., Segers, R.P.A.M., Wells, J.M., Nuijten, P.J.M., and van
Vliet, A.H.M. (2007). The complete genome sequence of Campylobacter jejuni
strain 81116 (NCTC11828). Journal of Bacteriology, 189 (22), 8402-8403.

222



Pei, Z. and Blaser, M.J. (1993). PEB1, the major cell-binding factor of Campylobacter
jejuni, 1s a homolog of the binding component in gram-negative nutrient transport
systems. Journal of Biological Chemistry, 268 (25), 18717-18725.

Pei1, Z., Burucoa, C., Grignon, B., Baqar, S., Huang, X.Z., Kopecko, D.J., and Blaser, M.J.
(1998). Mutation in the peblA locus of Campylobacter jejuni reduces interactions

with epithelial cells and intestinal colonisation of mice. Infection and Immunity,
66 (3), 938-943.

Pendleton, S., Hanning, 1., Biswas, D., and Ricke, S.C. (2013). Evaluation of whole-
genome sequencing as a genotyping tool for Campylobacter jejuni in comparison
with pulsed-field gel electrophoresis and flaA typing. Poult Sci, 92 (2), 573-580.

Penner, J.L. and Hennessy, J.N. (1980). Passive hemagglutination technique for serotyping
Campylobacter fetus subsp. jejuni on the basis of soluble heat-stable antigens. J Clin
Microbiol., 12
(6), 732-737.

Pesci, E.C., Cottle, D.L., and Pickett, C.L. (1994). Genetic, enzymatic, and pathogenic
studies of the iron
superoxide dismutase of Campylobacter jejuni. Infect. Immun., 62, 2687-2694.

PHE. (2017a). Campylobacter data 2006 to 2015. National laboratory data for residents of
England and Wales. https://www.gov.uk/government/organisations/public-health-
england

PHE. (2020). UK Standards for Microbiology Investigations. Gastroenteritis. This
publication was created by Public Health England (PHE) in partnership with the
NHS. Issued by the Standards Unit, National Infection Service, PHE. Syndromic |
S 7 | Issue no: 2 | Issue date: 19.10.20 | Page: 1 of 48..

Pickett, C.L., Pesci, E.C., Cottle, D.L., Russell, G., Erdem, A.N., and Zeytin, H. (1996).
Prevalence of cytolethal distending toxin production in Campylobacter jejuni and

relatedness of Campylobacter sp. cdtB genes. Infection and Immunity, 64 (6),
2070-2078.

Pike, B.L., Guerry, P., and Poly, F. (2013). Global distribution of Campylobacter jejuni
Penner serotypes: asystematic review. PloS One, 8(6), e67375.

Pittman, M.S and Kelly, D.J. (2005) Electron transport through nitrate and nitrite reductases
in Campylobacter jejuni. Biochem Soc Trans 33: 190-192.

Prince R W, Cox C D, Vasil M L. (1993). Coordinate regulation of siderophore and
exotoxin A production: molecular cloning and sequencing of the Pseudomonas
aeruginosa fur gene. J Bacteriol. 1993;175:2589-2598.

Raibaud, O. and Schwartz, M. (1980). Restriction map of the Escherichia coli malA region

and 1dentification of the malT product. J. Bacteriol, 143, 761-771.

223



Ramos, H.C., Rumbo, M., and Sirard, J.C. (2004). Bacterial flagellins: mediators of
pathogenicity and host immune responses in mucosa. Trends Microbiol, 12 (11), 509-
517.

Reezal A, McNeil B, Anderson JG. (1998). Effect of low-osmolality nutrient media on growth
and culturability of Campylobacter species. Appl Environ Microbiol. 1998
Dec;64(12):4643—-4649.

Reid, A. N., Pandey, R., Palyada, K., Naikare, H., and Stintzi, A. (2008). Identification of
Campylobacter jejuni genes involved in the response to acidic pH and stomach
transit. Applied and Environmental Microbiology, 74 (5), 1583-1597.

Reuter, M., Mallett, A., Pearson, B. M., & van Vliet, A. H. (2010). Biofilm formation by
Campylobacter jejuni is increased under .aerobic conditions. Applied and
environmental microbiology, 76(7), 2122-2128.

