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ABSTRACT

Campylobacter jejunis a leading causefdwuman bacterial enteritis
worldwide. Consumption of contaminated poultry meat is considered a major
source of infectionThe use of virulent écteriophageas a form obiocontrol
to specificallyreduce this pathogen in poultfghage therapyjs a promsing
interventionthat does not rely on antimicrobials and therefore circumvents the
emergence of antibiotiesistantCampylobacterstrains. h order to achieve
this, a better understanding of the mechanisms involved in giegie
interactions at the madelar levelwould assist in the development of the
strategy and the selection of bacteriophadé® main objective of this study
was to therefore examine such interactions betw@ampylobacterand its
virulent phages. To achieve this, the transcriptioeaponse ofC. jejunito
phage infection was investigated, along with the role of a Type Il restriction
modification system during phage infection @ampylobacter These studies
were conducted using thieighly phagesensitive Campylobacterstrain, C.
jejuni PT14, in conjunctiorwith a number of group Il and Il bacteriophages
(Eucampyvirinag

Transcriptome studiefRNA-Seq) revealed a phageduced host
response that included a demand for iron and oxygen. This was highlighted by
the upregulation of sewal siderophordased iron acquisition genes and
downregulation ofgenes associated with a number of anaerobic electron
transport pathways that utilise alternative electron acceptors to oxhgen.
addition, the pattern of gene regulation also suggested-apregulation of
the ironrresponsive and flagellar biogenesis genes. This host response has been
proposed to occur as a consequence ofdtaction of ribonucleotides to form
deoxyribonucleotides during phage DNA replication. This process is catalysed
by the enzyme ribonucleotide reductase and requires iron and oxygen during
the formation of a reactive-@on centre within the -subunit of the enzyme.

Unusually knockout mutants of aType Il restrictioamodification
system had a negative impact on mhagplication. The A911 00150 mutant
displayed pleiotropic changes in motility, cell based invasion and the ability to
colonise chickens. Transcriptome analysis highlighted dmgnlation of the

genes required for the synthesis of the bacterial flagellum.
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1.1 CAMPYLOBACTER

1.1.1 Overview of early history

Campylobacters were originally classified in thengsVibrio. Early literature

referred to WKH LVROMDWLUI&E RURP WKH VWRPDFK FRQW
aborted lami{McFadyean & Stockman 1913)\. jejuni” ITURP WKH MHMXQX
calves(Jones et al. 1931p Q G O/DAdMiH UUSR P (BdykE\V1944) The frst

ZHOO GRFXiPio-QQWBOOGWHG™ FDVH RI KXPDQ LQIHFWLR
diarrhoeal outbreak caused by contaminated nfilevy 1946) where

organisms HVHPE U.Lj§uhi"® ZHUH L \KBIQDD8sHGwever later

argued that thee organisms were in fad€ampylobacterspp. He also

highlighted the work oEscherich(1886) who had earlier described a spiral

form of nonculturabde bacteria isolated from stool specimens amdcous

from the large intestinef infants whohaddied from3FKROHUD K@Q4D QW XP’
(1957)was the first to successfully culture microaerophilic isolateg.détus

at 42C. However, thistemperature was higher than the optingabwth
temperature of traditional vibrios and she provisionally referred to her isolates

DV SUHODLRWHG, Q¥ LEU W\KbHio Likd@rXént a major taxonomic

revision and the new genuSampylobacter *UHHN IRU 3FXUYHG URG
introduced (Sebald & Véron 1963)The aypical vibrios, V. feus and V.

bubulus were placed into this new genus because of their low G+C DNA
content, microaerophilic growth requirements and their inability to ferment
glucose.Campylobacterwas finally recognised as a human pathogter
successfulsolation from hunan faeces in 197@ekeyser et al. 1972ndthe
subsequentlevelopment of selective medalowed for routineisolation of

campylobactergSkirrow 1977)
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1.1.2 Taxonomy

Following the introduction of the gen@ampylobacteby Sebald and Véron
(1963), there has beentersive revision of thisaxon with many organisms
once thought to be campylobacters@ampylobactetike being reclassified
(Goodwin et al. 1989; Vandamme, P. et al. 1991; Vandamme et al.. 1392)
instance C. pyloriand C. mustelaavere reassigned to the gertdslicobacter
because they exhibited multiple sheathed flagella, showed differences in their
cdlular fatty acid composition and were phylogenetically different based on
16S rRNA sequencingGoodwin et al. 1989)Similarly, several aerotolerant
Campylobactetike organisms were relassified to the genu#rcobacter
(Vandamme et al. 1992The Campylobacteraceatamily includes the genera
Campylobacter, Arcobactemd Sulfurospirillum(Vandamme 2000)Figure 1

1 shows the members of this family along with their phylogenetic relationship
based on 16S rRNA homology. The gen@ampylobacter has been
determined @ be a member of the epsilon subdivision thle class
Proteobacteriaby partial 23S rRNA gene analys{Srust et al. 1994)\nd
presently contains 17 species and 6-spéciegDebruyne et al. 2008yith the

type speciedeingC. fetus Many of the campylobacters have been implicated
in human disease, howevethe two speciesC. jejuni and C. coli are

recognised athe major causative agents of hum@&ampylobactemfections.
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Figure 1-1 Phylogenetic relationship of the Campylobacteraceadamily
based on 16S rRNA sequencing.
(Reproducedrom Debruyne et al., 2008)
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1.1.3 Fhysiology

Campylobacters are Granegative nonsporormers that possess a low G+C
content (2747%) and require temperatures ranging fronrB30C for optimal
growth. Campylobactecells are typically curved,-Shaped or spiral rods (0.2
to 0.8 um wide and.5 to 5 um long)Vandamme 2000put some species,
such asC. showae produce cells with less curved rods and occasior@lly
jejuni strainsmay also produce cells with straight ro8assenaar & Newell
2006) Campylobactercells maychange to spherical or coccofdrms on
entering the late stationary pleasf their life cycleor when exposedo
environmentally stressful condition§Ng et al. 1985; Griffiths 1993)
Campylobactercells typically display corkscredike motility through the use
of a single, polar nosheathed flagellum at one or both erfffandamme
2000) However,C. gracilislacksflagella and is therefore nemotile while C.
showaepossesses ntiple unipolar flagella(Vandamme & De Ley 1991;
Vandamme 2000C. jejuni andC. coliare also known to produspontaneous
nonrmotile variants especially following frequent subculturingn C. jejuni
81-176, his phenotype has recently been linkedatonotA gene mutation
which encodes a flagellar motor protémat albws energy to be transmitted to

the flagellum(Mohawk et al. 2014)

1.1.4 Growth requirements and biochemical chacteristics

Campylobactergyenerallythrive in microaerophilic environmentsequiring
low concentrations of oxygen {B)%) and elevated levels of carbon dioxide
(3-5%) for optimal growth. Some species, suchCagracilisandC. showage

are capable of gwing under anaerobic conditioasd they also require kK



Chapter 1

and sometimes formate or fumarate for gro@¥assenaar & Newell 2006)
Members of the&Campylobactegenus are oxidageositive, with the exception
of C. gracilis, indolenegative and able reduce nitrate, except f@. jejuni
subsp.doylei They are also unable to hydrolyze hippurate, ex&pejuni
which is known to possess the hippurate hydrolase genpQ.
Campylobacterproduceenergy through respiratioand becauseghey do not
ferment or oxidise carbohydratethey utiise amino acids and intermediates

from the tricarboxylic acid cycle as substraf@®hammed et al. 2004)

1.1.5 Reservoirs

Campylobacters readily inhabit the intestinal mucosa of many vielroded
animals(Fhogartaigh & Edgeworth 2009For instanceC. coli, C. mucosalis
andC. hyointestinalisare known tacolonise the intestirgeof pigs(Schultheiss
et al. 1989;Young et al. 2000) while C. upsaliensi@andC. helveticugan be
isolated from the intestines of cats and dadéandrell ¢ al. 2005)
Campylobacters have also been found to inhabit-bl@dded animals a$hé
strainC. fetuswas previouslysolated from reptiles such as snakes, turtles and
lizards (Wang et al. 2013)C. jejuni primarily colonises the intestinal mucosa
of avianspecies an@ppears to have evolvéa optimallygrow attheir internal
body temperaturef 42°C. C. jejuni, C. coliand C. lari are all recogised as
thermophilic Campylobacterspecies becauséhey optimally grow at such a
temperatureCampylobacters are considered pathogeinsnthey colonisehe
intestinal mucosa of mamma(slewell 2001)but in comparisorC. jejuniand

C. coli typically behaveascommensa in the avian gu{Waldenstrom et al.

2002) with a few strairspecific exceptiongKnudsen et al. 2006and the
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exception of ostrichesvhere outbreaks of enteritis and avian hepatitis have
been reported following infectio(van Der Walt et al. 1996; Stephens et al.
1998) More recently, it wasalso reported that dastgrowing commercial
breed of broiler chickensxhibited astronginflammatory response tG. jejuni
infection (Humphrey et al. 2014)This responsded to intestinal mucosal
damage and diarrhoeahich in turn led tsubsequentiamage of the feet and
legsof the chickens as a result sthnding on wet littedt wasdeterminedhat

the disease occurred as a consequengaoof regulation of thenflammatory
immune responskecausehe affected chickens failed to expréss regulatory

cytokineg interleukin10, whichcontrols inflammatiofHumphrey et al. 2014)

1.2 PREVALENCE OF CAMPYLOBACTERIN POULTRY

Campylobacters have been readily isolated from broiler carcasses and poultry
meat (Newell et al. 2001; Cui et al. 2005; Moran et al. 2009; Ridley et al.
2011) Within this genusC. jejuni and C. coli are the main species posing
mgor problems forfood safety(Adak et al. 2005; Fhogartaigh & Edgeworth
2009) In 2007 a study in the United States looked at 32 broiler flocks on
different farms over a one year perifftern et al. 2001)Jp to 87.5% of the
flocks werefound to beCampylobactepositive, whileonly 4 flocks (12.5%)
remainedfree of the pathogethroughout the sixo eight week rearing periad
Similarly, a survey was conducted in Eueofpom January to December 2008
to investigate the prevalence ©@ampylobactein broiler flocks and o broiler
carcasses immediately followirglaughter(EFSA 2010a) A total of 10,132
broiler batches were sampled from 561 slaugiateseswithin 26 European

Union Member States as well as Norway and Switzerl@athpylobactewas
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isolated from thepooledcaecal contents of 726 of the slaughteredroilers
andon 75.8% of broiler carcassesvith such samples being collected from the
neck and breast skin immediately after chillifgFSA 2010a) A high
prevalence ofCampylobacterhasalso beengenerally associated with non
conventional broiler production, such as in fraege and organic broiler
rearing systemg¢Kazwala et al. 1993; Rivoal et al. 1999; Heuer et al. 2001;
Colles et al. 2008; @lles et al. 2011)A study in France found that 85.7% of
faecal samples taken from a batch of broiler chickens raised in -safige
system wereCampylobactespositive (Rivoal et al. 1999Wwhile another study

in Denmark isolated€Campylobactespp. from 100% of organic broiler flocks
(Heuer et al. 2001)Rivoal et al. (1999)also investigated the molecular
diversity of Campylobacteiisolates collected during rearing and slaughter of
free-range broiler chickernand found that pouly carcasses were contaminated
with the sameCampylobacterstrains that were presem the caeca of the
broilers. The prevalence of antimicrobial resist&ampylobacterspp. from
conventional and organic production systems was also investigated argl it wa
found that a large number of isolates from the conventional system were
resistant to the nine antimicrobial substances tested compared to the
organically raised poultrfluangtongkum et al. 2006)ilowever,El-Shibiny et

al. (2005) reported that although organilocks in theUK contained largely
antibiotic-sensitive campylobacters, multiply resist&@@mpylobacteiisolates
were recovered fronfree-range flocks which wasf concern sinceuse of
antimicrobials as growth promoters had been banned in the Europeam Uni

since 1998.
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In temperate countrieSCampylobactercolonisation of poultry flocks has
generally beenreportedto vary by seasomand geographical locatignwith
higher infection rates being reportéd the summerand autummmonthsas
compared tdhe winter (Kapperud et al. 1993; Wallace et al. 1997; Refrégier
Petton et al. 2001; Kovats et al. 2005; Rushton et al. 2@08judy in Great
Britain investigated the influencef season and geography on the prevalence
of Campylobacteisubtypes in housed broiler flocks between 2004 and 2006
(Jorgensen et al. 2011They found thaprevalence of positive batches was
significantly higher in the nordrn part of Great Britain compared to southern
and central areas (p < 0.001), and was significantly higher in July (p = 0.01),
August (p = 0.005) and September (p < 0.001) compared to other times of the
year, being more pronounced in the southern argase countries in the
Europe Union showed a similar seasonal pattei@avhpylobacteprevalence

as well, with the highest levels of infection also being experienced during the

months of July to Septemb@FSA 2010hb)

Commercial broiler flocks, reared under controlled conditions, have been

found to show an age dependent incrdasgk of Campylobactercolonisation.

Broiler flocks do notgenerally become colonised until-2 weeks of age

(Shane 2000; Evans & Sage000) 7KLV SHULRG KDV EHHQ WHL
SKDVH" DQG XQGHU ILHOG F RIQ tot ¥ppeRrQovbeddiid\ \R X Q
colonised. otective mechanisms have beeonsidered to explain this
observation which includethe presence of maternal antibod{&ahin et al.

2001) the use of antibiotic feed addiis andcompetition among gut flora

(Newell & Wagenaar 2000)It also appears that intact egg shells may be
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permeable t&Campylobactesinceit has been possible to experimentally infect
eggs by immersion in a suspension of the orgaifideill et al. 1985; Allen &
Griffiths 2001) This suggests that contact with faecal material on the outer
shell could resultn penetration. Earlier studies have also revealed @hat
jejuni could be isolated from the inner shell and membrane of eggs but not the
egg contents(Doyle 1984; Neill et al. 1985)On this basis, vertical
transmission ofCampylobacterfrom parent flock to progeny has been
proposedCox et al. 2012pput waspreviouslythought to be a very rare event
(Sahin et al. 2003; Fonseca et al. 2086§ remains a highly controversial
issue amongst researchéiewell & Fearnley 2003)On the other hand, the
role that horizontal transmission plays in the sprea@arhpylobactemithin
flocks has beemlemonstratedOnce a flock becomes colonisdurd to bird
transmission rapidly occurs and up to ¥®f the flock can be colonised

within a few daygShreeve et al. 2000; van Gerwe et al. 2009)

Various transmission routes haveeln suggested within tiavironment of the
broiler house. These include aerosols caused by poweemtilation sygems

that circulateair from potentially contaminated areas as well as transmission
from wildlife that occupy the surroundings of the broiler house such as
rodents, insects, livestock and domestic gdtereno et al. 1993; Newell &
Fearnley 2003; Bull et al.a®6) However, commercial broilers within the
confined space of the broiler house are afsaprophagic and therefore the
faecatoral route is probably the main route of transmissigthin an already
infected flock Neverthelessonce colonisedt is undear the actual length of

time broiler flocks remain colonised and how long they are capable of

10
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shedding Campylobacterin their faeces but t is thought to last for the
duration of their lifespan, which igypically less than 47 day@Newell &

Fearnley 2003)

1.3 HUMAN CAMPYLOBACTERINFECTIONS

1.3.1 Clinical manifestations of infection

Campylobacters generally recognised as the leading cause of human bacterial
gastroenteritis worldwid€=hogartaigh & Edgeworth 2009yith C. jejuni and

C. coli representing the main sources of infectighdak et al. 2005;
Fhogataigh & Edgeworth 2009)nfectious doses oF. jejunias low ass00

800 bacteria hae beenreportedto be sufficient to cause illness irhealthy
aduls (Robinson 1981; Black et al. 1988The mean incubation period
following infectionin humansgs estimated to range frointo 7 days(Blaser &
Engberg 2008)althoughthis depends on thefectiousdose as well ashe
immune status of the individuaClinical manifestations ofCampylobacter
infections vary throughout the world, with individuals from industrialized
nations usually exhibiting more severe symptoms than those from the
developing world where high rates of asymptomatic carriagare observed
(Oberhelman & Taylor 2000)n industrializedcountries symptomsvary from
slightly loose stoolso more severe mucoid diarrhg&eich may last for three

to five days and is sometimes accompanied by blood, along with abdominal
pain, cramps and fev§Wassenaar & Blaser 1999t the peak of the illnes
individuals may experience ® 10 bowel movements a dgBlaser et al.
1983) In most noAmmune individuals, symptoms are usuadlgcompanied

by an acute inflammatory response which results in leukocytes and

11
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erythrocytes being recovered from sto@saser et al. 1979)even when loose

and notexceptionallybloody(Wassenar & Blaser 1999)

Although mostCampylobacteinfections are selimiting and last only a few
days complications may arise due to direct spread from the gastrointestinal
tract which may leadto local infections such as cholecystitis, pancreatitis,
peritonitis as well as gastrointestinal haemorrhagiigllos 2001)
Extraintestinal manifestations dfampylobacterinfection have also been
reported and include toxic hepatitis and myocardial in{ignaun et al. 2008)

In addition, lacteeemia is usually detected in less thad% of patients
suffering from eampylobacteriosisvhichpredominantly affects the young, old
and immunocompromise@fllos 2001; Nielsen et al. 2009%5evere systemic
illness is rare but may lead to sepsis and even d@ditds 2001) In Europe,
mortality due to infectiorwas recorded for 2012 at 0.03% of the 111,464
confirmed campylobacteriosis cases, with a total of 20 deaths being reported

for the United Kingdon{EFSA 2014b)

A number of posinfectious complications, which are atitomune in nature,
are associated wittCampylobacterinfections including reactive arthritis,
Miller Fisher syndrome and most importantly, Guillddarré syndrome
(GBS). GBS is an acute disorder of the peripheral nervous system and is
characterised by progressive motor weakness in more than one limb, which is
uswally symmetrical and accompanied by the loss of some tendon reflexes
(Asbury & Cornblath 1990)The disease igenerallyself-limiting and patients

usually regain their muscle strength within two to three weeks, with partial or

12
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complete recovery taking place over a fmonths. However, ¥20% of GBS
patients may be left with severe long term neurological def®zishamkin et

al. 1998) C. jejuniis a majorantecedeninfectious agent in GBS development
whereevidencefrom Japanese patients with GBBowedthatthe infectingC.
jejuni strains belonged predominately tite O serotype Q9 (Kuroki et al.
1993) Although the risk of developing GBS may increase following exposure
to C. jejunitype O:19, it has been estimated that if 20% of G&Sociated.
jejuni isolates are serotype O:19 then there is a 1 in 158 chance of developing
GBS following infection with this particular serotyfidachamkin et al. 1998)

A number of otheO serotypes havelsobeen associated with. jejunistrains
from GBS patientsrom other parts of the world, su@s the O:4LC. jejuni
strains in South AfricdLastovica et al. 1997])t was previously estimated that
the chance of developingsBS following a C. jejuni infection was

approximately 1 in 1000 infectiorfslachamkin et al. 1998)

Production ¢ serum antiganglioside antibdies is frequently triggered as a
result of ths infection(Ho et al. 1998)Gangliosides contain one or more sialic
acid (N-acylneuraminic) residues linked to an oligosaccharide core and are
generally classified yoletters according to the number of residues present. For
instance, M {mono), D (di), T (-tri) and Q fquad). The ganglside GM1 is
found in peripheral nerve tissue amgrevious study found that almost 38¥
GBS patientshad high titres of antiGMl1antibiodies which was linked with a
poor clinical outcome at 6 and 12 months following the development of GBS
(llyas et al. 1992) Miller Fisher syndrome, on the other hand, is usually

associated with the presence of @@ 1b antibodies :LOOLVRQ 279+DQOI

13
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1999) Pathogenesis ofampylobacteimediated GBS is thought to involve
molecular mimicrybetweenthe lipooligosaccharide (LOS)f C. jejuni and
peripheral nerve gangliosid@s a result of the presence of sialic acid in the

LOS ofC. jejuni(Xiang et al. 2006)

1.3.2Epidemiology

Surveillance ofCampylobacterinfections has shownan increasing trend in
reported cases over the past 30 years, with initial increases most likely linked
to improved diagnosidn England and Wales between 1989 and 2011 there
were 1,109,406&o0nfirmed caseswith 64,5820f themreported in 2011 alone
(Nichols et al. 2012)Within the European Unigi€ampylobactewas asothe
most commonly reported zoonosis btween 2002012 with 214,268
confrmed cases in 201and an incidence rate of 55.49 cases per 100,000
population (EFSA 20143 These figures included 72,578 confirmed cases
from the United Kingdom for 2012n addition,two studies coducted within

the UK (IID1 in 19931996 and 1ID2 in 2002009) that looked at the
incidence and etiology of infectious intestinal disease ((\@heeler et al.
1999; Tam et al. 2012jound Campylobacteto be the most common bacterial
pathogen amongst general pieet cases Similarly, there has been an
increasedncidence ofCampylobactemfections withinthe United Statesince
2008 with the Foodborne Diseases Active Surveillence Network (FoodNet)
reporting anincidence ofl14.3 confirmed cases per 100,000 popiolatfor
2012 resulting in approxnately 1.5 million cases for that yed€DC 2013)

This figure remains below the national health objective for 2020 which is

aiming for no more than 8.5 cases per 100,000 popula@ampylobacter

14
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infectionsexhibitedthe second highestcidence ratef all pathog@ns reported
to FoodNetafter Salmonella(16.42 per 100,000)Jn comparisonSalmonella
was the second highest zoonotic agent to be reported in the EU with 22.2 cases
per 100,000 populatio(EFSA 2014% This may be linked to the success of
control measures fddalmonella including programms to controlSalmonella

in domesticfowl! (Gallus gallug populations which has resultedtime reduced
occurrence of this pathogen in edg$SA 2014). Ultimately the incidence of
occurrenceof Campylobacteinfectionsas well as other zoonosmssgenerally
linked to thenumber of laboratorgonfirmedcases however undereporting
and undefascertainment of infections a major issue fomost countries
(Gibbons et al. 2014 he true incidence of infectiomay actually beup to7-8

timeshigherthan documented case numbers

The first documented case of a campylobacteriosis outbreak directly linked to
consumption of chicken meat was amongst a group of soldiers in the
Netherlands, where 72% of 123 soldiers were infe¢(Bxduwer et al. 1979)
Symptoms included fever, vomiting, abdomimaamps and diarrhoea, which
were accompanied with blood in four of the cases. number ofrecent
Campylobacteroutbreaksassociated with different food sourckave been
documentedBlack et al. 2006; Inns et al. 2010; Gardneale2011) However

the majority of human campylobacteriosis cases are not part of recognised
outbreaks andexhibit different epidemiological featurgdauxe 1992) For
instance, n temperate countries there B strong seasonal trendf
Campylobacteinfections, with outbreaks usually occurring during spring and

autumn monthgTauxe 1992)while sporadic cases are typically seen during

15
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the summelAltekruse et al. 1999)0ver the past three decadesyeralcase
control studies havbeen conducted throughout many developed countries to
identify risk factorsassociated witlsporadic illnesses. The findings of such
studies were generally consisteimdicating a major source of infectiomvas
eitherthe handlingof raw poultry(Hopkins & Scott 1983pr consumption of
undercooked qultry and poultry product$Kapperud et al. 1992; Eberhart
Phillips et al. 1997; Neimann et al. 2003; Friedman et al. 2004her
important risk factors includedconsumption of rawor unpasteurised milk
(Hopkins et al. 1984; Neimann et al. 2003reign travel (Norkrans &
Svedhem 1982; Schorr et al. 1994; EbeHrdrillips et al. 1997; Neimann et
al. 2003) and transmission from pets andomestic animals (Norkrans &
Svedhem 1982; Hopkins et al. 1984; Eberirillips et al. 1997; Neimann et
al. 2003; Friedman et al. 2004jowever, the population attributable fraction
determined for all of these variables combined typicddigsexceed more than

50%.

1.3.3 Treatment ofC. jejuni infections

Initial treatment of symptms of campylobacteriosis generally includes
rehydration and electrolyte replacement. Primarily,oaal glucoseor starch
based electrolyte solution would be recommended, however if the patient is
comatose or severely dehydrated then fluids would dshminstered
intravenously(Guerrant et al. 2001; Thielman & Guerrant 2004though
Campylobacteinfections are usually selimiting, some ptents mayexhibit

high fever orloody diarrhoeamay experience more than 8 bowel movements

in 24 hours or their symptoms may persist for more than 1 week following

16
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diagnosis. In such casesswith cases withmmunocompromised individuals,
antimicrobialtreatmenthas been showto reducethe durationof the illness
and shedding ofCampylobacterin the faeces(Ternhag et al. 2007)
Erythromycin has beefound to beparticularlyeffective againsthe diseasen
childrenif administered earlin the course of illnesg\nders et al. 1982; Pai et
al. 1983; Salazatindo et al. 1986hile othermacrolide antibiotics as well as
guinolones such as ciprofloxacin arsuallyprescribed foradults (Dryden et

al. 1996)

1.3.4 Antimicrobial resistance

A major problemassociatedwith using antibioticsto treat illnessis the
development of resistant bacterial straifihe emergenceof quinolone
resistant and, to a lesser extem@crolideresistantCampylobacterstrains in
the food chain has become a major coneseonidwide as these strains impact
on clinical management of campylobacteriofisigberg € al. 2001) High
rates of resistance ofampylobacterto antibiotics such adetracycline,
amoxicillin, ampicillin, metronidazole anthe cephalosporin®iave previously
beenobservedwhile resistance to erythromycin has been lowpde several
years ofuse (Allos 2001) Patients infected with antibiotiesistant strains
have been found texperienceprolonged illnesgSmith et al. 199) and this
may presentadverse imlications for immunocompromisedndividuals In
Europe, ginolone resistance was observedv HDU O\ DV WIiKHdtz fV ZK
et al. (1991)suggestedhat he emergnce ofquinoloneresistantC. jejuni and
C. coli human isolatesoincidel with the increasing use of fluoroquinolones

such as ciprofloxacirand enrofloxacin in human and veterinary medicine

17
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They screened human and poul@gmpylobacteisolates from 182-1989 for
guinoloneresistanceand found that prevalence of resistant strains increased
over time from both sourcesThe presence of fluoroquinolomesistant
Campylobacterstrains in food animals is now recognised asimportant
public health issuéNelson et al. 2007)especially in developingountries
where antibioticuse may not beas strictly monitored Campylobacter
fluoroquinoloneresistance often occudsie tomutations in the genes encoding
DNA gyrase @yrA) at positions Th86, Asp90 and Ala70 (Griggs et al.

2005)

Antimicrobial resistance iCampylobacteiisolates from human, animals and
food was evaluated in the EU for 2Q01with data submitted from 26 EU
member state§EFSA 2014). High levels of resistancgo ampicillin,
ciprofloxacin, nalidixic acid and tetracyclinesvere observed for
Campylobactersolatesof human origin However,resistancedo erythromycin
in humanC. jejuni isolates wagenerally lowbut moderately higlfor isolates
of C. coli. Very highlevels ofresistanceo ciprofloxacin werelsoobservedn
human Campylobacterisolates, with co-resistance to ciprofloxacin and
erythromycin being reported for almost one in €lx coli isolates. The
prevalence of resistance tiprofloxacin, erythromycin, gentamicin, nalidixic
acid and tetracyclinesvas also ealuated forCampylobacterisolates from
poultry and poultry meatln general, relatively high levelsf resistance to
ciprofloxacin, nalidixic acid andthe tetracyclines was observed in
Campylobacteisolates fronpoultry andpoultry meat whilst low levek were

reported for erythromycin and gentamicin.
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In 2005, the US Food and Drug AdministratifDA) banned the use of
enrofloxacin in poultry productiofFDA 2005) Studies werelater carried out

to evaluate thepostban Campylobacterresistance to fluoroquinolones in
poultry prodicts. One such study was a y&amg project carried out in
Louisiana, which started in October 2006nd comparedCampylobacter
isolates from retia conventionally raised and organic chickefidan et al.
2009) They looked at resistance to the four antibiotics tetracycline,
erythromycin, ciprofloxacin and gentamiciff.etracycline was the antibiotic
most isolates wereesistah to (31.5%) followed by erythromycin (20%).
Significantly higher rates of resistance to erythromycin were observed in
conventional chicken isolates compadréo those from organic chieks.
However, the results generally showedv resistance rate® ciprofloxacin

with all isolates from organic chickens being susceptible to this antibiotic
compared to 8.5% of isolates from the conventional chickens besigjane.

No isolates were found to be -tesistant to both ciprofloxacin and
erythromycin. In comparison, another studyn Maryland looked at the
prevalence of fluoroquinoloreesistantcampylobacters in poultry products
from two conventional producers whannounced theyhad stopped using
fluoroquinolones from 2002Price et al. 2007)The resultshowevershowed

no significant change inthe amount of fluoroquinoloneresistant
Campylobactersolates from the two producefsroughoutthe duraibn of the
study. They also compared the rates of fluoroquinoloesistance of
Campylobactespp. isolated from the conventional poultry products compared
to those from antibiotifree producers. They found that the isolates from the

two conventional producers were significantly more likely to be resistant to
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fluoroquinolones tharthe antibioticfree isolates.Although these twoUS
studieshad different outcomes, they give an idedl@droquinoloneresistance
rates ofCampylobactespp. immediately following the ban 2005 However,
the longterm effects ofceasingthe use of floroquinolons in US poultry

productionwill have to be determineaver time

1.4APATHOGENESIS OF C. JEJUNI

The pathogenic mechanisms by whiCh jejuni infections occurin humans
remain poorly understooddespite the availability of a wealth of genomic
informationfrom several differenCampylobactesstrains.A major reason for
this is the lack of appropriate amal disease models which efficignmimic
infection in humangNewell 2001) However, &perimentalCampylobacter
infection of primates has been foundvery closely simulate the demse and
immune response of humaiiBitzgeorge et al. 1981; Russell et al. 1989;
Russell et al. 1993; Islam et al. 200@articularly the New World monkey
Aotus nancymae(Jones et al. 2006)Despite this,the cost of such
experimendtion is quite excessive, making itnavailable to most research
institutions and there havelways been ethical concerssirrounding such
types ofresearch Nevertheless, usinthe available animal modelssuch as
Toll-like receptor (TLR)deficient mice, ferrets and wax moth larvaeyeral
putative virulence factors involved in pathogenesis of human
campylobacteriosis havgeen previously describd#etley 1997; van Vliet &
Ketley 2001; Konkel et al2001; Young et al. 2007; Dasti et al. 2010)
addition, he complete genome sequenceéCofejuniNCTC 11168(Parkhill et

al. 2000)earlier revealed thatmany classical virulece factorsknown to be
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key for other enteropathogenwere not present For instanceno virulence
associated pathogenicity island wisind in NCTC 11168(Parkhill et al.
2000) However several genes with homopobmae Gtracts which can be
prone to phase variation through slippstdand mispairingwere identified.In
spite of this the role that phase variation plays in pathogenesis of

Campylobactehasyet to be determined

Following exposure taC. jejuni the lower intestinal tract of the gut (ileum,
jejunum and colonpecoms colonised Expression o number oputative
virulence determinants are predicted to be necessaimgtéstinalcolonisation
(see Figure R), incuding those forchemotaxis andnotility (Ketley 1997)
Once coloniation occurs other potential factorsneeded for virulenge
including adhesion and invasion of haspithelialcells, toxin prodation, iron
acquisition as well asoxidative, nitrosative and thermal stress defence

mechanismare necessariKetley 1997; van Vliet & Ketley 2001)

1.4.1 Chemotaxis and motity

Chemotaxis and flagellar motility aienportantfor effective coloniation of

the intestines as it ifirst necessary tgenetratethe mucus layer of the
intestinal cells.Chemotaxis is the ability of motile bacteria to sense and
respond to specifichemical attractantsSeveral chemoattractants have been
determined folC. jejuniincluding many constituents of mucin, which is a key
component of mucus, such bsfucose, lglutamate, kserine pyruvate and
succinatewhile many bile acids were found to taas chemorepellents

(Hugdahl et al. 1988)rheimportanceof chemotaxisn colonsation has been
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Figure 1-2. The different phases ofCampylobacteintestinal colonisation.

The numbers represent putatié® jejuni virulence determinants and the
different phase (sWwhereeach isthought to be expressedl +motility, 2 *
chemotaxis, 3toxidative stress defence, #adhesion, 5tinvasion, 6 +toxin
production, 7 iron acquisition, 8 +heat stress response and+&occoid

dormant stage.

Legend: - epithelial cell, - viable Campylobactecell, - dormant

coccoidCampylobactecell. Reproduced fromtan Vliet & Ketley(2001)
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Proven with nofchemotactic C. jejuni mutants isolated by chemical
mutagenesiswhich failed to colonie the intestinal tract of suckling mice

(Takata et al. 1992)

Orthologues of the chemotaxis gemd®A cheW cheV, cheY, cheBandcheR

have been identified in the genome sequende. géjuni (Parkhill et al. 2000)

but their roles in chemotaxis, with the exceptiortioéY cheB andcheR, have

not been characterisett has been reported th@t jejunistrains that lacked or
overexpressed CheXwhich is a response regulator that contthésdirection

of flagellar rotationwhen phosphorylated by CheMarchant et al. 2002)
resulted in decreased virulenceaiferretdiseasemodel(Yao et al. 1997)The
cheAandcheVgenes also encode polypeptides that contain responsatogg
domains. The cheB and cheR genes which respectively encode a
methylesterase and methyltransferagere determinedo be arranged iran
operonandhavea putativerole inthe adaptation o€C. jejunito changes in the
chemical gradienof their swinming environment(Kanungpean et al. 2011)
Motility swarming assays were conducted to examine themolactic
behaviour of deletion mutants oheB cheRand cheBR The results showed
significantly decreased swarm sizes compared to uhid-type which
suggested that the CheB and CheR proteins influence, but are not essential, for
chemotaxis to occur i€. jejuni(Kanungpean et al. 2011 addition,in vitro
analyses usinguman intestinal INF407 cdl cultures revealed that eheR
deletion mutant was hyperadherent and hyperinvasive to these cells while a
cheBmutation resulted in a nesddherent and neimvasive phenotypdn vivo

experiments furthermore revealed that CheB and CheR are required for
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colonisation of chickensas acheBR mutant showed a reduced ability to

colonisethe caecunof 1-day old chicks compared to the wilgpe strain.

C. jejuni also possesseten putative chemoreceptors (designated Transducer
like proteins, TIps), some of whicshow homology to the methgccepting
chemotaxis proteins (MCPs) ik. coli. They are responsible for sensing
chemoattractants in the environment &Bd jejuni mutants lacking two of
them, eithercj0019c(DocB) orcj0262¢ showed decreased coleation ofthe
gastrointestinal tract of-dlay old chickens, but the chemoattractants were
unknown(Hendrixson & DiRita 2004)More recently the C. jejuni group A

Tlp receptor, Tlp3 (cj1564), was found to be a muligand binding
chemoeceptor that has several functions including recognition of the
chemoattractants isoleucine, purine, malic acid and fumaric acid as well as the
chemorepellants lysine, glucosamine, succinic acid, arginine and thiamine
(Rahman et al. 2014)An isogenic mutant ofcj1564 showed altered
morphology, reduced chemotactic motility but increased autoagglutination and
biofilm formation (Rahman et al. 2014)n addition, thelp3 mutation reduced

the ability of C. jejunito adhere to and invade human iniest Cace2 cells

but caused no change in its ability tdardse one day old chickeiilRahman et

al. 2014)

Campylobacters are motithrough the presence afsingle flagellum, at one
or both cellular polesiyhich provides their typical corkscrewlike morphology
The importance ofhe flagella in colonsation has been demonstratesing

flagellar mutats which were unable to coloristhe gut of chickens
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(Nachamkin et al. 1993; Wassenaar et al. 1988ye (Morooka et al. 1985;
Newell & Mcbride 1985) rabbits(Caldwell et al. 1985; Pavlovskis et al. 1991)
andhamstergAguerc-Rosenfeld et al. 1990Flagellarmotility was also found

to be important irtausingdiseasen humangBlack et al. 1988)Furthermore,

the importance of flagella in adhesion and invasion of heks in vitro has
been showrfor flagellar mutants ofC. jejuni 81176that lost their ability to
adhere to and invadeumanINT 407 cells (Wassenaar et al. 1991; Yao et al.
1994) The flagellum ofC. jejuniis unsheathed and is composedinly of
flagellins, whichareencoded by the genélgaA andflaB (Nuijten et al. 199Q)

The two flagellin genes show 95% sequence similarity but are expressed
independently from their own promoter$he flaA gene isexpressed at much
greater levels thaftaB and is regulatedy F2(fliA), whilst £* (rpoN) controls
expression oflaB (Guerry et al. 1991; Hendrixson et al. 2001; Jagannathan et
al. 2001; Hendrixson & Dirita 2003; Carrillo et al. 200#)activation of the
flagellin genes has been found to affect motility in different wayglaA-
flaB+ mutant resulted in foration of a truncated flagellum which led to a non
motile phenotype while #aA+ flaB- mutantpossessed fulength flagella and
remained motilgGuerry et al. 1991; Wassenaar et al. 1991; Wassenaar et al.

1994)

1.4.2 Adheson and invasion

Adherence and invasion of eukaryotic cells is an important featue jefuni
pathogenesis. In order to coloaidosts, microorganisms generally require
adhesion and binding factorscludingsurface ppendagesuch agili which

are faund on the surfaces of many Gramegative and Grafpositive bacteria.
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However, he genome o€. jejunidoes not appear tpossesgienes encoding
homologues for obviougilus-like structuresandthe organisnhas been shown

not to produce such structurg§&aynor et al. 201; Wiesner et al. 2003)
Nevertheless, components of type Il secretion systems which function in pilus
biogenesis and assembly have been identified and are similar to systems used
in assembly of type IV pili in organisnsaich asvibrio choleraand Neisseia
gonorrhoeagWiesner et al. 20035uch components have been found to play

a role in natural transformation Gf jejuni(Wiesner et al. 2003)

In order to characterise the interaction @f jejuni with eukaryotic cells, a
number of studies have used models with huroalls for example human
laryngeal carcinoma (HEp-2), human cervical cancefHelLa and human
epithelial kidney (HEK-293) cell lines. However cell lines that mimic the
conditions expected to be encounteri@dvivo, such as human intestinal
epithelal (INT 407) and human colon (Ca2 or HCA-7) cells have been
more extensively used. As a result, a number of putative adhesion and binding
factors have been found despite the absenddenttifiable pili or piluslike
organelles irC. jejuni These includeCadF (Konkel et al. 1997)JIpA (Jin et

al. 2001)and PEB1(Pei & Blaser 1993)CadF is an outer membrane protein
which facilitates binding o€ampylobacteto fibronectin, a component of the
extracellularmatrix. Studies have showthat CadF is required for maximal
adherence and invasion of INAD7 cellsin vitro (Monteville et al. 2003)gs
well as forthe efficient colonistion of infant leghorn chicken&iprin et al.
1999) JIpA is a surfacexposed liproprotein which has been found to be

important in binding oLC. jejunito HEp-2 epithelial cellsn vitro as adherence
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of insertion and deletiojipA mutants to Hg-2 cells was reduced compared to
the wildtype strain(Jin et al. 2001) The periplasmic cebinding protein
PEB1 plays a role i€. jejuniadherence to HelLa ceils vitro (Kervella et al.
1993; Pei et al. 1998A mouse challenge study also found theblmutants
showed significantly reduced rates and duration of tim&scolonistion of

mice compared to the wiltype (Pei et al. 1998)

The invasive ability ofC. jejuni has been demonstratedvitro usingvarious
human cell line{Wassenaar et al. 1991; Grant et al. 1993; Szymanski et al.
1995; Pei et al. 1998)s well asn vivousing animal models atampylobacter
enteritis. Some of the experimentally challenged animals used were infant
chickens(Ruiz-Palacios et al. 1981; Sanyal et al. 1984; Welkos 198dant

mice (Newell & Pearson 1984; Yanagawa et al. 1994¢wborn piglets
(Babakhani et al. 1993nd nfant monkeygRussell et al. 1993)n addition,
there is strong evidence to suggest t@ampylobacterinvades intestinal
epithelial cells ofhumans as intracellular bacteria have been recovered from
patients with colitis(van Spreeuwel et al. 1985Another study found that
there was aignificant difference in the level of invasitetween isolates from
patients withCampylobacterolitis compared to those with namflammatory
diarrhoea(Everest et al. 1992Eighty-six percent of the colitis straingere

alo able to translocate across G& cell nonolayers compared to 48% of

isolates from patients with nenflammatory diarrhoea.