Revez, J., Zhang, J., Schott, T., Kivistd, R., Rossi, M., and Hanninen, M-L. (2014). Genomic
variation between milkborne outbreak-associated Campylobacter jejuni isolates. J.
Clin. Microbiol, 52, 2782-2786.

Rivera-Amill, V., Kim, B. J., Seshu, J., and Konkel, M. E. (2001). Secretion of the
virulence-associated Campylobacter invasion antigens from Campylobacter jejuni

requires a stimulatory signal. The Journal of Infectious Diseases, 183 (11), 1607-
1616.

Robert Koch. Institut. In hrbuch meldepflichtiger Krankheiten Fur (2017).

Rodrigues, R.C., Pocheron, A.-L., Hernould, M., Haddad, N., Tresse, O., and Cappelier, J.M.
(2015). Description of Campylobacter jejuni Bf, an atypical aero-tolerant strain. Gut
Pathog 7, 30.

Rohmer L, Hocquet D, Miller SI. Are pathogenic bacteria just looking for food? Metabolism
and microbial pathogenesis. Trends Microbiol. 2011 Jul;19(7):341-8.

Rokney, A., Valinsky, L., Moran-Gilad, J. et al. (2018). Genomic epidemiology of
Campylobacter jejuni transmission in Israel. Front Microbiol. , 9, 2432.

Rollins, D.M. and Joseph, S.W. (2000). Pathogenic microbiology-fall: enterococcus
summary.BSCI,424.

Romaniuk, P.J., Zoltowska, B., Trust, T.J., Lane, D.J., Olsen, G.J., Pace, N.R., and Stahl,
D.A. (1987). Campylobacter pylori, the spiral bacterium associated with human

gastritis, is not a true Campylobacter sp. Journal of Bacteriology, 169 (5), 2137-
2141.

224



Rouger, A., Tresse, O., and Zagorec, M. (2017). Bacterial contaminants of poultry meat:
sources, species, and dynamics. Microorganisms, 5 (3), 50.

Rossi M, Bolz C, Revez J, Javed S, El-Najjar N, Anderl F, Hyytiainen H, Vuorela P, Gerhard
M, Hanninen ML.(2012). Evidence for conserved function of gamma-
glutamyltranspeptidase in Helicobacter genus. PLoS One ;7:¢30543.

Sagara H, Mochizuke A, Okamura N, Nakaya R.(1987). Antimicrobial resistance of
Campylobacter jejuni and Campylobacter coli with special reference to plasmid

profiles of Japanese clinical isolates. Antimicrob Agents Chemother. 1987;31:713—
719.

Sahin, O., Terhorst, S. A., Burrough, E. R., Shen, Z., Wu, Z., Dai, L., Tang, Y., Plummer,
P.J.,Ji,J., Yaeger, M. J., & Zhang, Q. (2017). Key Role of Capsular Polysaccharide
in the Induction of Systemic Infection and Abortion by Hypervirulent
Campylobacter jejuni. Infection and immunity, 85(6).

Salipante, S.J., Roach, D.J., Kitzman, J.O., Snyder, M.W., Stackhouse, B., Butler-Wu,
S.M., Lee, C., Cookson, B.T., and Shendure, J. (2014). Large-scale genomic
sequencing of extraintestinal pathogenic Escherichia coli strains.

Samuelson, D.R. and Konkel, M.E. (2013). Serine phosphorylation of cortactin is required
for maximal host cell invasion by Campylobacter jejuni. Cell Commun. Signal., 11,
82.

Sanger, F., Air, G.M., Barrell, B.G., Brown, N.L., Coulson, A.R., Fiddes, C.A., Hutchison,
C.A., Slocombe, P.M., and Smith, M. (1977). Nucleotide sequence of bacteriophage
phi X174 DNA. Nature, 24, 265 (5596), 687-695.

Seaver, L. C., & Imlay, J. A. (2001). Alkyl hydroperoxide reductase is the primary scavenger
of endogenous hydrogen peroxide in Escherichia coli. Journal of bacteriology,
183(24), 7173-7181.