A previous study found that during -cultivation withINT 407 cellsor in an

INT 407 celtconditioned mediunC. jejun secretedt least eighproteirs into
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the culture medium(Konkel et al. 1999) These secreted proteins are
collectively known asCampylobacteinvasion antigens (Cia), and include the
73-kDa protein CiaB. Theiprecise role irthe invasion process is still to be
determined.However, mutation othe ciaB genein C. jejuni significantly
reduced the number of cells which were internaliseanpared to the wild
type andresulted in failurgo secrete the other proteifisonkel et al. 1999)It
was earlier suggested that CiaB may belong to a type lll secretion system
(Konkel et al. 1999)ut no type lll system has been found in tejejuni
genome Neverthelessit was later dsonstrated that CiaB and other secreted
proteins require a functional flagellar export appardtarstheir secretion
(Konkel et al. 2004)More recently, a functional type VI secretiorsigm was
identified inC. jejunibut the @nes encodinthis systemwere onlyfound to be
presentin 10% oftheC. jejuniisolates testedall of whichcontainedhe CJIE3

integrativeelement(Bleumink-Pluym et al. 2013)

1.4.3 Toxin production

Toxins have been proposeas important virulence factos but their role in
pathogenesis dtampylobacteenteritisremains uncleaMany cytotoxins and
enterotoxins in campylobacters have beescdbed(Wassenaar 199Hut to
date cytolethal distenthg toxin (CDT) is the onlytoxin to be well
charactesed (Pickett et al. 1996; Whitehouse et al. 1998DT is produced
by manyCampylobactespecies, including. jejuni C. coli, C. lari, C fetus
and C. upsaliensisand was found to beytolethal to CHO(Chinese hamster
ovary), Vero, HeLa HEp-2 and Cao2 cell lines (Johnson & Lior 1988;

Whitehouse et al. 1998Yhe bxic effect on sensitiveells was characterised
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by progressive cell elongatiprswelling and eventual death.was however
found that not all cell types were sensitive to C8iice mouse ¥1 adrenal
cells were unaffecte@ohnson & Lior 1988)This toxin can cause a variety of
mammalian cells to become irreversibly blocked in the G2 phase of the cell
cycle due to failure to activate CDC2 kinas¢éhich 5 required fortransition
into mitosis(Whitehouse et al. 1998LDT is also produced bya number of
other bacterial species includiig coli (Johnson & Lior 1987; Scott & Kaper
1994) Shigellaspp.(Okuda et al. 1997Haemopilus ducreyiGelfanova et al.
1999)andHelicobacter hepaticu§young et al. 2008). In C. jejuniand other
Gramnegative bacteria, toxin delivegan bemediated by outer membrane
vesicles (OMVs), which have been foundaid inthe release of CDinto the

surrounding environmetty C. jguni 81-176 (Lindmark et al. 2009)

The function ofthree structural gengsdtA cdtB and cdtC, is necessary for
CDT cytotoxicity (Pickett et al. 1996; Pickett & Whitehouse 1999has been
determined tha€CdtB is theenzymaticallyactive subunit of the toxi@Pickett

& Whitehouse 1999)The functions of CdtA and CdtC are still unclear lut i
has beermdemonstratedhat wheninvidual Cdt componentaere purified and
applied to cellsno toxic activity was observedLaraTejero & Galan 2001)
Howeverwhenapplied togethetheyinteraced to forma fully activetripartite
complex(LaraTejero & Galan 2001)it was therefore proposed that CdtA and
CdtC act as a heterodimeric B subuariid may be involved in the dedry of
CdtB into eukaryotic cell§LaraTejero & Galan 2001)The role of CDT inC.
jejuni pathogenesis was also tested usswgeniccdtB mutants(Purdy et al.

2000) Hela cytoxicity assays showed that CDT activity vedther greatly
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reduced or not detected the mutants whilst thecolonisation ability during
an intragastrt challengeof adult severe combined immunodeficient (SCID)
mice was unaffectely the mutatior(Purdy et al. 2000 However,the results
also showed that th€. jejuni cdtBmutants invaded blood, spleen and liver
tissue of the SCID mice less readily than wiyge bacteria therefore

suggesting a potential role for CDTimvasion of host tissues.

1.4.4 lron acquistion

The ability ofcampylobactesto acquire irorwithin their animal host is known
to be a key step for infection. Free irosually hasvery limited availability as

it is complexedwith iron-binding and transport proteins such as haemoglobin,
transferm (in serum)and lactoferrin(in mucosal secretiongAndrews et al.
2003) This iron limited environmentcts asa nonspecific host defere
mechanismagainst pathogenic bacteriwhere afree iron concentration of
around 10*® M is maintained, whilstat least10” to 10°> M is generally
required for optimalbacterial growth(Andrews et al. 2003)In order to
overcomethis limitation, many bacteria pathogendave evolved a number of
mechanisms to enable them to scavengm from their extracellular
environment including the use of$mall ironchelatingcompound known as
siderophores. Howevelsiderophore biosythesis genes have not yet been
identified within genome sequences @impylobacterstrains(Parkhill et al.
2000; Chaudhur& Pallen 2006) Although Field et al.(1986)found that7 of

26 C. jejuni human isolatestested produced detectable amounts of
siderophores when grown under irlmited conditionsand that threeof the

strains were also able to utilize exogenously suppliecenterochelin and
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ferrichrome which areknown to beproduced byE. coliand certain soil fungi
respectively C. jejuni was also found to be able to utilize haeomtaining
compounds(Pickett et al. 1992)Genes encoding enterocheline(BCDB
(Richardson & Park 1995¥errichrome ¢fhuABD (Galindo et al. 2001and
haemin/haemoglobirchuABCLY) (Rock etal. 1999)have been characterised

in Campylobacteandweredemonstratetb be involved in iron acquisition.

Iron can existn either ferrous (F8) or ferric (F€") states, anddepending on
the pH and redoxonditionsof the surrounding environmengduble ferrous
iron can be rapidly oxidised tbeinsoluble ferric ironlron in the &rrousstate
can easily diffuse¢hrough outermembrane poringsize limit ~600 Da) but
Fe’*-siderophore complexes are too large to pass through. Thetieéoferric
iron acquisition system dbramnegative bacteries geneally comprisedf an
outermembrane(OM) receptor proteinwhich specifically bind to cognate
ferri-siderophoreor free iron and transportsthiroughthe OMto a periplasmic
binding protein andsubsegently to a cytoplasmic membrane K ABC
transporterconsisting of a permease and an AdiRding protein.Transport of
ferri-siderophores through OM receptors relies on energy transduced through
the TonBExbB-ExbD protein complexwhile ATP is hydrolysedo provide

energy for transport across the IMo the cytoplasniBraun et al. 1998)

C. jejunitypically acquires ironrfom ferrienterochelin througthe CfrA OM
receptor which shows highhomologyto a number of other ferric siderophore
receptos (Palyada et al. 2004 hecfrA gene was previously found to be iron

regulated(Guerry et al. 1997and mutation of this gene i@. jejuni NCTC
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11168 prevented growth when feemterochelin was provided as the only
source of iron(Palyada et al. 2004)Another ferrienterochelinreceptor
designated CfrBwas identified and characterised@ampylobacte(Xu et al.
2010) It is a homolog of the Cj0444 protein @. jejuni NCTC 11168
(annotated as a pseudogeaa)l was found to be important in colonisation of
chickensby both C. jejuni and C. coli (Xu et al. 2010) Most strains ofC.
jejuni that producel the CfrB receptor proteimid not produceCfrA, whilst C.
coli strairs were found towidely produce bothCfrA and CfrB but not CfrB

alone(Xu et al. 2010)

The enterochelin transport system encodeddyBCDEis similar in C. jejuni
and C. coli, with ceuBand ceuC encoding integral membrane proteiosuD
an ATPasebinding protein andceuE a periplasmiebinding lipoprotein
(Parknhill et al. 2000; Palyada et al. 2004he importance of enterochelin
uptakein gut colonisation was demonstrated vivo ascfrA and ®@uE mutants
of C. jejuniNCTC 11168were unable to colose the gastrointestinal tract of

chickeng(Palyada et al. 2004)

A ferrichrome uptake operon was identifiedC. jejunistrain M129 encoding
proteins with homology to the ferrichr@uptake systems ofE. coli and
Pseudomonas aeruginog&alindo et al. 2001)The operon iomprised of
the gmescfhuABDand has not been identified so far in any of the sequenced
CampylobactegenomeqChaudhuri & Pallen 2006)n E. colithe fhuA gene
encodes an outer mémane receptofhuB a permease arfiuD a periplasmic

binding protein.CfhuA was found not to be uniformly present in elev@n
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jejuni strains tested as Southern blot analysis showed that only six of them
carried the fhuA homologue (Galindo et al. 2001) Under ironlimited
conditions,C. jejuni strain M129 grew best when ferrichrome was used as an
iron source compared to other sour@@slindo et al. 2001)However the role

of CfhuA in ferrichrome uptake is still unclealong with the role oéfhuABD

in C. jejunipathogenesis

The ¢j1658cj1663locus of theC. jejuniNCTC 11168 genome is involved in
iron uptake assoated with rhodotorulic acjdvhich is a fungal hydroxamate
siderophorehat was previously isolated and characterig&tin & Neilands
1968) A 19-kDa periplasmic proteinc(1659 of C. jejunidesignategp19was
previously determined to be iron regulat@@n Viiet et al. 1998) The gene
directly upstream op19 cj1658 encodes goutative membraneassociated
protein but does not resemble a T®wnlependent receptor. Howevdne genes
Cj1661cj1663 appear to encode atM ABC transporter systemand
homologues otj1658 and p19 can be found ira Yersinia pestisron-uptake
pathogenicity islandCarniel 2001) Mutation of cj1658 andp19in C. jejuni
NCTC 11168affected the ability bthis strain to utilize ferrrhodotorulic acid

for growth(Stintzi etal. 2008)

In the Enterobacteriaceae,ptake of ferrous irons mediated by the Feo
transport systerandis quite different to siderophordependent systems. The
system iscomprised of the two proteins FeoA and Feathich lie in an
operon with the putave [FeS] transcriptional repressor FedCartron et al.

2006) The function of FeoA is unknown but FeoB appears to encode an IM
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protein.Homologues of th&. colifeoBandfeoAgenes have been identified in
the C. jejuniNCTC 11168 genome sequence bueaC homologue was not
found (Parkhill et al. 200Q)Raphael andoeng2003)reported that FeoB was
not required for uptake of ferrous iron @ jejuni andsite-directedmutations

in feoBresulted in no change MFe** uptake.lt was subsequentiyetermned

that thefeoBandfeoAgenes form an operdn C. jejuniand te role of FeoB

in iron acquisition, gut colongion and intracellular survival i€. jejuniwas
examined aikare et al. 2006)t wasfound thatfeoBC. jejuni mutantswere
significantly affected in theiability to transport F& and that intracellular iron
accumulated within the periplasm compared to the cytoplasm for the wild
type. The feoB mutant was also owtompeted by the wildype during
colonisation and survival studies using the rabbit ileal loopdel as well as
during chicken colomsation studies. Infection of the intestinal tract of
colostrumdeprived piglets was also significantly reduced in the mutant
compared to the wildype (Naikare et al. 2006)n contrast to the findings of
Raphael and Joens (2003)ese results therefor@t only suggesta role for

FeoB in ironacquisition but also in colorasion and pathogenesis.

1.4.50xidative stress defence

Although bacterianeed to secure irofor growth and survival within the host,
it is necessary for them to ensuhat theintracellular supply is safand non
toxic. However, incomplete reduction of oxygen can generatenixture of
highly reactiveintermediates of varying toxicity known aeactive oxygen
species (ROS)which include super anions (&) and peroxides (RQ).

Increased xposure to thesantermediates can causidative stresswhich
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leads to lethal damage of cell membranes, proteins and nucleic aSuger
anionscandestroy enzymes containingHe-4S] clusters, causing the release
of iron and subsequent inactivation of the enzyfrdovich 1995) Released
iron canthenreact with ROS to generate hydroxyl ics (OH ¥ through the
HaberWeiss and Fenton reactiofWliller & Britigan 1997) as shownin the

equations below:

O, + Fé¢" —> F&' + O, Iron reduction éq.1)
Fe* +H,0, —>Fe’* OH + HO £ Fenton reactiongg. 2)
0O, + H O, —>HO # OH +0; HaberWeiss reactiondq. 3)

Campylobacterpossess oxidative stress defesystems mainly against stress
from superoxies and peroxidegvan Vliet & Ketley 2001) Superoxide
dismutases (SODs) catalyse the breakdown of superoxide molecules to
hydrogen peroxide and dioxygéRridovich 1995) A single iron cofactored
SOD, encoded by theodB gene,is expressed bZampylobacteand is thekey
component of stress defanagainst superoxidg®esci et al. 1994; Purdy &
Park 1994) It was found thasodB C. jejuni mutants were signdantly less
able to invade INT407 cellsin vitro (Pesci et al. 194) while C. coli sodB
mutants showed decreased cadation ability during experimental infection
of 1-day old chicks(Purdy et al. 1999)Absence ofthe sodB gene also
previously affected the ability ofCampylobacterto survive for prolonged
periods in milk and on chicken skfRurdy et al. 1999and mutants were als
more sensitive to freezbaw stresgStead & Park 2000)it has alsobeen

shownthatsodBmutantshaveincreased sensitivityponexposure to paquat,
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which is a strong oxidising age(barénaux et al. 2008All of theseresults
therefore suggest that the SodBtein plays an important role in infection

oxidative stress defeaand survival oCampylobactem differentfoods.

Mechanisms for peroxide stress defenmainly rely on the enzymes catalase
(KatA) and alkyl hydroperoxide reductase (AhpC}rant & Park 1995;
Baillon et al. 1999)Catalase catalyses the convansof hydrogen peroxide to
hydrogen and wateand can therefore assist in removal of the hydrogen
peroxde produced by SORNd other metabolic reactionSatalasedeficient
mutants were found to be more sensitive to exposure@ tHan the parental
strainandhad areducel ability to detoxifying this molecule, as more than 60%

of the HO, remained for theluration of the experiment compared to wijge

cells which reduced the concentration to undetectable levels within 5 minutes
(Grant & Park 1995)Interestingly it was later found thathe ability ofkatA
mutants to grow and survive in aerolmionditions as well as to coloeisan
animal model were unaffected by the mutat{@urdy et al. 1999)This may
therefore suggest th&atAis notan important determinant in adio survival

and optimal colonation ability of CampylobacterCatalase expression (@.

jejuni is regulated by the PerR protein and is repressed by iron but induced by

H,0, exposurgPark 1999; van Vliet et al. 1999)

Alkyl hydroperoxide reductaselso referred to as thispecific antioxidant
(Tsa or TsaA)reduces alkyl hydroperoxides to alcohdls jejuniexpresses a
homologue of the catalytic Ahpfroteinbut doesnot contain the flavoprotein

AhpF, found inE. coli and several other bacter{Roole et al. 2000)The
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importanceof AhpC in aerobic survival ofC. jejuni wasdemonstrated asna
ahpC mutant showed significanly reduced aerotoleranceompared to the
wild-type andwas more sensitive to aimducer ofoxidative stres¢Baillon et

al. 1999) However the ahpC mutant was not sensitive toH,O, exposure

(Baillon et al. 1999)

The genome of. jejunicontains a number of other peroxidases that naase

roles in oxidative stress defea These include thiol peroxidag€px) and the
bacterioferitin comigratory potein (Bcp) both of which are represented by
homologues irC. jejuniand areencoded irC. jejuniNCTC 11168 bycj0779

and ¢j0271 respectively.lt was found that Tpx and Bcp are cytoplasmic
enzymes which togetherplay important roles in oxidate and rtrosative

stress deferecas atpx/bcpdouble mutanwvas hypersensitivéo exposure to
hydrogen peroxide, organic peroxides, superoxide and nitrosative stress agents

compared to the wildype and single mutan{étack et al. 2008)

1.4.6 Nitrosative stress response

During human infectin and pathogenesisampylobacters encountetevated
levels ofnitric oxide (NO) andbther agentshat causenitrosative stressrThis

has previouslybeendemonstrated in patients with infective gastroenteritis
including individuals suffering fromcampybbacteriosis(Forte et al. 1999;
Enocksson et al. 2004Yhe main sourcesf NO in human hosts are NO
synthases particulaty inducible NO syntha3e dietary nitrate, which is
reduced to niite and then to NO by bacteria, and salivary nitrite, which is

reduced to NO through the action of stomach #&cichdberg et al. 2004)n
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responseto this form of stress C. jejuni expressesa singledomain
haemoglobin (Cgb), which functions the scavenging and detoxification of
NO (Elvers et al. 2004; Lu et al. 206007 A Cgbdeficient mutantshowed
increased sensitivity to NO and nitrosative stress as ihy@ersensitive to the
nitrosating gentsS-nitrosoglutathione (GSNO) argbdium nitroprussideand
to the nitric oxidexeleasing compoundgpermine NONOatgElvers et al.
2004) The NOsensing regulator NssR (nitrosative stresssingregulator
cj0466), which is a member of the GHknr superfamilyof transcription
factors was found to regulate N@sponsive expression ofb (Elvers et al.
2005) C. jejuni also expresses a second globin (Ctb), whécla truncagd
haemoglobirthat hasalsobeen found tde under the control of NsS[Elvers
et al. 2005) The function of Ctb has ndieenfully establishedbut it hasan
extremely high affinity for oxygen andhas been implicated in oxygen
metabolism (Wainwright et al. 2005; Wainwright et al. 200&nd in
performing arole in cytochrome c peroxidase or cytochrome R#6E oxygen

chemistry(Lu et al. 20038).

1.4.7Thermal stress response

Campylobacters are exposed to a range of teatyees including 37C within
humanand animahoss, 42°C within avianreservois and around 4C within
food products (water, milk or on poultry meafhe optimal temperature range
for growth is between37-42°C, where temperatures above this triggar
thermal stress response @ jejuni andresult inthe synthesis of heat shock
proteins (HSB). HSPs are a group of highly conserved proteins that are co

regulated and play an important role in thermotolerance as well as in response
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to other environmental i#sses. They also participate in normal cell function
by acting as chaperones to allthe correct folding of mangellular proteins
andthe proteolysis of misfolded proteins, whicianbe deleterious if allowed
to accumulateA number of HSPs have beereiified inC. jejuniincluding
the proteins GroEL, GroES, DnaJ, DnaK and C(gBnkel et al. 1998; Thies
et al. 1999a; Thies et al. 1999b; Thies et al. 199€9owever, only DnaJ has
beenshown toplay a role inC. jejunipathogenesis asdnaJnull mutant was
unable to colorse newly hatched Leghorn chickefiKonkel et al. 1998)The
dnaJ mutantalso exhibited impaired growth at6°C, implying thechaperone
has a role inthermotolerancgKonkel et al. 1998) Konkel et al. (1998)
demonstrated a heat shock response Gorjejuni immediately following
exposure to temperatures above the optimal rémg@*C), and found thathe
synthesis ofat least24 proteins increaseith response to th thermal stress.
Similarly, another study looked at the global transcriptional responseC of
jejuni to a temperature increase from 37 to 42°C and found that approximately
20% of the genes in the genome were either significantly anpdown
regulated over a 50 minute period following the temperature inc(&m¢zi
2003) Genes encoding chaperones, chaperonins and, H®Rsling groEL,
groES dnaK dnalJ hspR hcrA and clpB, showed increased levels of
expressionThe RacRS regulgrwhich is a twecomponent regulatory system,
has been found tbe involved in diferential expression of proteins at 37 and
42°Cin C. jejuni(Bras et al. 1999)nactivation of the response regulator gene
in C. jejuni encoded byacR, also resultedh a reduced ability to colorasthe

intestinal tract of chickendras et al. 1999)
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1.5REGULATION OF CAMPYLOBACTERVIRULENCE

1.5.1 Iron-responsiveregulation

Iron is an absolute requirement for life but in the presence of oxygen
capdle of generating toxic and potentially harmful metabolites (see section
1.4.5).1ron acquisition, metabolism and storaayetherefore strictly regulated

to allowiron homestasis to bearefully balance. In C. jejuniand other Gram
negative bacterjaron-regulated gene expression is under the contrahef
transcriptional regulator Furfgfric uptake regulatyr When the intracellular
ferrousion concentratiorexceeds a threshold level, Fur binds t6"Fens and
forms a dimeric Fé-Fur complex (holeFur). This complex recognises
specific consensus sequen¢Ear box) in promoter regiongpstream of iron
regulated genes and represses their transcription by blocking entry of RNA
polymerase (Figure-3) (Andrews et al. 2003; Butcher et al. 201Bpwever,
when the concentration of intracellular iron becomes low, the Fur complex
dissociates (apéur) and no longer binds to the recognition sequences, thus
derepressesing transption of ironregulated genes (Figure3) (Andrews et

al. 2003; Butcher et al. 2012)he structure of the Fur protein @ jejuniwas
recently determined and differences wearbserved in the orientation of the
apoFur DNA-binding domaircompared to other structurally characterised Fur
and Furlike homologuegButcher et al. 2012)t was found that th€. jejuni
apoFur protein retains a canonicatshape dimer conformation, and in doing
so repositions the DNAbinding domain to enable DNA interactions that can

be modulated by the binding of irdButcher et al. 2012)
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Figure 1-3. Schematic diagram of Fur regulation of irorregulated genes
Fur represses transcriptiai iron-responsive genesnce it forms a complex
with its corepressor F&, but causes deepression in the absence of’Fe
(Repoduced fromAndrews et al., 2003)
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The C. jejuniFur protein has been previously found to control transcription of
at least 60 genes related to iron acquisition, oxidative stress defence, flagellar
biogenesis and energy metaboli¢Ralyada et al. 2004; Holmes et al. 2005)
Binding of purified Fur to the promoters upstreampd®, cfrA, ceuBCDE,
chuABCDand ¢1613 (putative haem oxygenase) has also been demonstrated
(Holmes et al. 2005; Ridley et al. 2006yiore recently, a chromatin
immunoprecipitation and microarray analysissay(ChlP-chip) was used to
define the role of Fur irC. jejuniand 95 genomic loci were identified that
were bound by Furegardles®f the fold changé€Butcher et al. 2012)These

Fur binding sites were found to includeme in the vicinity of genes encoding
proteins involved in metal homeostasis, flagellar biogenesis, energy production

and conversation, and stress respdBsicher et al. 2012)

It was previously found that €. jejuni fur mutant was unable to regulate
expression of iron acquisition gendsjt there was still irofresponsive gene
regulaton (van Vliet et al. 1998)This suggested the presence of a secamd ir
response regulator, which was found to be the peroxide stress regulator PerR
protein. Fur is known to regulate the gemasA and ahpC which are also
regulated by PerRvan Vliet et al. 1999)A perR mutation inC. jejunicaused
hyperresistance to peroxide stress theaphC and katA promoters were de
repressed under these conditions, leading th tagels of expression of these
genes(van Vliet et al. 1999)In addition, irorresponsive regulain of aphC
andkatA completely ceased aC. jejuniperRfur double mutanfvan Vliet et

al. 1999)
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1.5.2 Two-component regulatory systems

Two-component systems (TCSs) provide a stimuegponse mechanism that
allows organisms to sense and respond to changes within their environment,
mainly through changes in gene expression. T&®sisuallycomprisel of a
membrandocated sensory histidin@oteinkinase and aytoplasmicresponse
regulator proteinThe histidine kinase senses extracellular stimuli and transfers
a phosphoryl group ta conserved aspartatesidueon the Nterminal domain

of the respase regulator, whiclhen interacts with the promoters of target
genes and regulates their expressibme genome o€. jejuniis regulated by

at least37 putative transcription factgréncluding 10 response regulators
(Wosten et al. 2008Examples otwo-component transduction systemsdn
jejuni are: FIgSFIgR which regulate the fla regulon and is esential for
flagella biogersis(Wdsten et al. 2004)PhosSPhosR whichis activated by
phosphate limitation and regulatde phoregulon(Wdsten et al. 2006RacR
RacS which is responsive to temperature and is important for satiom of
chickens (Bras et al. 1999) DccR-DccS which is activated in the late
stationary phaseof bacterial growth and isequired for optimalin vivo
colonisation (MacKichan et al. 2004and CprRCprS whichis essential for
expression of factors that ameeded for biofilm formatiomplanktonic growth

and optimal colonisation of chicke(Svensson et al. 2009)

1.6 GENOME SEQUENCE OF C. JEJUNI NCTC 11168

TheC. jejuniNCTC 11168genomehas 1,611,481 base pairs (bpyranged as
a circular chromosome, with G+C content of 30.6% arttie presence of

1,643 putative coding sequences (CDiagluding 19 probable pseudogene
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(Parkhill et al. 2000; Gundogdu et al. 200The genome generally lacks
repetitive DNA sequencesvith only four repeated sequences being identified
throughout the entire genomene of them beinghe ribosomal RNA operon.
There are no inserted sequence (IS) elements, transposons, retrons or
prophageassociated genes present Shotgun assembly of the genome
illustrated the presence of homopolymeric G:C tracts exhibiting length
variations amongst identical clofarkhill et al. 200Q)Variation in length of
poly G:C tractamay be dudo slippedstrand mispairing during chromosomal
replication (Levinson & Gutman 1987)xand is known tomediate phase
variation of surfacemolecules in pathogenic bactesach asHaemophilus
influenzagHood et al. 1996)Hypervariable sequences were identified in gene
clusters mainly responsible for lipooligosaccharide (LOS) biosynthesis
(¢1131ccj1152), capsular polysaccharide GPS biosynthesis ¢1413c

¢j1448&) and flagellar modificationd1293-¢j1342).

Following publication of the genome sequencefjejuniNCTC 11168, the
sequenced clone (1116&8S) was found tdve non-motile, displayinga straight,
rod-shaped morphologyhat invaded and translocated poorly through tissue
culture cells and wasa poor colonier d 1 day dd chickens(Ahmed et al.
2002; Gaynor et al. 2004)However, variants exist with more typical
phenotypes(Carrillo & al. 2004; Gaynor et al. 2004; Revez et al. 2012)
Transcriptional analysis of the sequenced variant compared to the original
isolate (111680) revealed differences in expression of genes relating to
respiration and metabolism, suggesting that adaptatodifferent oxygen

tensions may have contributed to the differences in phenof@ag/nor et al.
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2004) Another study wth two variantsof NCTC 11168 found differences in
their virulence properties, including motility, and suggested these were largely

due to changes in expressiof 1*® and °*

regulated genegCarrillo et al.

2004) More recently Campylobacterisolatesthat wererecoveredfrom a

diarrheichuman ad identified as strailNCTC 11168GSv (American Type
Culture Collection (ATCC) genome sequence reference seaimpitedmajor

geneticchangescompared to NCTC 11168S (Thomas et al. 2014)These
changeswvere found at 15 loci within the genome of NCTC 11G&Bv and
included several insertion/deletion (indel) mutatioris genes carrying
homopolymeric regionas well as point mutatioria two loci. On inoculation
of interleukin10 knockout mice with an isolatd NCTC 11168GSv from the
infected individualthe isolatewvas found to undergfurthergenetic variations,

with specific mutations occurring at nine loci. & findingstherefore

illustratethat C. jejuniis capable oéxhibiting hostspecific genetic adaptation.

1.7BACTERIOPHAGE

Bacteriohages(commonly referred to as phagem)e bacterial virusethat
infect, replicate and ultimately kill susceptible host&n estimated 1Y
individual virus particles(mostly tailed phageare thought to be in existence,
making them themost abundant biological entitiggresent on the planet
(Hendrix et al. 1999)Bacteriophageare ubiquitous and can ffeund inmost
environments that support bacterial growtith as seawater, isand within
animal intestinestypically with a phageto-bacterum ratio of 10:1 or greater.

An early study reportedn the high abundance of viruses present in marine

environmentgBergh et al. 1989)vhere phageconcentratioa of up to 2.5 x

45



Chapter 1

1¢® particles/ml have beendetected in lake Plussee, Germanwnd
approximately10’ phage particles/mlcompared to 1Dcells/ml of bacteria
were presentin marine samplesThese concentrations were found to vary

accordingto theseason and geographical location.

1.7.1 Classification

Bacteriophages are classified by the International Committee on Taxonomy of
Viruses (ICTV) primarily according to their morphology and nucleic acid
content(whether they contaisingle or doulle-strandedRNA or DNA), but

host range andantigenic propertiesare also taken into account For
classification, the ICTV requires that capsid morphology be determined by
visualising phage particles using an electron microscope. However, this
procedurds not usuallyroutinely performedby researchergesultingin many

of the completely sequencéadcterigphages in GenBaniBenson et al. 2002)
remaining unclassified by the ICTV systeAs of July 2013, bacteriophages
were dassifed intothe order Caudovirale(ICTV 2014), which consistof 3
families basel on tail morphology (Figure -4): Myoviridae with long
contractile tails,Siphoviridaewith long noncontractile tails andPodoviridae

with extremely short tailgHendrix & Casjens 2005)A further 10 families

also exist butrecurrentlynot assigned to an ord€¢iCTV 2014) The viruses
thattypically represent bacteriophagase the ailed phageshat contain linear

doublestranded DNAandgenomesizesrangirg from17 to 500 kb
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Figure 1-4. Viruses classified in the ordeiCaudovirales

Electron micrographglustrating a T4like myovirus (panel a), aBscherichia

coli siphovirusHK97 (panel b) and &almonek typhimuriumpodovirus P22
(panel c). Each phage shows the characteristic tail morphology associated with
its classification. The scale bar is 50 nm. Images reproducedfrapovic et

al. (2011)
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1.7.2 Lifecycle

Apart from being classifiedn the basis omorphology, phages can also be
grouped according to their lifecyclhages are generally eith@rulent (lytic)

or lysogenic(Adams 1959)but alternative lifecycles also exist, including
pseudolysogeny and the carrier state life cy8leedon 2009) An overview of

the different lifecycles isliscussed next

1.7.2.1Virulent bacteriophage

Virulent bacteriophages redirect host metabolism in order eduge new
phage particles, which are finally released on lysis of the host cells (example
bacteriophage T4). The mechanisms associated with the lifeafy@ieulent
phageswere first investigateth vitro by Ellis and Delbiick (1939)with their
onestep growth experimenFigure 15). They were able to determine the
minimum latent period needed for intcallular virus growth as well as the
average burst size. The latent period represents the time which elapses between
adsaption of phage to the host cell and lysis, while the burst size is the mean
yield of phageparticles per infectedhost cell The main stages of the Iytic
lifecycle are(1) adsorption, (2) infection, (eplication and (4)release of
virions. Bacteriophagsadsorb to bacterial host ceiceptos such adlagella,

pili or capsule Some phages also require adsorption cofactors, for example
coliphage T4 reversibly lost its ability to adsorb to its host cells in the absence

of tryptophan(Anderson 1948)

Following adsorption the phage injects its DNA into the bacterial cytoplasm

signalling the beginning of theclipse andatent period. The DNAIs then
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Figure 1-5. The bacteriophage onestep growth curve of Ellis and
Delbrick (1939).

The bacteriophagese mixed with a specific bacterial host and incubated for a
short period of time to allow phagadsorption. The mixtures diluted 1 in
1000 to prevent any furtheounds ofreplication by reducing the number of
available bacteriaThe curve begins with the latent perjodhich represents

the time thatelapse betweenphage adsorptioand bacteriatell lysis. The
latent period also spans the eclipse phase where the bacteriophages are
replicating and mature phage virions are accumulating within host cells (red
line). As these mature virus particles are released into the -esditdar
environmentthe curve enters thése period Thiscan be used to calculate the
burst size which refers to the number of phage virions produced per infected

host cell,for this single round of phage replication.
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replicatedto createmultiple copieghat arepackaged into the capsid, which is
constructed in the very late stages of phage infection. Assembly of the phage
progeny is completed by attachment of tail fibres onto the BiNAd heads

and the eclipse phase comes to an end as the number of matucelintaa
viruses accumulates. These mature phage virions are then released into the

extracellular environment, which marks the end of the latent period.

1.7.2.2 Temperate bacteriophage

Temperate or lysogenic bacteriophaglysogens)integratephage DNA into
the genome of thébacterialhost cell, wherereplicaion occursalongside the
host DNA. The phage generally remaidsrmant causingno cell lysis and
producingno progeny (example bacteriophage Lysogenyhowevermeans
SSURGXFWLRQ RI O\V Lhebit ofpae inlddteldUodcteyid sinaikd
produdng phage capable of lysingensitivebacterial strains. This is possible
because lysogenic phage can recommene the Iytic life cycle either
spontaneously or in response to environmental fadtmigroduce infective
phage progenyin contrast, bcterial lysogens argenerallyresistantto super

infection by phages that are genetically related to their integrated prophage.

1.7.2.3 Pseudolysogry and carrier state life cycle

Pseudolysogeny (false lysogeny) and the carrier $ifateycle (CSLC)are
two dternative bacteriophage lifeches (Lwoff 1953; Adams 1959)hat have
previously beenreportedfor either Iytic or lysogenic phageMiller & Ripp

2002) Pseudolysogenylescribesan unstablecondition wherethe viral DNA

of theinfecting phage fails to establish a leteggm, stable relationship with the
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host (lysogeny) odoes notcause cell lysis, bus instead maitained within

the cdl in a nonactive statgRipp & Miller 1997) Such a situation magrise
during nutrient limited conditions/herethe pseudoprophagean survive for
extended periodsAs nutrients are replenished,etlunstable pselolysogens

can either be converted to true lysogens or elicit a lytic respdndler &

Ripp 2002) On the other hand, the CSLC refers to a mixture of bacteria and
bacteriophages which exist in a stable equilibr{itwoff 1953). The majority

of the bacteria are resistant but some sensitive variantalsr@resent and
these can be infected by the phage to allow multiplication. Bacteriophages are
therefore constantly generated at thepense of the sensitive population

(Siringan et al. 2014)

1.7.3 Bacteriophage therapy

1.7.3.1History and early phage therapy trials

Bacteriophages were iIFRYHUHG LQGHSHQGHQWO\ LQ WK
JUHGHULFN 7ZRUW LQ (QJODQG DQG )HOL[ G+
both described a phenonmn where bacterial cell lysis was taking place on
VROLG PHGLD )HOL[ GYf+HUHOOH h@WheBngXFHG W
1 EDFW H U hatibiidd WoHbhélrfbacteidal ability and was the first to

formally propose the use dbacteriphages as therapeutic agents against
bacterial infections. In 1919, he isolated phages from chicken faeces and used
them to sucessfully control an epidemic of avian typhosis and subsequently

went on to use this approach as a therapy to treat dysentery in human patients
(Summers 2001) Bacteriophages were also dsen 1921 by Richard

Bruynoghe and Joseph Maitin who successfully treated staphylococcal skin
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disease by injecting phages into and around surgically opened lesions, with
regression of the disease occurring within-48 hours of administration
(Bruynoghe & Maisin 1921)Dr. df+HUHOOHYV ODERUDWRU\ LQ 3I
produced phage preparations against a number of bacterial infeetioios,
included theproducts Badicoli-phage Bace-intestiphageand Bacé-pyo-
phage which were marketed byhat later became/ 1 2 U HhOF@ncte. In the

1V F RdmPpthége products for human use were also produced by Eli
Lilly Co. in the United States which targeted bacterial pathogens such as
StaphylococcysStreptococcuand E. coli. However with the discovey and
introduction of antibiotics, commercial production olbacterigphage
preparations was discontinued in most of the Western world. On the other
hand, the therapeutic use lodicterigphages still continued in Eastern Europe
and the Rssian Federation, irconjunction with or instead of antibiotics

(Sulakvelidze et al.@1).

1.7.3.2Rediscoveryand recent advances

Phage therapy trials ceasér some time after World War Ibut the research

of Smith and colleaguem the United KingdomLQ WKH HDUO\ TV EH
promisingeraof rediscovery(Smith & Huggins 1982)Their work focused on

an E. coli strain which was a known pathogen of calves and they selected
phages that utilised the Ktapsularantigen as a receptor for surface
attachmentBy doingthis, they were able to successfuthgat experimentdt.

coli infections in mice and found that a singlese phage treatment was more

effective than several doses of antibiotics including tetracycline, ampicillin and

chloramphenico(Smith & Huggins 1982)Anti-K1 phages were also used to
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successfully treagxperimentdy inducedE.coli diarrhoea in calves, lambs and
piglets (Smith & Huggins 1983; Smith et al987a; Smith et al 1987). A
decade lateBarrow et al.(1998) extended these resultsy using antiK1l
phagesfor treatment ofE. coli septicaemia and meningitia chickensand

calves

Further experimental studies using animal models have been generally
successful in treatingpacterialpathogensncluding Lactococcus garvieae
yellowtail fish (Nakai et al. 1999)Pseudomonas plecoglossicidaJapanese
sweetfish (Park et al. 2000Q) Staphylococcus aureusm mice and rabbits
(Matsuzaki et al. 2003; Wills et al. 200&8)dP. aeruginosan mice (Watanabe

et al. 2007) A number of studies have alsvaluaté the potential ofusng
virulent phages toreduce bacterial loads on foods includirgsteria
monocytogenesn freshcut produce(Leverentz et al. 2003)C. jejuni on
chicken skin(Atterburyet al. 2008; Goode et al. 2003ndL. monocytogenes

on soft cheesefCarlton et al. 2005)In addition, ®me trials haveused a
mixture of two or more phages as a cocktaitéwer a broader host range and
reduce the bacterial load @bntaminated foogroducts(Pao et al. 2004,
Abuladze et al. 208). In recent times commercial bacteriophagkerived
products have become available for use in the food and agricultural industry.
However, before such products are deemed safe for human consumption they
have tomeet certain safety standardr instance, ListShield (Intralytix Inc,

USA) and ListexP @& OLFUHRYV 1 Hakekoedd Gran@EBM QHUD OO\
UHJDUGHG DV VD I byfthe US$®odvam IDMgKAdministratiamd

are now available in the United Stateso treat L. monocytogenes
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contamiration. With the continued rise of multidrug resistant bacterial
pathogensthere has been-reewed interest in the use of bacteriophage therapy

as an alternative to target infectious bacteria.