Sebald, M. and Vkron, M. (1963). Teneur en bases de 1’ADN et classification des vibrions.
Ann. Inst. Pasteur, 105, 897-910.

Segal, A.W. (2005). How neutrophils kill microbes. Annu Rev Immunol. 23, 97-223.

Sellars, M. J., Hall, S. J., & Kelly, D. J. (2002). Growth of Campylobacter jejuni supported
by respiration of fumarate, nitrate, nitrite, trimethylamine-N-oxide, or dimethyl
sulfoxide requires oxygen. Journal of bacteriology, 184(15), 4187—4196.

Sellars, M. J., Hall, S. J. and Kelly, D. J. (2002) ‘Growth of Campylobacter jejuni
Supported by Respiration of Fumarate , Nitrate , Nitrite , Trimethylamine- N -Oxide
, or Dimethyl Sulfoxide Requires Oxygen Growth of Campylobacter jejuni
Supported by Respiration of Fumarate , Nitrate , Nitrite , Trimethyla’, Society,
184(15), pp. 4187—-4196.

225



Sellars, M. J., Hall, S. J., & Kelly, D. J. (2002). Growth of Campylobacter jejuni supported
by respiration of fumarate, nitrate, nitrite, trimethylamine-N-oxide, or dimethyl
sulfoxide requires oxygen. Journal of bacteriology, 184(15), 4187-4196.

Senok, A. C., & Botta, G. A. (2009). Campylobacter enteritis in the Arabian Gulf. The Journal
of Infection in Developing Countries, 3(02), 074-082.

Schjerring, S. and Krogfelt, K.A. (2011). Assessment of bacterial antibiotic resistance
transfer in the gut. Int J Microbiol.:312956.

Sheppard, S.K., Cheng, L., Méric, G., De Haan, C.P., Llarena, A K., Marttinen, P., ...
Strachan, N.J. (2014). Cryptic ecology among host generalist Campylobacter jejuni in
domestic animals. Molecular Ecology, 23 (10), 2442-2451.

Sheppard, S.K., Colles, F.M., McCarthy, N.D., Strachan, N.J., Ogden, 1.D., Forbes, K.
J.,Maiden, M.C. (2011). Niche segregation and genetic structure of Campylobacter

Jjejuni populations from wild and agricultural host species. Molecular Ecology, 20 (16),
3484-3490.

Sheppard, S.K., Didelot, X., Meric, G., Torralbo, A., Jolley, K.A., Kelly, D.J. et al. (2013).
Genome-wide association study identifies vitamin B5 biosynthesis as a host
specificity factor in Campylobacter. Proc Natl Acad Sci USA, 110 (29), 11923-
11927.

Sheppard SK, Maiden MC(2015). The evolution of Campylobacter jejuni and
Campylobacter coli. Cold Spring Harb Perspect Biol. 2015;7(8):a018119.

Sheppard, S.K., McCarthy, N.D., Falush, D., and Maiden, M.C. (2008). Convergence of
Campylobacter species: implications for bacterial evolution. Science, 320, 237-239.

Singh, R., Lemire, J., Mailloux, R. J., and Appanna, V. D. (2008). A novel strategy
involved antioxidative defense: the conversion of NADH into NADPH by a
metabolic network. PLoS ONE 3:¢2682.

Skirrow, M.B. (1977). Campylobacter enteritis: a “new” disease. Br Med J., 2, 9-11.

Skirrow, M.B. (2006). John McFadyean and the centenary of the first isolation of
Campylobacter species. Clin Infect Dis, 43 (9), 1213-1217.

Smith, T. and Taylor, M.S. (1919). Some morphological and biological characters of the
spirilla (vibrio fetus, n. Sp.) associated with disease of the fetal membranes in cattle.
The Journal of Experimental Medicine, 30 (4), 299-311.

Staggs T M, Perry R D. (1991). Identification and cloning of a furregulatory gene in Yersinia
pestis. J Bacteriol. 173:417-425.