1.7.4 Campylobactephages

1.7.4.1 Characteristics

The majoriy of Campylobactebacteriophageare members of thélyoviridae

family with long contractile tailsgoublestranded DNA and icosahedral heads
(Atterburyet al. 2003; Loc Carrillo et al. 2005; Timms et al. 201®igure t

6 shows an electron micrgraph of Campylobacterphages.The sixteen
virulent phages comprising the phage typing scheme of Frost et al. (1999) were
characterised bySails et al.(1998) and these could beubdivided into three
groupsbased on their genome size and head diamé&teup | included two
phages witthead diameters of 140.6 and 143.8 nm and large genomes, 320 kb
in size. Five phages with average head diameters of 99 nm and average
genome sizes of 184 kb were classified into group II. Group Il was comprised
of nine phages with an average head siz€06f nm and average genome sizes

of 138 kb.The sixteen phageserelater classified into four groups according

to their pattern of activity against spontaneous, transposon and defined mutants
of C. jejuni(Coward et al. 2006)n addition, bacteriophage genan®NA is
usually resistant to restriction endonuclease digestion, however the DNA of
group lll phages is digestible withlhal, making this a useful means of
discriminating thes&€ampylobactephageqSails et al. 1998)Several group

Il phages have beenisolated from poultry(ElI-Shibiny et al. 2005; Loc

Carrillo & al. 2005,2007) The recent availability of the published genome
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Figure 1-6. Transmission electron microgrgph of Campylobactephages.
The phage particles have icosahedral heads and long contractjlenikisng

them members of th#&lyoviridae family. The phages have been artificially

coloured.Image wagroducedcourtesy of Dr. Catherine Loc Carrillo.
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sequenes ofvirulent Campylobacterphages has also made it possible for
further classificationJaved et al. 2014Based on whole genome homology

and protein sequence similarities it was progdseintroduce two new genera,

WKH 3&S OLNHYLUXV™ DQG 3&S XQDOLNHYLUXV’

3(XEDPS\Y l(Javeq & Hl. 2014)

1.7.4.2 Sources oCampylobactephages

Campybbacter bacteriophages have been isolated from multiple sources
includingthe faees of pigs, cattle and she@ryner et al. 1970; Bryner et al.
1973; Firehammer & Border 1968% well asabattoir efluent, sewage, manure
and the faeces of chicke(fSrajewski et al. 1985; Salama et al. 1989; Khakhria
& Lior 1992; Sails et al. 1998; Connerton et al. 2004; Atterbury et al. 2005; El
Shibiny et al. 2005; Loc Carrillo et al. 200@ampylobactesspecific phage
have also been isolated from retail chicken samterburyet al. 2003;
Tsuei et al. 2007)therefore illustrating that these phages can still remain

viable after processing and survive under commercial storage conditions.

1.7.4.3Campylobacteprophages

As genome sequence data became available, theerme of lysogenic
bacteriophages withi€. jejuniwas revealed in some strains. Notalayyu-

like phage sequend€CJIELILCLMP1L) and other integrategrophages (QE2

and CJIE4)were identified within C. jejuni RM1221 (Fouts et al. 2005)A
comparative genoe analysis using PCR and a multistr&in jejuni DNA
microarraylaterdemonstrated that these prophage sequences were also present

in other Campylobacterstrains(Parker et al. 2006)Similarly, a number of
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studies have also reported the presence ofilkéuprophages integrated within

the chromosomes dZampylobactelisolates(Barton et al. 2007; Scott al.
2007b; Clark & Ng 2008) Furthermore, &C. jguni strain originally isolated

from the caecal contents of commercially reabediler chickers, displayed
genomic rearrangements that were found to be associated witly@moanic
recombinatiorbetweenmmultiple Mu-like phage sequencéScottet al. 200D).

These variants showed resistance to infection by virulent phages, failed to
colonie the intestine of broiler chickens argpontaneouslyproduced
infectious bacteriophage CampMu virions. However, reintroduction of these
strains into chickens without bacteriophages present resulted in a reversion to a
bacteriophage sensitive and cokation proficient phenotypeby further
recombination between the Mike phage sequence§hese results illustrate a
meclanism thatenables the host to survive bacteriophage predatioinile

influencing theCampylobactepopulation that colones broiler chickens

1.7.4.4 Application of Campylobactebacteriophages

A quantitative risk assessmentEurope has predicted thaBdog;o reduction

in the numbeonf Campylobactem the chicken gut at slaughter would result in
at least a 90% reduction in the risk to public he@RSA 2011) It has also
been predicted tha& 1 logio reductionin the numberof Campylobacter
contaminating chicken carcasseeuld be associated with a 80% reduced
risk to public health, while reductions of more thalo@ units would reduce
the risk to public health by more than 9QE4-SA 2011) To this end, targeting
suchCampylobactereduction rates with phage therapy would be beneficial to

the consumerlnitial bacteriophage therapy stediinvolving live birdsused
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group Il phage®nly. Wagenaar et a(2005)were the first to report on the use

of bacteriophages to redu€z jejuni colonisation d broiler chickens. They
compared the effects of phage therapy as eithdrespeuticor preventive
measure of treating broiler chickens by using two of the phages
(NCTC1266%phage 6%9%nd NCTC 12671/phage Ylised in the phage typing
scheme of Frost et.a(1999). A 3 logo CFU/g decline inC. jejuni numbers

was initially observed in the therapeutic group but after 5 days bacterial counts
stabilised & a level 1 logo CFU/g below the noiphagetreated controls.
Preventative phage treatment resulted in #&ydéut not prevention of
colonisation, with results reaching comparable levels to the therapeutic group
after 1 week. In @imilar investigationLoc Carrillo et al.(2005) usedbroad

lytic spectrum bacteriophagd€P8 and CP34jand C. jejuni host strains
isolated from broiler chickens. This treatment successfully reduced
Campylobactetevels by between 0.5 and 5 le@CFU/g of @ecal content as
compared to the untreated chick&roup Il bacteriophages(CP220,
phiCcolBB35, phiCcoBB37, phiCcoBB12) were also used in phage therapy
trials and reductionevelsof up to2 logio CFU/gwere achievedEl-Shibiny et

al. 2009; Carvalho et al. 20106j)th thesephage exhibiting an aility to infect

bothC. jejuniandC. colistrains.

Bacteriophages have also been used to re@arepylobactercontamination
levels on the surface of chicken carcasadsicially contaminatedollowing
slaughter(Goode et al. 2003; Atterburgt al. 2008). The goup Il phages
NCTC 12673 and NCTC 1267%4ere used in these studies and reduction levels

of 1-2 logio cm? were achieved However a greater reduction was observed
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when bacteriophage applicat wascombinedwith freezing Atterbury et al.
20030. Another study looked at the effects of usirglytic bacteriophage
isolated from chicken faeces (phage C@g8 a biocontrol agent against
Campylobacteon cooked and raweef(Bigwood et al. 2008)Phages were
applied to the food at refrigerated and room tempera{brasd24°C) at high

and low MOI (10 to 1t to eitherlow or high hostdensities (<100 or 16 host
cellscm®). Thegreatesteductions were observed at high host cell density and
high MOI, with the degree o€ampylobacterinactivation increasing with
incubation time. After 24 hoursincubation,reductions in excess @flog;o cm®

were achievedn the raw and cooked besfboth temperatures

1.7.4.5 Bacteriophage resistance

The development of bacteriophagesistantCampylobacteistrainsfollowing
phage thenay has always been perceived as a potential probléowvever,
experimentallythese resistant types comprised a minor part of the overall
populationin vivo and appeared to be less virulent than the -tyiiee strains
(Loc Carrillo et al.2005; Scott et al. 2007a; Scettal. 200B). Loc Carrillo et
al. (2005) found that the incidence of phagsistant isolates recovered from
the intestines of phageeated bird was <4%These resistant typesvere
compronised in their ability to colons new chickens and immediately
reverted to a phageensitive phenotypie vivo. The phageesistant phenotype
therefore did not become the dominant population insig@hagetreated
chickens despiteheir contirued presenceand predationupon the sensitive

population(Loc Carrillo et al. 2005)
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Phageresistance has been found to eb overcome by using multiple
EDFWHULRSKDJHYV LQ D upFRFENWDLOY WKDWeDUH FD S
receptors of the hostHowever, bacteria are capable of modifying their
receptors as a means of avoiding bacteriophage infe@mmard et al(2006)
reported thatesistancego some bacteriophagegas associate with motility

and capsular polysaccharide defertsC. jejuni Similarly, Sgrensen et al.
(2011)found a novel phage receptor @ jejuniand determinethat aNCTC
11168phage F336 resistanimutant, generatedh vitro, had lost the pha®
variable O-methyl phosphoramidattMeOPN moiety attached to &afNAc
(N-acetylgalactosamine in furanose configuration) residue oCt#8. It was

later determined thatoinfection of chickens witlC. jejuni NCTC 11168 and
phage F336 resulted in the egtion of resistant types vivo as all isolates
from phageinfected chickens were resistant to subsequent phage F336

infection (Sgrensen et al. 2012)

1.7.4.6 Genome squences

Highly purified, high titre suspensions are required for DNA sequenzing
bacteriophagediowever due to the refractory nature wfanyCampylobacter
bacterigpghage genomesto restriction enzyme digestioms well as the
difficulties associatedwith amplifying their DNA using Taq polymerase,
sequencing phage genomes has proven probleriatidate.completegenome
sequencesare availablefor eight Campylobacterphagesand a further
incompletesequenceomposed of 5 contigsas also been publish¢@able 1-

1). The available genome sequenoggsresent group Il and Il phagbst no
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Table 1-1. Publishedsequences of virulenCampylobactephagesto date

Accession
Phage number Group Length Reference
CP2D FN667788 |l 177,534 Timmset al. 2010
CPt10 FN667789 I 175,720 Timms et al. 2010
NCTC12673 GU296433 |II 135,041 Kropinski et al. 2011
vB_CcoMIBB_35 Contig 1 HM246720 I 53,237 Carvalho et al. 2012
vB_CcoMIBB_35 Contig 2 HM246721 I 51,534 Carvalho et al. 2012
vB_CcoMIBB_35 Contig3 HM246722 I 27,985 Carvalho et al. 2012
vB_CcoMIBB_35 Contig4 HM246723 I 14,701 Carvalho et al. 2012
vB_CcoMIBB_35 Contig5 HM246724 I 24,608 Carvalho et al. 2012
CP81 FR823450 |lI 132,454 Hammerl et al. 2011
CcpP21 HE815464 || 182,833 Hammerl et al. 2012
CP30A JX569801 I 133,572 -
CPX JN132397 I 132,662 -
CP8 KF14816 IlI 132,667 -
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group | sequence has yet been deposited. Groppalges CP220 and CPt10
were isolated at least fourteen years apartiriietestingly showed very high
levels of sequence conservati@nmms et al. 2010)Both genomes contained
numerous copies of radical -&lenosylmethionine genes, which were
suggested to be involved in enhancing host metabolism during bacteriophage
infection. The other group Il phages, CP21 and vB_CdBB 35, showed
sequence homology with CP220 and CPt10, however the genomic organisation
of CP21 is divergenf(Hammerl ¢ al. 2012) Group Il phage CP81 was also
found to display a relationship with phages CP220 and CPt10 as wellas T4
like phages, withsimilarities being seen with proteins associated with capsid
structure, DNA replication and recombinatiofHammerl et al. 2011)
However, somegenes encodingmembrane proteins, transposases and
metabolic enzymes in CP220 and CPtl0 were not present in CP81.
Bacteriophage NCTC 12671&ropinski et al. 2011)vas found to show closest
homology to T4related cyanophages, sharing very limited homology to CP220
and CPt10 at the nucleotide level and only 36.6% and 36.7% at the protein
level respectiviy. What all of the phage genomes (groups Il and Ill) appear to
share in common howey, is the presence dibming endonucleaseslated to

Hefwhich areabsentin the sequence@ampylobactegenomes.

1.80OBJECTIVES OF STUDY

The main objective of thisstudy was to examine phageost interactions
betweenCampylobacteandvirulent phagesThis wasperformedby observing
the transcriptional response @. jejuni to bacterigghage infectionand

determiningthe viral mechanisme&iecessary foredirecton of normal host
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metabolic functionsto enable production of new phage progerhe
restrictiormodification system of a phageensitiveC jejunistrainand the role

lack ofphase variation plays in itestrictiveability werealsoexamired
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Chapter 2 : Material s and

Methods
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2.1 PREPARATION OF GROWTH AND STORAGE ME DIA

Unless otherwise stated, all growth and storage media were prepared using
reverse osmosis (RO) water and was sterilised by autoclaving 4@ &l 15

psi for 15 minutes on a liquid cic For agar media, molten agar was firstly
tempered 450°C before adding any supplements or antibiotics. Plates were
prepared inside a laminar flow cabinet. On setting, the agar plates were stored
at £C for up to four weeks. All other chemicals wererstb at room

temperature after autoclaving and cooling, unless otherwise indicated.

2.1.1 Blood agar (BA)

Blood agar base No. 2 (Oxoid Ltd., Basingstoke, UK: CMO0271; proteose
peptone 15.0 g/l, liver digest 2.5 g/l, yeast extract 5.0 g/l, sodium chlafide 5
g/l, agar 12.0 g/l) was prepared by suspending 40 g into 1 litre of RO water.
After autoclaving, it was cooled to 48°C and defibrinated horse blood (TCS

Biosciences, Buckingham, UK) was added to a final concentration of 5% (v/v).

2.1.2 Campylobacte blood-free selective agar (modified CCDA

Preston)

Campylobacteblood-free selective agar (Oxoid: CM0739; nutrient broth No.2
25.0 g/l, bacteriological charcoal 4.0l,g¢asein hydrolysate 3.0 géodium
desoxycholate 1.0 g/l, ferrous sulphate 0.25 gddium pyruvate 0.25 g/l, agar
12.0 g/l)was preparetdy suspending 45.5 g into 1 litre of RO water. However,
an additional 2% (w/v) of bacteriological agar No. 1 (Oxoid) was occasionally
added during preparation in order to prevent swarminGashpylolacter. To

isolateCampylobactefrom samples other than pure cultures, 1 vial of CCDA
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selective supplement (SR 155E; 16 mg of cefoperazone and 5 mg of
amphotericin B) was reconstituted in sterile RO water and was aseptically

added to 500 ml of sterilisedGDA after tempering.

2.1.3 New Zealand Casamino Yeast Medium (NZCYM) basal
agar

New Zealand Casamino Yeast Medilbroth (Difco, Oxford, UK: 240410;
pancreatic digest of casein 10.0 g/l, casamino acids 1.0 g/l, yeast extract 5.0
g/l, sodium chloride 5.@/l, magnesium sulphate, anhydrous 0.98 g/l) was
prepared by adding 22 g of NZCYM broth to 1 litre of RO water. NZCYM
basal agar was then made by adding 15 g of bacteriological agar No. 1 (Oxoid)

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

2.1.4. NZCYM overlay agar

1=&<0 EURWK 'LIFR ZDV SUHSDUHG DFFRUGLQJ
instructions. NZCYM overlay agar was then made by adding bacteriological

agar No. 1 (Oxoid) to the broth to a final agar concentration of 0.6% (w/v).
Following sterilsation, 5 ml volumes were aseptically aliquoted into sterile

glass universal bottles and were allowed to temper in-8580 water bath

until ready for use.

2.1.5 Nutrient broth No.2

IXWULHQW EURWK 1R -PHRER T &R ZGHUDOBe J O SH

10.0 g/l, sodium chloride 5.0 g/l) was prepared by suspending 25 g into 1 litre
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of RO water. After sterilisation, it was stored at room temperature for up to

eight weeks.

2.1.6 Mueller-Hinton (MH) broth

Mueller-Hinton broth (Oxoid: CMO0405; dehydratebeef infusion 300 g/l
casein hydrolysate 17.5 g/l, starch 1.5 g/I*Ga854 mg/l, M§ 5.072 mg/l)
was prepared by suspending 21 g into 1 litre of RO water. After sterilisation, it

was stored at room temperature for up to eight weeks.

2.1.7 Mueller-Hinton (MH) agar

Mueller-Hinton agar was prepared by adding bacteriological agar No. 1

(Oxoid) to MH broth (2.1.6) to a final agar concentration of 1.5% (w/v).

2.1.8CampylobacteMH motility agar

MH motility agar was prepared as previously describedMeétr agar (2.1.7)
but instead the bacteriological agar was added to a final concentration of 0.4%

(wWiv).

2.1.9 Modified Semisolid Rappaport Vassiliadis (MSRV) agar
(ISO)

Modified Semisolid Rappaport Vassiliadagar (Oxoid: CM1112; enzymatic
digest of amal and plant tissue 4.6 g/l, acid hydrolyate of casein 4.6 glI,

sodium chloride 7.3 g/l, potassium dihydrogen phosphate 1.5 g/l, magnesium

chloride anhydrous 10.9 g/l, malachite green oxalate 0.04 g/l, agar 2.7 g/l) was
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prepared by suspending 31.6 g o6RV (ISO) agar base into 1 litre of RO
water. After boiling and without autoclaving, the medium was cooled 1G.50

One vial of novobiocin supplement (SR0181; novobiocin 10 mg) was
reconstituted in RO water and was then aseptically added. The medium was
mixed well and poured into sterile petri dishes. Due to the-seha nature of

the medium care was taken after the agar was set and the petri dishes were also

not inverted.

2.1.10 Xylose Lysine Desoxycholate (XLD) agar

Xylose Lysine Desoxycholatagar (Oxid: CM0469; yeast extract 3.0l,gL-
Lysine HCI 5.0 g/l, xylose3.75 g/l, lactose 7.5 g/l, sucrose 7.5 g/l, sodium
desoxycholate 1.0 g/l, sodium chloride 5.0 g/l, sodium thiosulphate 6.8 g/l
ferric ammonium citrate 0.8 g/l, phenol red 0.08 g/l, agar {Ip was
prepared by suspending 53 g into 1 litre of RO water. The medium was boiled

with frequent adation but was not autoclaved.

2.1.11 Buffered Peptone Water (BPW)

Buffered Peptone Water (Oxoid: CM0590; peptone 10 g/l, sodium chloride 5.0
g/l, disodium phosphate 3.5 g/l, potassium dihydrogen phosphate 1.5 g/l) was
prepared by suspending 20rgo 1 litre of RO water. It was aliquoted into 10

ml volumes prior to autoclaving and was stored at room temperature until

ready for use.
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2.1.12 Phosphate Biffiered Saline (PBS)

Phosphate buffered saline (Oxoid: BR0014) was prepared according to the
PDQXIDFWXUHUTV LQVWUXad 2BCRMQe/finAl BonpoSitionR |
was 0.8% (w/v) NaCl, 0.02% (w/v) KCI, 0.115% (w/v) MO, and 0.02%

(wiv) KH2PQO,. Folowing sterilisation, the PBS was stored at room

temperature until ready for use.

2.1.13 Maximum Recovery Diluent (MRD)

Maximum recovery diluent (Oxoid: CM0733; peptone 1.0 g/l, sodium chloride
8.5 g/l) was prepared by suspending 9.5 g into 1 litre ofviR@er. It was

stored at room temperature following sterilisation until ready for use.