Stahl, M., Butcher, J., and Stintzi, A. (2012). Nutrient acquisition and metabolism by
Campylobacter jejuni. Front Cell Infect Microbiol, 2, 5.

226



Stahl, M., Friis, L.M., Nothaft, H., Liu, X., Li, J., Szymanski, C.M., and Stintzi, A. (2011).
L-fucose utilization provides Campylobacter jejuni with a competitive advantage. Proc
Natl Acad Sci USA, 108 (17), 7194-7199.

Stahl, M., Frirdich, E., Vermeulen, J., Badayeva, Y., Li, X., Vallance, B. A., and Gaynor,
E.C. (2016). The helical shape of Campylobacter jejuni promotes in vivo

pathogenesis by aiding transit through intestinal mucus and colonisation of crypts.
Infection and Immunity, 84 (12), 3399-3407.

Stahl, M. and Vallance, B.A. (2015). Insights into Campylobacter jejuni colonisation of the
mammalian intestinal tract using a novel mouse model of infection. Gut Microbes, 6
(2), 143-148.

Stanton, R.C. (2012). Glucose-6-phosphate dehydrogenase, NADPH, and cell survival.
[UBMB Life, 64 (5), 362-369.

Stegenga Th, Terpstra J1.(1949) Over Vibrio foetus infecties bij het rund en enzootische
steriliteit. Tijdschr Diergeneesk 1949; 74: 293-296.

Storz, G. and Imlay, J.A. (1999). Oxidative stress. Current Opinion in Microbiology, 2 (2),
188-194.

Sylte, M.J., Johnson, T.A., Meyer, E.L., Inbody, M.H., Trachsel, J., Looft, T., Susta L, Wu
Z, Zhang Q. (2019). Intestinal colonisation and acute immune response in
commercial turkeys following inoculation with Campylobacter jejuni constructs
encoding antibiotic- Resistance markers.Vet Immunollmmunopathol;210:6-14.

Szymanski, C.M. (2015). Are Campylobacters now capable of carbo-loading? Mol
Microbiol, 98 (5), 805808.

Taylor, D.E., Eaton, M., Yan, W., and Chang, N. (1992). Genome maps of Campylobacter
Jjejuni and Campylobacter coli. Journal of Bacteriology, 174 (7), 2332-2337.

Tettelin, H., Masignani, V., Cieslewicz, M.J., Donati, C., Medini, D., Ward, N.L. et al.
(2005). Genome analysis of multiple pathogenic isolates of Streptococcus agalactiae:
implications for the microbial pan-genome. Proc Natl Acad Sci USA, 102,13950-
13955.

Thakur S, Gebreyes WA.(2005). Prevalence and antimicrobial resistance of Campylobacter
in antimicrobial-free and conventional pig production systems. J Food Prot.;68:2402—
2410.

227



Thomas, D.K., Lone, A.G., Selinger, L.B., Taboada, E.N., Uwiera, R.R., Abbott, D. W.,
and Inglis, G. D. (2014). Comparative variation within the genome of C.jejuni NCTC
11168 in human and murine hosts. PloS One, 9 (2), €88229.

Tu QV, McGuckin MA, Mendz GL(2008).Campylobacter jejuni response to human mucin
MUC2: modulation of colonization and pathogenicity determinants. ] Med Microbiol
;57(Pt 7):795-802.

Tullius TD, Greenbaum JA(2005). Mapping nucleic acid structure by hydroxyl radical
cleavage. Curr Opin Chem Biol. ;9(2):127-34.

Uelze, L., Griitzke, J., Borowiak, M. et al. (2020). Typing methods based on whole-genome
sequencing
data. One Health Outlook, 2, 3.

Vandamme, P. and De Ley, J. (1991). Proposal for a new family: Campylobacteriaceae. Int
J Syst Bacteriol, 41, 451-455.

Vandamme, P., Falsen, E., Rossau, R., Hoste, B., Segers, P., Tytgat, R., and De Ley, J.
(1991). Revision of Campylobacter, Helicobacter, and Wolinella taxonomy:
emendation of generic descriptions and proposal of Arcobacter gen. nov. Int J Syst
Bacteriol., 4 1(1), 88-103.