2.1.14 Salt Magnesium (SM) buffer

Salt Magnesium buffer was prepared by combining NaCl (Fisher Scientific,
Loughborough, UK) to a final concentration of 0.1 M, MgS®i,O (Fisher
Scientific) to a final concentration of 10 mM, gelatine (Sigfidrich, Dorset,

UK) to a final concentration of 0.01% and Tris (Sigiddrich) to a final
concentration of 50 mM. The solution was adjusted to pH 7.5 with
concentrated HCI (Acros Oagics, Loughborough, UK) and was then made up
to a final volume of 1 litre with RO water. After sterilising, the buffer was

stored at room temperature until ready for use.
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2.1.15 Bacteriological storage medium
Nutrient broth No.2 (2.1.5) was prepared atcG LQJ WR WKH PDQXID
instructions but was supplemented with 20% (v/v) glycerol (Fisher Scientific).

After sterilisation, it was stored at room temperature until ready for use.

2.1.16 Antibiotics

Stock solutions were prepared by dissolving the dasgd antibiotic in their
appropriate solvents and then filter sterilising through a Minisarput Zilter
(Sartorius Stedim Biotech, Goettingen, Germany). These were storé@ at 4
until ready for use. Table-2 shows the stock and working concentratifors

the antibiotics used in this thesis.

Table 2-1. Antibiotics used within this thesis.

Antibiotic Solvent Stock Working
Concentration Concentration

Kanamycin RO water 50 mgml™ 50 pug mi™

Chloramphenicb Ethanol 50 mgml™ 30 pg mi™

2.1.17 Iron chelator

1 -dfpyridyl (DIP) (Fisher Scientific), was dissolved in ethanol to give a 10
mM stock solution. This was then added to the appropriate nutrient media to

give a final concentration of 20M.

2.2CAMPYLOBACTER

2.2.1 Strains

The Campylobacterstrains usedni this thesis are detailed in Table22
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Table 2-2. Campylobactestrains used within this thesis.

C. jejunistrain or Description Source Reference
genotype
PT14 Clinical isolate previously used to propagi Dr. J. Richardson, HPA Brathwaite et al.
bacteriophages in tHgK phage typing scheme Colindale UK 2013
NCTC 11168 Wild-type human isolate NCTC, PHLS, Colindale, UK Parkhill et al. 2000
NCTC 11168H Hypermotile variant of NCTC 11168. Dr. M. Jones, University o Jones et al. 2004
Nottingham, UK
HPC5 Isolated from broiler chickens within the UK. C. Loc Carilo PhD thesis,
University of Nottingham
PT14CP30ACS Stable carrier strain life cycle (CSLC) isolate obtait P. Siringan PhRhesis, University
from phage treabent of biofilms. of Nottingham
PT14CP8CS Stable CSLC isolate obtained from phage treatmer P. Siringan PhDthesis
biofilms.
1&7& ) N Transformed by electroporation with plasmid DM Dr. C. Bayliss, University o
from pUG “F M 1::kan. This plasmid containe Leicester, UK

a700ES UHJLRQ R YOR3 (flahkedp@E sk
and BanHlI sites) which was ligated to a 6@p region
of ¢j0032 (flanked by EcoRl and BanHI sites). A
kanamycin resistance cassette derived from pJM
was inserted it theBanHlI site.

NCTC 111680N Variant of NCTC 11168 witlej0031gene phased on. Dr. C. Bayliss
CH111680N Chicken isolate witltj0031gene phased on. Dr. C. Bayliss
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Table 2-2 continued

C. jejunistrain or Description Source Reference
genotype
&+ "FM N Chicken isolate  naturally transformed  wi Dr. C. Bayliss,
FKURPRVRPDO '1$ IURPOQX 7Ian.
37 ° NDQ Naturally transformed with chromosomal DNA fro This thesis

37 0O ’kan,

00230::00150cam

11168cgh:Kan

11168cth::Kan

PT14cgh:Kar

PT1l4ctbh:Kan

1&7& “"FM NDQ

The complementation vector PCfdxA:PerR was use This thesis
replace the ferredoxin promoter apeR gene with the

CjO03LON promoter and gene fragment of NCI

11168. The vector was then amplifiedEncoliand was

used to transform and  complement

PT14000150::kan mutant.

The gene encodinggb (cj1586) in C. jejuni NCTC Prof. R. Poole,
11168 was disrupted by insertion of a kanamy Sheffield
resistance cassette using the suicide plasmid pKE18

The gene encodingtb (cj04659Q in C. jejuni NCTC Prof. R Poole
11168 was disrupted by iedion of a kanamycir
resistance cassette using the suicide plasmid pKE29

Naturally transformed with chromosomal DN This thesis
from11168cgh:Kan

Naturally transformed with chromosial DNA from This thesis
11168cth::Kan

University o Elvers et al. 2004

Wainwright et al.
2005
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2.2.2 Growth conditions

Campylobactestrains were sudultured on BA (2.1.1) anthcubated in 3.5L
anerobic gas jars (Oxoid) without catalyst unless otherwise stated. Prior to
incubation, the internal atmosplepressure of the jar was reduced2@ psi

and was restored using a gas mixture containing 85% (v} 0¥ (v/v) CQ

and 5% (v/v) H (BOC Limited, Surrey, UK). This resulted in microaerobic
growth conditions of approximately 83% (v/v}y,N.3% (v/v)CO,, 3.6% (v/Vv)

H, and 5.6% (v/v) @ Alternatively, Campylobactemwas grown in a Modular
Atmospheric Controlled System (MACS) cabinet (Don Whitley Scientific,
Shipley, UK) containing a gas mixture of 88% (v/v), % (v/iv) CQ, 2%

(v/v) Hz and 5% (v/v) @ (BOC Limited). Incubation in either the gas jars or

MACS cabinet was for 224 hours at 4ZC unless otherwise specified.

2.2.3 Storage

2.2.3.1 Longterm storage

For longterm storageCampylobactestrains were firstly grown overnight on

BA (2.1.1). A serile cotton swab was then used to harvest growth from the
plates and dispersed into 1 ml aliquots of bacteriological storage medium

(2.1.15). These were stored-80°C until ready for use.

2.2.3.2 Shortterm storage

Long-term stocks were revived momnyhlby quickly thawing an aliquot,
spreading 4fl onto a BA plate (2.1.1) and incubating at 42°C for2é8hours
under microaerobic conditions (2.2.Blates with overnight growth were then

stored microaerobically (2.2.2) at@ for up to one month. This @vided an
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immediate source of cells without having to continuously thaw atitceze
the longterm stocks. The plates were used to-sulkure growth by placing an
inoculum onto a fresh BA plate (2.1.1) and incubating under microaerobic

conditions (2.2.2at 42C for 1824 hours.

2.2.4 Enumeration

Enumeration ofCampylobacterwas performed using a modification of the
Miles and Misra (1938) technique. Serial tefold dilutions of the cell
suspension to be enumerated were firgtgpared in PBS (2.1.12). Five fi0
aliquots of each dilution were then spotted onto-gried modified CCDA
Preston plates (2.1.2). The spots were allowed to dry with the help of a Bunsen
flame and the plates were incubated in a MACS cabinet (Don &yhitl
Scientific) at 42C for 48 hours. Dilutions with counts of3) colonies were
counted and the average of the five spots was determined. The number of
colony forming units per ml (CFthl™) was then calculated by multiplying the

average number of colormdy the inverse of the dilution factor and by 100.

2.2.5 Confirmatory tests

2.2.5.1 Gram stain

*UDP VWDLQ UHDJHQWYVY ZHUH ILUVWO\ SUHSDUHG
instructions immediately prior to use. Sang of colonies to be tested were

then prepred aseptically on a glass microscope slide (BDH Lab Supplies,
Leicestershire, UK) in PBS (2.1.12) using a sterilgl plastic loop and sterile

water. The Gram staining procedure was followed after air drying and heat

fixing of the smears. Slides wereapkd in crystal violet solution (Ptab
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Diagnostics, Bromborough, Wirral, UK) for 1 minute, with the excess rinsed

RIl ZLWK 52 ZDWHU 1H[W WKH VOLGHV ZKHWUH LPPH
Diagnostics) for 30 seconds, again rinsing the excess with Bt@rwThe

stained smears were then decolourised by placing the slides into ethanol
(Fisher Scientific) for 1 minute, followed by counterstaining with carbol
fuschin solution (Prdab Diagnostics) for 30 seconds followed by rinsing with

RO water. Slides wer air dried and viewed under oil immersion at 100 x

magnification using a light microscope.

2.2.5.2 Oxidase test

1 1 1 9-tétfamethylp-phenylenediamine dihydrochloride (Acros Organics)
was dissolved in RO water to give final concentration of 0.01 g™
immediately before use. A sterile swab, moistened with the solution, was then
used to harvest cells from overnight growth from the surface of BA plate
(2.1.1). The appearance of a deep blue colour within 10 seconds indicated a
positive result while aight blue colour or no colour change was considered to

be negative.

2.2.5.3 Hippurate test

Sodium hippurate (SigmaAldrich) was dissolved in RO water to give a final
concentration of 5% (w/v). The solution was filter sterilised and dispensed into
500 ul aliquots. These were stored -&0°C until ready for use. Hippurate
activity was tested by inoculating overnight growth from a BA plate (2.1.1)
into the thawed solution. This was then incubated 4C3ar 2 hours under

aerobic conditions followed by adaih of 100ul of freshly prepared 7% (w/v)
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1,2,3triketohydrindene monohydrate (ninhydrin reagent) and a further
incubation period of 10 minutes. A positive result was seen by a deep violet
colour while a light purple colour or no colour change was corside

negative result.

2.3 MOTILITY ASSAY

Using a sterile Ll loop, an inoculum of overnigl@ampylobactegrowth was
stabbed into the centre of a MH motility agar plate (2.1.8), avoiding stabbing
through the agar onto the base of the petri dish. Theplere incubated
upright at 42C for 2448 hours under microaerobic conditions (2.2.2). The

diameter of the motility zone was subsequently measured.

2.4 NATURAL TRANSFORMATION OF CAMPYLOBACTER

Cells from an overnight BA plate (2.1.1) were resuspendetDiml of MH

broth (2.1.6.) and the Qky was adjusted to 0.5. Next, 0.5 ml of the
Campylobactersuspension was added to a 15 ml Falcon tube (Fisher
Scientific) containing 1 ml of MH agar (2.1.7). This was incubated for 5 hours
under microaerobic conditienn the MACS (2.2.2). Fivenicrogramsof DNA
containing the marker to be transformed was then added to the cells followed
by a further overnight incubation in the MACS (2.2.2). The culture was
collected from the Falcon tube and was centrifuged at 13,0001p minutes

in order to concentrate the cells. The resulting pellet was resuspendeduih 100
of MH broth (2.1.6) and spread onto the appropriate selective medium and
incubated for 23 days in the MACS. Seven to eight transformed colonies were

individually collected and spread onto selective agar to produce confluent
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growth. The growth was harvested with a sterile cotton swab and was
dispersed into 1 ml aliquots of bacteriological storage medium (2.1.15) and

stored at80°C until ready for use.

2.5 BACTERIOPHAGE

2.5.1 Strains

The bacteriophages used within this thesis, along with their propagating strains

are listed in Table-3. Propagationf the phageis described in sectioh5.2.

2.5.2 Propagation, harvesting and storage of bacteriophage

The prgagating strains a€ampylobactemwere cultured on BA (2.1.1) under
microaerobic conditions (2.2.2) at42for 1824 hours. The overnight growth
was then harvested into 10 ml of 10 mM MgS@ing a sterile cotton swab to
give an approximate final cell dsity of 8 logo CFU ml*. One hundred
microlitres of bacteriophage stock at 8 Jo§FU mI* was then added to the

cell suspension and this was incubated feB@0ninutes in the MACS cabinet
(Don Whitley Scientific) at 4ZC. During this time, 5 ml aliquetof NZCYM
overlay agar (2.1.4) were heated in a microwave and were allowed to temper in
a 55C water bath. Five hundred microlitres of tHéampylobacter
bacteriophage suspension was then transferred to the cooled overlay agar and
mixed. This was poured tm predried NZCYM plates (2.1.3) which were
allowed to set prior to incubation under microaerobic conditions (2.2.2) at
42°C for 1824 hours. The bacteriophage was harvested from the plates by

dispensing 5 ml of SM buffer (2.1.14) onto the surface oata followed by
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Table 2-3. Bacteriophages used within this thesis and their propagating

strains.
Bacteriophage Propagating stram Source
CP8 C. jejuniPT14 C. Loc Carrillo PhD thesis,
C. jejuniHPC5 University of Nottingham
C. jejuniNCTC 11168
C. jejuniNCTC 11168H
CP30 C. jejuniPT14 Dr. P. Connerton, University of
C. jejuniHPC5 Nottingham
C. jejuniNCTC 11168
C. jejuniNCTC 11168H
CP220 C. jejun PT14 A. Scott PhD thesis, University
C. jejuniHPC5 of Nottingham
Al4 C. jejuniPT14 Dr. P. Connerton
Al1B C. jejuniPT14 Dr. P. Connerton
CP20 C.jejuniPT14 C. Loc Carrillo PhD thesis
CP25 C. jejuniPT14 C. Loc Carrillo PhD thesis
CP28 C. jejuniPT14 C. Loc Carrillo PhD thesis
CP32 C. jejuniPT14 C. Loc Carrillo PhD thesis
CP34 C. jejuniPT14 C. Loc Carrillo PhD thesis
CP51 C. jejuniPT14 C. Loc Carrillo PhD thesis
CPX C. jejuniPT14 S. AFKandari PhD thesis,
University of Nottingham
E5 C. jejuniPT14 Dr. P. Connerton
Gl C. jejuniPT14 Dr. P. Connerton
G3 C. jejuniPT14 Dr. P. Connerton
G4 C. jejuniPT14 Dr. P. Connerton
G5 C. jejuniPT24 Dr. P. Connerton
G6 C. jejuniPT14 Dr. P. Connerton
G7 C. jejuniPT14 Dr. P. Connerton
G8 C. jejuniPT14 Dr. P. Connerton
mcla C. jejuniPT14 Dr. P. Connerton
X3 C. jejuniPT14 Dr. P. Connerton
NQ1 C. jejuniPT14 Dr. P. Connerton
4B C. jejuniPT14 Dr. P. Connerton
7 C. jejuniPT14 Dr. P. Connerton
9 C. jejuniPT14 Dr. P. Connerton
10b C. jejuniPT14 Dr. P. Connerton
11 C. jejuniPT14 Dr. P. Connerton
18b C. jejuniPT14 Dr. P. Connerton
19 C. jejuniPT14 Dr. P. Connerton
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Table 2-3 continued

Bacteriophage  Propagating strain Source

19b C. jejuniPT14 Dr. P. Connerton

NCTC 12669 C. jejuniPT14 NCTC, PHLS, Colindale, UK

NCTC 1260 C. jejuniPT14 NCTC

NCTC 12671 C. jejuniPT14 NCTC

NCTC 12672 C. jejuniPT14 NCTC

NCTC 12673 C. jejuniPT14 NCTC

NCTC 12674 C. jejuniPT14 NCTC

NCTC 12675 C. jejuniPT14 NCTC

NCTC 12676 C. jejuniPT14 NCTC

NCTC 12677 C. jejuniPT14 NCTC

NCTC 1268 C. jejuniPT14 NCTC

NCTC 12679 C. jejuniPT14 NCTC

NCTC 12680 C. jejuniPT14 NCTC

NCTC 12681 C. jejuniPT14 NCTC

NCTC 12682 C. jejuniPT14 NCTC

NCTC 12683 C. jejuniPT14 NCTC

NCTC 12684 C. jejuniPT14 NCTC

PT14CP30ACS C. jejuniPT14 P. Siringan RD thesis,
University of Nottingham

PT14CP8CS C. jejuniPT14 P. Siringan PhD thesis

HPC5CP30ACS C. jejuniHPC5 P. Siringan PhD thesis

HPC5CP8CS C. jejuniHPC5 P. Siringan PhD thesis
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shaking at 60 rpm aerobically overnight 8€4The SM buffer wasecovered

with a syringe and was filtered through a A8 filter to removetheremaining
Campylobactercells and any cell debris present. The recovered phage was
stored indefinitely at 4C in glass McCartney bottles. The stocks were

routinely filter-sterilised if there was any sign of contamination.

2.5.3Titration of bacteriophage

Bacteriophageitration was performedusing the appropriate propagating host
strain. Briefly, an overnight culture of the desired host strain was prepared on a
BA plate (2.1.1)and the cells were harvested irt®@ ml of 10 mM MgSQ@
using a sterile cotton swab to give an approximate final cell density of8 log
CFU ml™. This suspension was incubated in the MACS cabinet (Don Whitley
Scientific) for 1520 minutes to allow recovenyf the bacterial cells. During

this time, 5 ml aliquots of NZCYM overlay agar (2.1.4) were heated in a
microwave and cooled in a 55°C water bath. Five hundred microlitres of the
Campylobactersuspension was then transferred to the cooled overlay agar,
mixed and poured onto pdried NZCYM basal plates (2.1.3) with gentle
swirling to form an even lawn. The plates were allowed to dry prior to
incubation in the MACS cabinet (Don Whitley Scientific) for-18 minutes.
Serial tenfold dilutions of the bacteridgage to be enumerated were prepared
in PBS (2.1.7). Five 1Ql aliquots of each dilution were then spotted onto the
bacterial lawns and the spots allowed to dry. The plates were incubated for 18
24 hours under microaerobic conditions (2.2.2) &CADilutions resulting in

the appearance of30 plaques were counted and the average of the five spots

was determined. The number dague forming units per ml (PFohl™) was
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then calculated by multiplying the average number of plaques by the inverse of

the dilution factor and by 100.

2.5.4 Bacteriophage lytic spectra

Bacterial lawns for eaclCampylobacterstrain were prepared as previously
described (2.5.3). The bacteriophages of interest were diluted toutine test
dilution of approximatelyé logioPFUmI™* and 10 pl aliquots were spotted onto

the surface of the lawns, with a maximum of 16 spots per plate. The spots were
allowed to dry with the help of a Bunsen flame prior to microaerobic
incubation (2.2.2) at 42°C for 134 hours. The lytic ability of edcphage was
scored according to theomenclatureused byFrostet al. (1999) in the UK

phage typing scheme

2.5.5 Efficiency of plating

In order to determine the susceptibilty of various test strains of
Campylobacterto phage infection, the efficiencyf qlating (EOP) was
calculated. This was done by determining plaque formation on one strain and
comparing it to that v another strainFor instance, in the case of wilgpe

and mutant strains, EOP values were calculated by dividing the PElWdfml

the plage grown on the mutant by the PFU'noif the phage grown on the

wild-type.
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2.6IN VITRO GROWTH EXPERIMENTS

2.6.1 Bacteriophage infection o€. jejuni

Three independent cultures of the appropri@@mpylobacterstrain were
grown overnight on BA plate2(1.1) under microaerobic conditions (2.2.2) at
42°C. Campylobacterfrom each plate was suspended into individual 10 ml
volumes of PBS (2.1.12) using sterile cotton sw&l3sq, readings were taken
using the Pharmacia Biotech Ultrospec 2000 UV/Visible sppbotometer

with PBS used as the control. The estimated bacterial concentration was then
calculated using an empirical formuteased on optical density (eq) which

was derived from a standa@hmpylobactedilution series, previously carried

out byDr. A. Scott.

Campylobactetitre (CFUMI™) = (ODsoo x 2 x 10) +6 x 1¢ (eq. 9

Three biological replicates were prepared by addingtispensionto 250 ml
conical flasks containing 150 ml of nutrient broth No. 2 (2.1.5) to give final
estimated concerations of 7 logg CFU ml* of culture. Three biological
replicates were also prepared for flmacteriophage infected cultures. One
millilitre aliquots were taken at 0 h foactual enumeration of the initial
concentration oCampylobactecells (2.2.4). he flasks were then placed into
anaerobic gas jars (Oxoid) and were incubated under microaerobic conditions
at 42°C (2.2.2) with shaking at 100 rpm in an9BLR Lab Companion
shaking incubator (Fisher Scientific). After 2 hours, the appropriate
bacterioplage was added to the bradth generate an effectivaultiplicity of

infection (MOI) of >1. Aliguots were again taken for enumeration of
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Campylobacter(2.2.4) and for the bacteriophages (2.5.3). The latter samples
were filtered through a Minisart 0.2 umtél (Sartorius Stedim Biotech) in
order to remove bacterial cells. Microaerobic incubation at 42°C (2.2.2) with
shaking was then resumed. Aliquots for enumeratio@.gejuni and to titre

bacteriophages were taken at hourly intervals.

2.6.2 Bacteriophag infection of C. jejuni for transcriptome

analysisexperiments

The desiredCampylobactestrain was grown and infected with the appropriate
bacteriophage as previously described (2.6.4ijl uhe phage reached the
eclipse phase of growth. Cells were hated from three biological replicates

at the time point confirmed by enumerations to have occurred directly before
cell lysis (population crashin order to captur€ampylobactercells that wee

under phage infection.

2.6.3 Determination ofbacteriophageresistance

A 50 pl aliquot of the bacteriophage of interedta concentration of 7 legg
PFU mI* waspipettedevenlydown the centre o MH agarplate(2.1.7)in a
single line and allowed to dryTwenty individualCampylobactercolonies
from thein vitro growth experiment (2.6.1) were chosen at random to represent
the time points of interest. Each of these coloniesstramked perpendiculgr
across thephage line using single streakPhage resistance was determibgd

the presence afrowth across # phage line.
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2.7 IRON-DEPLETION GROWTH EXP ERIMENT

Independent cultures d@. jejuni PT14 were grown overnight on MH agar
(2.1.7) under microaerobic conditions (2.2.2) at@2Cells were harvested
and wltures were grownand infected with bacteriophageas previously
described(2.6.1) howeverMH broth (2.1.6) was used instead of NB No. 2
(2.1.5) All glassware wagpreviouslytreated with 8 M HCI and then rinsed
three times wittRO waterto remove residual iron from their surfacksorder

to induce iro-limited conditions 9§ -dfpyridyl (DIP) (2.1.17) was added to

the brothsat a final concentration of 2AM prior to their inoculation

2.8 ISOLATION OF GENOMIC DNA

Campylobactergenomic DNA was isolated using the GenElRBacterial
Genomic DNA Kit (3gma $OGULFK IROORZLQJ WKH PDQXIDFW
Cells were harvested from a quarter of an overnight BA plate (2.1.1) into 1.5
ml of PBS (2.1.9). The suspension was then centrifuged at 12,000 x g for 2
minutes at room temperature using a Heraegs Ri7 benctiop centrifuge.

The pellet was then resuspended in 1800f Lysis Solution T (BB6678:
composition confidential) and 2@ of RNase A solution (R6148: composition
confidential) was added followed by incubation at room temperature for 2
minutes.20 pl of 20 mgml™ Proteinase K (Sigmaldrich) was then added

and the mixture was incubated for 30 minutes &C5%fterwards, 20Qul of

Lysis Solution C (B8803: composition confidential) was added and the mixture
was thoroughly vortexed for 15 seconmsachieve a homogenised mixture
followed by a further incubation at 55 for 10 minutes. During this time, a

column was prepared by adding 50 of Column Preparation Solution
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(C2112: composition confidential) and centrifuging at 12,000 x g for 1 minute
using a Heraeus Pico 17 bertop centrifuge. The eluate was then discarded.
After incubation, 20Qul of absolute ethanol (Fisher Scientific) was added to
the lysate and this was homogenised thoroughly by vortexing I6r$econds.

This mixture was thelvaded onto the prepared column and was centrifuged at
6,500 x g for 1 minute using a Heraeus Pico 17 béophcentrifuge. The
eluate and collection tube were both discarded and the column was placed into
a new 2 ml collection tube. 504 of Wash Solutn 1 (W0263: composition
confidential ) was added to the column and this was again centrifuged for 1
minute at 6,500 g using a Heraeus Pico 17 béophcentrifuge. Next the
collection tube was discarded and replaced and |BO& Wash Solution 1
Concentrge (B6553: composition confidential) was added to the column for a
second wash. The column was centrifuged in a Heraeus Pico 17-tb@nch
centrifuge at maximum speed for 3 minutes to dry the column. The collection
tube was discarded and replaced. p0@f Elution Solution (B6803: 10 mM
Tris-HCI, 0.5 mM EDTA, pH 9.0) was added directly to the centre of the
column. The tube was then centrifuged at 6,500 g for 1 minute in a Heraeus
Pico 17 benctiop centrifuge in order for the DNA to elute. The genomic DNA
was stored at A for shortterm storage and more immediate use an@@&C

for long-term storage.

2.9 POLYMERASE CHAIN REACTION (PCR)

2.9.1 Primer design

The primers used within this thesis are listed in Tabfe Phe Cgb and Ctb

forward and reverse priens were designed based on the gene homologues in
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Table 2-4. Primers used within this thesis.

Primer SULPHU VHTXHQFH T Tm Source Amplicon

name /°C size (bp)
CgbF GGAGAGGATTTAACCAATGAG 60 This 1711
thesis
CgbR CCATAAGCAACTTCCCAAGC 60 This
thesis
Ctb-F ACAATTAATCAAGAAAGCATAGC 60 This 1797
thesis
Ctb-R GCTATCATTTGTGCACGCTG 60 This
thesis
PT14 GTTTAACCCCAACGATGC 54 This 2856
00150F thesis
PT14 GCTTTTAAAATTTCATCGAC 52 This
00150R thesis

Note: 3BULPHU VHTXHQFHY DUH JLYHQ LQ WKH T WR 1
Tm - melting temperature

F and Rrepresent théorward and reverse gene directions respectively.
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C. jejuniPT14 tocj1586 (cgb) andcj0465c(ctb) in NCTC11168 The PT14
00150primers were designeid amplify a fragment of the A911 00150 gene
in PT14. This was done with the helptbé RNAseq mapping dattor the
PT14000150::kan mutant usingT14 as the reference genome. Sequence
reads forC. jejuniNCTC11168 and PT14 were badlailable which made it

possible to design primetisat couldamplify DNA from either source.

Primers were designed in such a way that tfferénce in melting temperature
between the two primers did not exceed 5°C. An optimal GC content-of 40
60% was strived for and where possible, the primer was terminated with a
guaninH RU F\WRVLQH terHdV Rrignérsl weré/deaighed s§ that they
were shorter than 25 nucleotides and their melting temperatures were estimated

using the equation below (eg). 5

m=4 (G+C) + 2 (A+T) (eq.5)

All primers were synthesised by Eurofins MWG Operon (Ebersberg,

Germany).

2.9.2 PCR conditions

PCR was cared out using Fermentas DreamTaq Green PCR Master Mix (2x)
(Fisher Scientific) containing 2 U DreamTaq DNA polymerase, 2x DreamTaq
Green buffer, 0.4mM of each dNTP and 4mM of Mg@long with two dyes
(blue/yellow) to monitor electrophoresis progress.d®eas (1x) were carried

out in 0.5 ml thinwalled PCR tubes (Fisher Scientific) in gOvolumes with
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100 ng of template DNA. Amplification of PCR products was conducted using
the BIOER XP thermal cycler (Alpha Laboratories, Hampshire, UK). Initial
denatuation of the template DNA and enzyme activation was done°& @6

3 minutes. This was followed by 35 cycles each of denaturatior’@t ®% 30
seconds, annealing of the primers at588C for 30 seconds and extension at
72°C for 1-3 minutes. The lenp of the extension step was based on the size
of the expected PCR product, with 1 minute extension per kb for products up
to 2 kb being deemed sufficient. A final extension step was also donéG@t 72

for 5-15 minutes.

2.10 AGAROSE GEL ELECTROPHORESIS

Routine analysis of DNA wagperformedusing agarose gel electrophoresis.
Molecular Biology grade agarose (Melford Laboratories, Suffolk, UK) was
melted in a microwave in 1x TAE buffer (40 mM tasetate adjusted with
glacial acetic acid to pH 8.3, 1 mM ddiam ethylenediaminetetraacetic acid)
to give a 1% (w/v) solution. After cooling, ethidium bromide was added to the
solution to a final concentration of Oig mi™ prior to pouring into a gel
casting tray with an appropriately sized comb. The gel wasvadiato set at
room temperature followed by removal of tt@mb. DNA markers used were
100-bp DNA ladders (New England Biolabs, Ipswich,UK) and 1 kb ladders
(Promega). Samples were run fe2 hours at 5 V/cm in 1 x TAE buffer.
Gels were subsequently walised under UV using the Gel Doc XR system

(BIO-RAD) with the Quantity One basic software, version 4.6.5 (B&D).
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2.11 GENOME ANALYSIS AND SEQUENCING
2.11.1 Genome sequencing @. jejuni PT14 and phages CP30

and CPX

Genomic DNA from C. jejuniPT14 and bacteriophage CP30 weayeeviously
isolated byDr. P. Siringan and genomic DNA from bacteriophage CPX was
isolated by Dr. S. Alkandari. Sequencing was performed by Deep Seq
(University of Nottingham) using the 454 GS FLX platform (Roche
Diagnostics, Inthna, USA). Raw data consisting of a total of 257,645, 26,922
and 37,429 reads fo€C. jejuni PT14, CP30 and CPX respectively was
generated, with an average read length of 352, 324 and 321 bases respectively.
Initial processing of the raw data was done bgep Seq using Newbler
Assembly software (454 Life Science, Connecticut, USA) and a single contig

was produced for CPX. This was however not the case for the other genomes.

2.11.2 Phage sequence accession numbers

No further processing needed to be done G&¥X, therefore the complete
genome was annotated and depositéd @enBank by Dr. A. Timms under
the accession number JN132397. The CP30 genomdenasvoassembled by
Prof. I. Connerton using CLC Genomics Workbench software (CLC Bio,
Swansea, UK). Thegenome was found to have multiplsequence
configurations, which were separatttiannotatedOne of the configurations,
designatedCP3MA, was annotated in Artemiand wasdeposited in GenBank
under accession number JX5698CRP30Ais the onlyconfiguraton that will

be referred to in this thesis.
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2.11.3 Genome assembly @. jejuni PT14

The C. jejuni PT14 454 reads (2.11.1) were de novo assembled) @irfC
Genomics Workbench 60 software. The sequence was subsequently
compared and confirmed with 5 milh 5Gbp reads generated using MiSeq

technology operating in pairezhd mode (lllumina).

2.11.4 Annotation ofC. jejuni PT14

The complete genome @f jejuniPT14 was sent to NCBI for annotation using
their Prokaryotic Genomes Automatic Annotation PipelifPGAAP)
(Angiuoli et al. 2008) Frameshifts or any errors in the sequence assembly
were confirmed using a combination of translated Basic Local Alignment
Search Tool (BLAST (Camacho et al. 2009)o observe protein translations
for each ncleotide sequence and ArtenfiRutherford et al. 2000Yo0 examine

the six reading frames and determine which basex® responsible for the
frameshifts. Once all potential frameshifts were confirmed the complete
genome ofC. jejuni PT14 was deposited in GenBank under the accession

number CP003871.

2.11.5 Genome analysis

The complete annotated genomefjejuni PT14 was analysed using CLC
Genamics Workbench softwan® identify the major genetic features. Genome
comparisons were also made betw€eljejuniPT14 and othe€ampylobacter
strains using the genome database Bid&aspi et al. 2014as well as the

online version of Artemis Comparison Tool (WebAQARpbott et al. 2005)
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2.12 TRANSCRIPTOME ANALYSIS

2.12.1 RNA isolation and purification

C. jejuni PT14 cultures were grown and ectedwith phageas previously
described (2.6.2)Cells were harvested by centrifuging the samples for 15
minutes at 10,000 x g with a -2A1 centrifuge (Beckman Coulter, High
Wycombe, UK) using a JA14 rotor. Cell pellets were transferred to 1.5 ml
microcenrifuge tubes and were washed three times in 1 ml of PBS (2.1.12) to
get rid of the growth medium. This was done in an Eppendorf 5415R benchtop
centrifuge (Fisher Scientific) at 10,000 x g for 15 minutes each at 4°C. Total
RNA was then extracted from thelcpellets using the Trizol Max Bacterial
Isolation kit with Max Bacterial Enhancement Reagent (Invitrogen, Paisley,
UK). The RNA was ethangirecipitated and an ecolumn DNase treatment
was performed using an RNafee DNase set (Qiagen). The RNA was
subsequently purified using an RNeasy Mini kit (Qiagen, Crawley, UK).
Briefly, the sample volume was adjusted to 200 ul with RNese water and

700 pl of Buffer RLT (cat. no. 79216: composition confidential but contains
high concentration of guanidine tbiocycanate) was added. Five hundred
microlitres of absolute ethanol was added to the diluted sample and this was
mixed well by pipetting action. The sample was transferred to an RNeasy Mini
spin column placed in a collection tube and was centrifugedS@econds at
8,000 x g in a Heraeus Pico 17 betop centrifuge. The flovthrough was
discarded and 500 pl of Buffer RPE (cat. no. 101813: ethanol added but
composition confidential) was added and the sample centrifuged for 15
seconds at 8,000 x g in aekheus Pico 17 bengbp centrifuge to wash the

spin column. A second wash was carried out using Buffer RPE but with a spin
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of 2 minutes at 8,000 x g. The column was then placed into a new collection
tube and was centrifuged at full speed for 1 minutee $pin column was
transferred to a new 1.5 ml collection tube aneé580ul of RNasefree water

was added directly to the column membrane. The RNA was then eluted by
centrifuging the column for 1 minute at 8,000 x The total RNA was
guantified using a NaDrop ND1000 spectrophotometer (NanoDrop
Technologies) and the integrity was assessed with a bioanalyzer 2100 (Agilent
Technologies Inc., South Queensferry, UK) using the Prokaryote Total RNA
Nano assayTotal RNA samples with RIN values of at least 7 érevselected

for cDNA library preparation.

2.12.2Depletion of rRNA and library construction

Depletion of 23S, 16S and 5S rRNA from samples was achieved using the
Ribo-Zero rRNA removal kit for Grammegative bacteria (Epicentre
Biotechnologies, Madison,:LVFRQVLQ DFFRUGLQJ WR WKH
instructions. Depletion of the rRNA was confirmed using a bioanalyzer 2100
(Agilent). Library preparation and sequencing were carried out at either Source
BioScience (Nottingham, UK) or Ark Genomigbniversity d Edinburgh,

Scotland, UK).To prepare the cDNA librarieghe ScriptSeq mRN#A&Seq

library preparation ki{Epicentre Biotechnologiegndthe ScriptSeq v2 RNA

Seq library preparation kit (Epicentre Biotechnologiesyausedrespectively

according tothe M QXIDFWXUHUYV LQVWUXFWdeRIgad %ULHI
RNA was chemically fragmentdaly using theRNA fragmentatiorcomponent

of each kit(composition confidentiqland incubating for 5 minutes aither85

or 94C. The fragmentation reaction was stegpby placing the mixture on
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ice. Fragments of approximately 3@%0 bp were reverse transcribecci@NA

using randorsequence primersontainingD WDJJLQJ VHTXHQFH DW W
The RNA wasthen digestedand the § HQGV RI WKH F'1$ ZHUH U
tagged XVLQJ WKH 7HUPLQDO 7DJJLQJ 20LJR 772 y
EORFNLQJ JURe8n& Qucldidte tofprevent extension of the TTO.

The TTO washydrolysed andhe cDNA produced was tagged at betids

The libraries werethen individually indexed vith a unique identification

adapter sequenddruSeq adapter index sequencasylthe second strand of

the cDNA was generatatliringa PCRamplificationstepof at least 15 cycles.

At Source BioScience,he libraries were validated using the Shimadzu

MultiNA and were normalised to approximately 10 mMile Ark Genomics

used gPCR to quantify the libraries prior to sequenengd checked their

guality using a bioanalyser 2100 (Agilgnt

2.12.3 RNAseganalysis

Pairedend, directional sequencing was carriad asing the Illumina HiSeq

2000 sequencer.hE indexed libraries were pooled and loaded onto a single
lane ofa HiSeq 2000flowcell at a concentration of BM. Cluster formation,

primer hybridisation as well as Hfp, 36 cycle sequencingt Source
BioScienceand 106bp, 36 cycle sequencirag Ark Genomicsvere performed
according tahe lllumina standard protocoOn completion of the run, the raw
sequence data were extracted, sorted according to index and converted to the
FASTQ format using the sequenciagalysis software Real Time Analysis

(RTA) v1.10 and CASAVA v1.8
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2.12.4 Processing of the RNAeq data

All processing of the RNAeq data was carried out on a 64 bit desktop

computer with 24 GB RAM and an Intel core i7 3.20 GHz processor. Three
main st@s were involved in the processing. The first was a quality control step
where filtering of the raw reads was done, this was followed by mapping all
reads against a reference genome and finally analysis of differential gene

expression was carried out.

2.12.4.1 Filtering of the raw reads

The raw sequence reads were imported into the CLC Genomics Workbench
v6.0 package and were filtered to remove low quality reads and the TruSeq
adapter indexes. A duplicate read removal tool was also downloaded into the
Workbench in order to filter any duplicated reads generated during PCR

amplification.

2.12.4.2 Mapping filtered reads to reference genomes

The filtered reads were analysed using the Rb&Y feature of CLC Genomics
Workbench. Ignoring nespecific matchesgeads were mapped to t@e jejuni
PT14 genome sequence (GenBank accession number CPQ038¥l)
bacteriophagesCP30A (GenBank accession number JX5698ah) CPX

(GenBatk accession number JN132397)

2.12.4.3 Analysis of differential gene expression
The filtered reads were analysed using the Ré¢4 Analysis tool of the CLC

Genomics Workbenclv6.0 package in order to identify differential gene
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expression. This waachievedusing the prokaryote setting under the exon
identification and discovery section. Ergsion values were determined using

reads per kilobase of transcript per million mapped reads (RRKMdijtazavi

et al. 2008) Significant differential gene expression was assessed using the
%DJJHUO\YVY VWDWLVWLFDO WHVW RQ H[SUHVVLRQ
Binomial distribution and tests for R differences between replicate
samplegBaggerly et al. 2003)To correct for multiple hypothesis testing, p
valueswere calculatedrém the original pvalues for the test statistic with a
confidence rate of 0.0by applying the false discovery rate controlling method

of Benjamini and Hochberg (1995)

2.13 CAMPYLOBACTER COLONISATION OF BROI LER
CHICKENS

2.13.1 Pretrial rearing of Campylobacteifree broilers

Commercial male Ross 308 broiler chickens were obtained from PD Hook
(Oxfordshire, UK)as hatchlingsThe Campylobacteffree day old chicks were

group housed in a Home Office designated chicken house at Sutton Bonington
Campus (Loughborough, UK) in accordance with the UK Home Office
Regulations: Animal (Scientific Procedures) Act, 1986. The initial
tempeanture of the house was 35 but this was reduced on a daily basis by

1°C until it reached 2IC. All broilers were kept in full sight of other cohort

members and in keeping with normal commercial rearing practices, they were
provided with 23 hours of daylig and 1 hour of darkness every day. They

were given food and wated libtum DQG ZHUH IHG D pFKLFENHQ VW

containing 18% protein and supplemented with 105 mg/kg lasalocid sodium to
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prevent coccidiosis. The birds were also checked twice dadlaany changes

in their appearance or behaviour. On reaching 16 days of age, they were
weighed and randomly assignedit®d caged groups of 7 birds. To ensure that
they were still free of naturally occurring infection, the cbialere tested for

the presece of Campylobacteby direct plating of cloacal swabs onto CCDA
agar (2.1.2); and fosalmonellaby preenrichment in BPW (2.1.11), selective
isolation on MSRV agar (2.1.9) and confirmation of presence on XLD agar

(2.1.10).