Van Deun, K., Pasmans, F., Ducatelle, R., Flahou, B., Vissenberg, K., Martel, A., Van Den
Broeck, W., Van Immerseel, F., and Haesebrouck, F. (2008). Colonisation strategy

of Campylobacter jejuni results in persistent infection of the chicken gut. Vet.
Microbiol., 130, 285-297.

Van Putten, J.P., van Alphen, L.B., Wosten, M.M., and de Zoete, M.R. (2009). Molecular
mechanisms of Campylobacter infection. Curr Top Microbiol Immunol, 337, 197-229.

Van Vliet, A. H., Baillon, M. L., Penn, C. W., & Ketley, J. M. (1999). Campylobacter
Jjejuni contains two fur homologs: characterization of iron -responsive regulation of
peroxide stress defense genes by the PerR repressor. Journal of bacteriology,
181(20), 6371-6376.

Van Vliet, A.H. and Ketley, J.M. (2001). Pathogenesis of enteric Campylobacter infection.
Symp Ser Soc Appl Microbiol, 30, 45s-56s.

Van Vliet, A HM., Ketley, J.M., Park, S.F., and Penn, C.W. (2002). The role of iron in

Campylobacter gene regulation, metabolism and oxidative stress defence. FEMS
Microbiology Reviews, 26, 173-186.

Vegge, C.S., Jansen van Rensburg, M.J., Rasmussen, J.J., Maiden, M.C., Johnsen, L.G.,
Danielsen, M., and Kelly, D.J. (2016). Glucose metabolism via the Entner-

228



Doudoroff Pathway in Campylobacter: a rare trait that enhances survival and
promotes biofilm formation in some isolates. Front Microbiol,
7, 18717.

Velayudhan, J., Jones, M.A., Barrow, P.A., and Kelly, D.J. (2004). L-serine catabolism
via an oxygenlabile L-serine dehydratase is essential for colonisation of the avian
gut by Campylobacter jejuni. Infect Immun, 72 (1), 260-268.

Velayudhan, J. and Kelly, D.J. (2002). Analysis of gluconeogenic and anaplerotic enzymes
in Campylobacter jejuni: an essential role for phosphoenolpyruvate carboxykinase.
Microbiology, 148
(Pt 3), 685-694.

Velayudhan, J. and Kelly, D.J. (2002). Analysis of gluconeogenic and anaplerotic enzymes
in Campylobacter jejuni: an essential role for phosphoenolpyruvate carboxykinase.
Microbiology, 148
(Pt 3), 685-694.

Verhoeff -Bakkenes, L., Arends, A.P., Snoep, J.L., Zwietering, M.H., and de Jonge, R. (2008).
Pyruvate relieves the necessity of high induction levels of catalase and enables

Campylobacter jejuni to grow under fully aerobic conditions. Lett Appl Microbiol., 46
(3), 377-382.

Verhoeff-Bakkenes, L., Arends, A.P., Snoep, J.L., Zwietering, M.H., and DeJong E.R.
(2008). Pyruvate relieves then ecessity of high induction levels of catalase and

enables Campylobacter jejuni to grow under fully aerobic conditions. Appl.
Microbiol., 46, 377-382.

Véron, M. and Chatelain, R. (1973). Taxonomic study of the genus Campylobacter
Sebald and Vkron and designation of the neotype strain for the type species,
Campylobacter fetus (Smith and Taylor) Sebald and Vkon. International Journal of
Systematic Bacteriology, 23 (2), 122-134.

Véron, M., Lenvoisé-Furet, A. and Beaune, P. (1981). Anaerobic respiration of fumarate as
a differential test between Campylobacter fetus and Campylobacter jejuni. Current
Microbiology, 6(6), pp.349-

354.

Vihavainen, E., Lundstrom, H.S., Susiluoto, T., Koort, J., Paulin, L., Auvinen, P., and
Bjorkroth, J. (2007). Role of broiler carcasses and processing plant air in
contamination of modified-atmospherepackaged broiler products with
psychrotrophic lactic acid bacteria. Appl. Environ. Microbiol, 73, 1136-1145.

Vinzent R, Dumas J, Picard N. (1947). Septice mié grave au cours de la grossesse due a’ un
Vibrion. Avortement conse cutif. Bull Acad Nat Med Paris 1947; 131: 90 -92.

Vorwerk, H., Huber, C., Mohr, J., Bunk, B., Bhuju, S., Wensel, O., Hofreuter, D. (2015).
A transferable plasticity region in Campylobacter coli allows isolates of an
otherwise non-glycolytic food-borne pathogen to catabolise glucose. Mol
Microbiol, 98 (5), 809-830.

229



Waite, D. W., Vanwonterghem, I., Rinke, C., Parks, D. H., Zhang, Y., Takai, K., Sievert, S.
M., Simon, J., Campbell, B. J., Hanson, T. E., Woyke, T., Klotz, M. G., &
Hugenholtz, P. (2017). Comparative Genomic Analysis of the Class
Epsilonproteobacteria and Proposed Reclassification to Epsilonbacteraeota (phyl.
nov.). Frontiers in microbiology, 8, 682.

Wang, G., Clark, C. G., Taylor, T. M., Pucknell, C., Barton, C., Price, L., Woodward, D.
L., & Rodgers, F. G. (2002). Colony multiplex PCR assay for identification and
differentiation of Campylobacter jejuni, C. coli, C. lari, C. upsaliensis, and C. fetus
subsp. fetus. Journal of clinical microbiology, 40(12), 4744-4747.

Wang, Y. and Taylor, D.E. (1990). Natural transformation in Campylobacter species. Journal
of Bacteriology, 172 (2), 949-955.

Wang, Y., Yang, Q., and Wang, Z. (2015). The evolution of nanopore sequencing , Frontiers
in Genetics , 5 449 .

Wanken, A.E., Conway, T., and Eaton, K.A. (2003). The Entner-Doudoroff pathway has little
effect on Helicobacter pylori colonisation of mice. Infect Immun, 71 (5), 2920-2923.

Wassenaar, T.M. and Newell, D.G. (2000). Genotyping of Campylobacter spp. Appl.
Environ.Microbiol, 66,1-9.

Wassenaar, T. M., van der Zeijst, B.A, Ayling, R., and Newell, D. G. (1993). Colonisation
of chicks by motility mutants of Campylobacter jejuni demonstrates the importance
of flagellin A expression. Journal of General Microbiology, 139 (Pt 6), 1171-1175.

Waters, L.S. and Storz, G. (2009). Regulatory RNAs in bacteria. Cell. 136, 615-628.

Weingarten, R. A., Grimes, J. L. and Olson, J. W. (2008) ‘Role of Campylobacter jejuni
respiratory oxidases and reductases in host colonization’, Applied and Environmental
Microbiology, 74(5), pp. 1367—

1375.

Westermarck, E. (2016). Chronic diarrhea indo  gs: what do we actually know about it?
Top. Companion Anim. Med., 31 (2), 78-84.

Whitehouse, C. A., Balbo, P. B., Pesci, E. C., Cottle, D. L., Mirabito, P. M., and Pickett,
C. L. (1998). Campylobacter jejuni cytolethal distending toxin causes a G2-phase
cell cycle block. Infection and Immunity, 66, 1934—1940.

WHO. (2013). The global view of campylobacteriosis: report of an expert consultation. Who
Rep., 57, 9-11.

WHO. (2019). World health statistics overview 2019: monitoring health for the SDGs,
sustainable development goals.

230



WHO.( 2020). (https://www.who.int/news-room/fact-sheets/detail/campylobacter).

Wiedmann, M. (2002). Subtyping of bacterial food-borne pathogens. Nutr. Rev., 60, 201-208.
Williams, P., Ketley, J., and Salmond, G. (1998). Bacterial pathogenesis. London, UK:
Acad. Press.

Wilson, D.J., Gabriel, E., Leatherbarrow, A.J., Cheesbrough, J., Gee, S., Bolton, E., Fox, A.,
Fearnhead, P., Hart, C.A., and Diggle, P.J. (2008). Tracing the source of
campylobacteriosis.

Winterbourn, C.C., Hawkins, R.E., Brian, M., and Carrell, R.-W. (1975). The estimation of
red cell superoxide dismutase activity. The Journal of Laboratory and Clinical
Medicine, 85
(2), 337-341.

Wittwer, M., Keller, J., Assenaar, T.M., Stephan, R., Howald, D., Regula, G., and Bissig-
Choisat, B. (2005). Genetic diversity and antibiotic resistance patterns in a
Campylobacter population isolated from poultry farms in Switzerland. Appl. Environ.
Microbiol., 71 (6), 2840-2847.

Wooldridge, K.G., Williams, P.H., and Ketley, J.M. (1996). Host signal transduction and
endocytosis of Campylobacter jejuni. Microb. Pathog., 21, 299-305.

Wright, J.A., Grant, A.J., Hurd, D., Harrison, M., Guccione, E.J., Kelly, D.J., and Maskell,
D.J. (2009). Metabolite and transcriptome analysis of Campylobacter jejuni in vitro
growth reveals a stationaryphase physiological switch. Microbiology, 155 (1), 80-94.

Yamasaki, M., Igimi, S., Katayama, Y., Yamamoto, S., and Amano, F. (2004). Identification
of an oxidative stress-sensitive protein from Campylobacter jejuni, homologous to
rubredoxin oxidoreductase/rubrerythrin. FEMS Microbiology Letters, 235 (1), 57-63.

Yao, R., Burr, D.H., and Guerry, P. (1997). CheY-mediated modulation of Campylobacter
Jjejuni virulence. Mol Microbiol, 23 (5), 1021-1031.

Yeow, M., Liu, F., Ma, R. ef al(2020). Analyses of energy metabolism and stress defence
provide insights into Campylobacter concisus growth and pathogenicity. Gut Pathog 12,
13.

Yao, R., Burr, D.H., Doig, P., Trust, T.J., Niu, H., and Guerry, P. (1994). Isolation of motile
and non-motile insertional mutants of Campylobacter jejuni: the role of motility in
adherence and invasion of eukaryotic cells. Mol Microbiol, 14 (5), 883-893.

Yogasundram K, Shane SM, Harrington KS. (1989).Prevalence of Campylobacter jejuni in
selected domestic and wild birds in Louisiana. Avian Dis. 1989 Oct-Dec;33(4):664—
667.

Young, K.T., Davis, L.M., and Dirita, V.J. (2007). Campylobacter jejuni: molecular biology
and pathogenesis. Nat Rev Microbiol, 5 (9), 665-679.

231



Zhang, X., Yin, T., Du, X., Yang, W., Huang, J., and Jiao, X. (2017). Occurrence and
genotypes of Campylobacter species in broilers during the rearing period. Avian Pathol,
46, 215-223.

Zhao, C., Ge, B., Villena, J.D., Sudler, R., Yeh, E., Zhao, S. et al. (2001). Prevalence of
Campylobacter spp., Escherichia coli, and Salmonella serovars in retail chicken, turkey,
pork, and beef from the greater Washington, D.C., area. Appl. Envrion. Microbiol., 67,
5431-5436.

Zheng, D., Liwinski, T. & Elinav, E.(2020). Interaction between microbiota and immunity in
health and disease. Cell Res 30, 492-506.

Zilbauer, M., Dorrell, N., Wren, B.W., and Bajaj-Elliott, M. (2008). Campylobacter jejuni-
mediated disease pathogenesis: an update. Trans R Soc Trop Med Hyg., 102 (2), 123-
129.

Zimmer, M., Barnhart, H., Idris, U., Lee, and M.D. (2003). Detection of Campylobacter jejuni
strains in the water lines of a commercial broiler house and their relationship to the
strains that colonized the chickens. Avian Dis., 47 (1), 101-107.

Ziprin, R.L., Young, C.R., Stanker, L.H., Hume, M.E., and Konkel, M.E. (1999). The absence

of cecal colonisation of chicks by a mutant of Campylobacter jejuni not expressing
Bacterial fibronectinbinding protein.Avian Dis,43 (3),586-589.

232