2.13.2 Preparation of bacterid suspensions

Two of the strainghat wereadministered during the trials we@e jejuniPT14

and PT147°00150::kanmutant The strains were grown on blood agar (2.1.1)
incubated at 4Z for 24 hours under microaerobic conditions (2.2.2) and was
supplemented with kanamycin (2.1.16) for the mutant strains. Three
suspensions of each strain were prepared fitmamotvernight growth to give
approximate concentrations of 7 le@FU ml™, 5 logio CFU mI™ and 3 logo

CFU mi*. These concentrations were determined byd@Beasurements but

the actual dose administered was confirmed by enumeration on CCDA (2.1.2).

2.13.3 Administration of C. jejuni strains

On day 22threegroupsof 7 birdswere dosed with 1 ml dE. jejuniPT14 and
another three groups were dosed VAL “00150::kan Forbothstrairs, each
individual group of 7 birdswas dosed with either 7 lag CFU ml™, 5 logy
CFU ml* or 3 logo CFU ml* of Campylobacter(Table 25), which was

administered by oral gavage.
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Bird Strain Dose Bird Strain Dose
ID (CFU |ID (CFU

ml™?) ml™?)
10-1 C.jejuniPT14 WT 10° 71 37 0 N 10°
10-2 C.jejuniPT14 WT 10° 72 37 0 N 10°
10-3 C.jejuniPT14 WT 10° 73 37 0 N 10°
10-4 C.jejuniPT14 WT 10° 7-4 37 0 N 10°
10-5 C.jejuniPT14 WT 10° 75 37 0 N 10°
10-6 C.jejuniPT4 WT 10° 76 37 0 N 10°
10-7 C.jejuniPT14 WT 10° 77 37 0 N 10°
11-1 C.jejuniPT14 WT 10° 81 37 0 N 10°
11-2 C.jejuniPT14 WT 10° 82 37 0 N 10°
11-3 C.jejuniPT14 WT 10° 83 37 0 N 10°
11-4 C.jejuniPT14 WT 10° 84 37 0 N 10°
11-5 C.jejuniPT14 WT 10° 85 37 0 N 10°
11-6 C.jejuniPT14 WT 10° 86 37 0 N 10°
11-7 C.jejuniPT14 WT 10° 87 37 0 N 10°
12-1 C.jejuniPT14 WT 107 91 37 0 kan 107
12-2 C.jejuniPT14 WT 107 92 37 0 N 107
12-3 C. jejuniPT14 WT 107 93 37 0 N 107
12-4 C. jejuniPT14 WT 107 94 37 0 N 107
12-5 C. jejuniPT14 WT 107 95 37 0 N 107
12-6 C. jejuniPT14 WT 107 96 37 0 N 107
12-7 C.jejuniPT14 WT 107 97 37 0 N 107

97



Chapter2

2.13.4 Enumeration of caecal contents

The broiler chickens were sacrificed on day 28aading to the Home Office
Humane Killing of Animals Schedule 1 code of practice. The birds were
rendered unconscious via g@sphyxiation and their necks were dislocated to
confirm death. The birds were dissected using aseptic technique. With the
breast &cing upward, an incision was carefully made with a sterilised scalpel
from the middle of the bird towards the vent. The breast muscle was then
exposed by pulling the skin back, followed by carefully exposing the intestines
by cutting and removing all swunding tissue. The intestines were pulled
away to expose the two caeca, which were cut using scissors and their contents
squeezed into a pmeeighed Falcon tube. The weight of the caecal contents
was then determined and a 1 in 10 (w/v) dilution was pegpasing sterile
MRD (2.1.13). This was vortexed vigorously to mix the sample as thoroughly
as possible and further téold dilutions were performedCampylobacter

enumerations were carried out on CCDA (2.1.2).

2.14 CONSTRUCTION OF CJ0031 COMPLEMENTATION
CONSTRUCT

2.14.1 Complementation vector

The PCfdxA:PerR complementation shuttle vector was kindly provided by
Bruce Pearson (Institute of Food Research, Norwich, UK). It contains the
ferredoxin promotefdxA (van Vliet et al. 2001)aperR (van Vliet et al. 1999)
gene fragmenta chloramphenicol resistance cassattd two fragments of the
cj0046 pseudogene, which allow recombination into this gene locufan

NCTC 11168enome following transformation
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2.14.2 Amplification of target gene

Primers were designed that could amplify t)g031gene in NCTC 11168 and
the upstream promoter region. (Primers: Cj003x1z -1
ATCGTCTCCAGGAAGCATATATAAAGGTATT- 1 &M-UY- ¢
TATCGGCCGTTTCCCTTCAATGATTTTTATTTG 9 The forward primer
contained éBsnBl (Es@I) restriction site while the reverse primer contained
BsiEl, Ead and Ecdb2l restriction sitesThe desiredragment (370&bp) was
amplified using Q5 polymerase (New England Biolabs) #nedPCR product
was cleaned up with the Qiaquick PCR purificati@an/®iagen).The fragment

was then subcloned intopgCR2.1 TOPO vectdinvitrogen).

2.14.3 Ligation of vector and amplifiedcj0031fragment

The amplifiedcj0031 product was digested witBsnBl and Ecdb2l and the
PCfdxA:PerR complementation vectovas lirearised by digesting it with
BsnBI. The fragment was then ligated intbet vectoy where thefdxA
promoter andperR gene were replaced by thg0031 promoter and gene

fragment.

2.14.4 Recombination of the @mplementation construct into

the C. jejuni PT14 genome

The vector was amplified i&. coli. Genomic DNA waghenused to naturally

WUDQVIRUP DQG FRPSOHPHQW WKH 37 0
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2.15 C. JEJUNI INFECTION OF CULTURE D HUMAN
EPITHELIAL CELL LINE S

2.151 Maintenance of cell cultures

Human colonic epithelial HCA cells (Kirkland 1985) were grown as
monolayerculturesin 24-well SODWHYV LQ 'XOEHFFRYV ORGLILHG
(D-MEM) supplemeted with foetal calf serum (FCS) at a final concentration

of 10% (v/v) (Invitrogen at 37°C in 5% (v/y CO, Cells were stained with

0.4% (v/v) Trypan Blue (Invitrogen) and theirviability was monitored by

microscopicexamination.

2.152 Adhesionand invasionassay

Adhesionand invasion asays were performeas previosly described byl-
Sayeqgh et al(2010) Duplicate cell monolayers at 70% confluence were
covered withcells of theCampylobactestrain of interest. This was doré an
approximate multiplicity of infection of 100 in MEM supplemented with
10% FCSand incuated at 37°C for 3 h in 5%0,. Both monolayer plates
were washed three times with PBS (2.1.12) but onealgadreatedwith 1 ml

of freshDO(0 VXSSOHPHQWHG ZLWK ‘andinclHafpdf@PLFLQ |
a further 2 hoursn order to kill extracellular bacteridhe cell monolayers
were lysed by addingd.1% (vol/vol) Triton X100 in PBSto release
internalized bacteria and cells weenumerated on CCDA plates (2.1.2he
number ofadherent bacteriavas calculatedby subtracting the number of
internalized bacteria from the totalimber of adherent and invaded celfxd

then expressing this valuas a percentage of the inoculum. Thavasion
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efficiency was expressed as the percentage of the inoculum that survived

gentamicin treatment.
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Chapter 3: Genomic
characterisation of Campylobacter
jejuni PT14 and examination of

phagesusceptibility
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3.1 INTRODUCTION

Campylobacter jejunstrain PT14 is a clinical isolate which was previously
used to propagate bacteriophages in the United Kingdom phage typing scheme
(Frost et al. 1999)It has proven useful in the isolation Gampylobacter
bacteriophages from several sources and has successfullysedlariickens
during experimental infection trialAtterbury et al. 2003; Atterbury et al.

2003; Atterbury et al. 2005; Connerton et al. 2004:Shibiny et al. 2005;

Loc Carrillo et al. 2005) The strain is available from the Publidealth

England Board as NCTC 1266&yw.pheculturecollections.org.yk

Over the last decada large number o€ampylobactegenomes have either
been partially or completely sequencdelblication of the first complete
Campylobactelgenomesequencethat ofC. jejuni NCTC 11168(Parkhill et
al. 2000; Gundogdu et al. 200frovided an ideal reference genoffoe a
number of comparative genonstudieswhich examind genetic \ariability
within the genugPearson et al. 2003; Taboada et al. 2004; Patkar 2006)
Prophageelated DNA sequencesgere notablyabsentfrom the genome of.
jejuni NCTC 11168In constrastthe chicken isolate€. jejuniRM1221(Fouts
et al. 2005)and C. jejuni S3 (Cooper et al. 2011yvere found topossess
Campylobacter jejunintegrated elements (CJIES), one of which vdestified
as a Mu-like prophage It has beenreported thatthe Mulike prophage
sequences are substrates for neloimation adding to the diversityf
CampylobacterGenomic rearrangementdservedn C. jejuniHPC5occurred

as a result ofintraagenomic inversions between uMike prophageDNA
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sequenceprovoked by exposure to virulent bacteriophages, which resulted in

the activation of drmant Mulike prophageg¢Scott et al2007a).

Bacteria have evolved a numberdsfence mechanisms to help protect them
from invading foeign nuclec acids,such asthose of bacteriophages and
plasmids.One such systeim many bacterial species, includi@y jejuni is the
presence of the clustered regularly interspaced short palindromic repeats
(CRISPR) and associatedag genes. CRISPRas loci are comprisedof an

array ofmultiple DNA repeas that generallyvary betweer21l and 48 bp in
length, separated bynonrepetitive sequencescalled spacersthat are
approximately26-72 bpin length(Grissa et al. 2007)Casproteins ranging

from 4 to 20 in numbefHatft et al. 2005)are usually preseri the vicinity of

the CRISPRarrayandan AT-rich sequence known as tleader is alsoolcated

directly upstream of thilcus.

The CRISPRcassystem was firstly identified in 1987 i coli K12 (Ishino et

al. 1987) followed by identificationof CRIPSR arraysn a number of other
bacterial and archeal species in the early 200@suding Streptococcus
pyogenes(Hoe et al.1999) Haloferax mediterranei(Mojica et al. 1995)
Anabaena sp. PCC 7120(Masepohl et al. 1996)and Mycobacterium
tuberculosis(Groenen et al. 1993)t was later determined that the spacer
sequences of the CRISRRs system were actually capabt providing
resistance against bacteriophages and plasrtiidsrangou et al. 2007;
Marraffini & Sontheimer 2008; Horvath & Barrangou 201(arrangou and

colleagues (2007) looked at the CRISPR sequences of numerous
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bacteriophag-sensitive Streptococcus thermophilustrains and found that
after a viral challenge, the bacteria had integrated new spacers derived from the
DNA of the infecting phagéprotospacer)Acquisition of this new protgsacer
resulted in resistance tsubsequet infection by phage carrying the same
seqence in their genome. The prepacer sequence was found to be

integratedadjacent tdhe leadesequence ahe CRISPRarray

The CRISPRIlocus isgenerallytranscribedas a large single RNA transcript
(precusor CRISPR RNA or prerRNA), whichis processedy Cas proteins
to generate small antisense RM#leculeCRISPR RNA or crRNA These
cRNAs containa single spacethat is flanked by direct repeat fragments,
which then target andeave the invading DNAluring subsequent reinfection
(Brouns et al. 2008)Spacer acquisitioras well astarget recognition and
cleavageare usually mediated by recognition of a short protospackgcent
motif (PAM), which is located adjacent to either end of the protosg&terh
et al. 2013) There are three major types of CRISP&s systems (Type |, Il
and IlI), all of which contairthe highly conservedCasproteings Cas1(DNA
endonucleasegnd G (RNA endonucleaseEachsystem ischaracterised by
the specific Casproteins involved inmaturation of crRNAs, nueic acid
targeting and cleavage of the invading DNA elem@ftikarova et al. 2011)
Type Il CRISPRcasis considered to be the minimal CRISE& system and
typically contains genes encoding various configurations of Casl, Cas2, Cas4
or Csn2/Csndike and Cas4Makarova et al. 2011; Chylinski et al. 201#)is
predominately associated with pathogenic bacteria sud@. gsjuni, which

possesss a type IFC systemthat lacks a Cas4 or Csn2/Csn2ike protein

105



Chapter3

(Figure 3-1). The crRNA maturation step that takes place within type Il
systemds characterised by a requirement for a tracisvating CRISPR RNA
molecule(tracrRNA), hod RNase IlllandCas9(Deltcheva et al. 2011; Jinek et

al. 2012) It has previously been demonstrated that the mature crRNA can be
complementary bageaired to the tracrRNA in the presence of Cas9 to form an
RNA duplex, which subsequently iges the Cas9 protein to cleave the target
DNA at sites that are complementary to the crRN/kek et al. 2012)This

step is referred to as CRISPR interference.

Another importantbacterial defence system that utilises a self/selh DNA
recognition mechanisns the use of restrictiomodification (R-M) systems

that degrade unmethyd or unmodified incoming DNAR-M systems
typically consist of a methyltransferase that catalyses methylation of a specific
host DNA sequence and a restriction enzyme which cleaves or restricts foreign
DNA lacking that specific methylationApproximately 90% of bacterial
genomes were found to contain at least oAl Rystem and approximately
80% contain multiple M systems(Vasu & Nagaraja 2013)in general, a
relationshipexists between the number of-R systems present in a genome
and the genome size of a bacterial str@asu & Nagaraja 2013However

the reason for the presence of npié R-M systems in a single host is not
clearly understood. # systems are classified into four main gro(ipgpes I,

[I, Il and 1V) basedprimarily on enzyme subunit composition, cofactor
requirements, symmetry of the recognition sequence andiqmisg of the

DNA cleavage sitéBoyer 1971; Roberts et al. 2003; Yuan 19&achgroup

can be divided intsubcategories, especially the Type II.
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Figure 3-1. Typical type I1-C CRISPR-cassystems.

The CRISPR repeats are represented by black boxes and the spacers by green
diamonds. Each spacer is capable of independent expression due to the
presence ofranscriptional start sites within their sequences (black arrows).
The tracrRNA sequence is illustrated by a red box and it can either be located
upstream or downstream of the genes encoding the CRéS&itiated Cas

proteinscas? caslandcas9(blue arows). Adapted from Dugar et al. 2013.
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Type | RM systemsarecomprisel of a multisubunit complex which functions

as both a methyltransferase and a restriction endonuclease. It usually contains
two R subunits (restriction), two M subunits (modificati@amd one S subunit
(specificity) (Dryden et al. 2001)Sequence recognition is determined by two
target recognibn domains (TRDs) in the S subunit. The genes present in Type

| systems aréasdR hsdMandhsdSand the proteins encoded by the latter two
are sufficient for methyltransferase activity, but all three are required for
restriction activity. Type | restricin enzymes require ATP,S
adenosylmethionindAdoMet) and Md* during cleavage of unmethylated
substrates, which occurs at a variable distance from the recognition sequence
following DNA translocation. However, if the enzyme complex targets a
hemimethylatd substratewhere only one strand is methylatéd;an act as a
methyltranferase to methylate the other strand and requires AdoMet to donate
the methyl group. Methylation with a Type | system produdés
methyladenine(m6A) and the recognition sequence asymmetrical and
bipartite. Type | systems are currently divided into five-sategories (A, B,

C, D and E) based on genetic complementation, where subunits from different
enzymes associate to produce a single functional enzyme; DNA sequence
similarity and immunological croseactivity (Titheradge et al. 2001; Chin et

al. 2004)

Type Il RM systems are the simplest and most commonly known. &hey
compris@l of separate subunits for restriction and modification but some
classes are known to produce a single bifunctional protein due to fusion of the

R and M genes. Thendonuclease component of the system requirés idigs
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as a cofactor and the methyltransferase requires AdoMet as a methyl group
donor to produc&l4-methylcytosingdm4C), 5-methylcytosingm5C) or m6A.

The Type Il enzymes generally recognise-8 Bp paihdromic sequence and
DNA cleavage occurs symmetrically on both strands at a defined position at or
close to the recognition site. Type Il restriction enzymes have been subdivided
into 11 different classes according to their enzymatic behaviour and sequenc
cleaving nature (A, B, C, E, F, G, H, M, P, S and T) and some enzymes can

belong to more than one subcateg@pberts et al. 2003)

The Type 1l RM systems comprise of two gen@spdandres which encode
protein subunits M (recognition and modification) and R (restriction). The M
subunt can act independently as a methyltransferase but both M and R
subunits are required for restriction activilanscak et al. 2001; Mucke et al.
2001) Methylation requires AdoMet while cleavage requires ATP in the
presence of AdoMet. For successful cleavage, Type Ill enzymes recognise two
copies of a noipalindromic 56 bp sequence which are oppositely positioned
within the DNA substrate. Cleavage occurs in a similar fashion to Type |
enzymes where the DNA is cleavedaadistinct location from one copy of the
recognition sequence following ATéependent DNA translocation.
Methylation takes place primarily on one strand but cleavage will only occur if
both strands are unmodified. The product of hykgttion is hemimethygted

MOBA.

Type IV RM systems have been -odassified to include modification

dependent restriction enzymes that specifically recognise methylated DNA
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sites (Roberts et al. 2003) These systems possess no associated
methyltransferase activity. Foreign DNA is therefore targeted if it contains
methylated bases in a particular recognition sequence. One well defined Type
IV system is that of McrBC ift. coli (Raleigh & Wilson 1986; Stewart et al.
2000) which generally targets two variably spaced dinuclestitiethe form

RmC (m1C or m5C) and cleaveapproximately 3ébp away from one of these
recognition elementsvith a GTP requirementfor translocation of the DNA.

The RmC recognition site can be found on both strands or may only be present

on one.

C. jejuni strains are knownot possess many hypervariable homopolymeric
repeats within genes related tdhe assembly of their capsule,
lipooligosaccharides (LOS) and flageB#&ructures(Parkhill et al. 200Q)The
presence of these repeats makes the genes prone to -slipgretl mispairing
during chromosomal replicatiofeading to phase variation(Parkhill et al.
2000) Surface apsularpolysaccharide (CPS) structures and flagellaCof
jejuni have been recognised as important factors the binding of
bacteriophageéCoward et al. 2006)However, phase variation of such genes
can alter cell grfaces, which in turn can affeqthage propagatn by
restricting access teell surface recognition sites. Thpslocus ofC. jejuniis
known to contain conserved as well as variable gé@ladyshev et al. Q05).
The gene cluster responsible for the biosynthesis of heptesidues (Hep)
includinghddC gmhA2andhddA is highly variable wHe the transport related
kpsgenedlanking the Hep residues are conserved among stidars/shev et

al. 2005)
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In this chapter the genome sequencé&ofejuni PT14 was characterised and
an attempt was made to determwleat genetic factors may be contributing to

the phagesensitive nature of this strain.
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3.2 RESULTS

3.2.1 Genome analysis

The circular genome . jejuniPT14 was found to be 1,635,26@ in length

with 1607 putative open reading frames (ORFs) and an average G+C content
of 30.326. The genome sequence consa3 copies of the ribosomal RNA
operon and 41 tRNA genes covering all amino acids, with arginine being
represented most frequently followed by alanine and leucine. The genome was
automatically annotated using the NCBI programme PGAARyiuoli et al.
2008)(2.11.4) from whichit was possible to assign functional information to
80.9% of the 1607 ORFs dhe basis ofvhat was available in the database.
Figure 31 shows a genome map Gf jejuni PT14with annotationrelated to

as CDS, pseudogenesdacongrved hypothetical proteinBustrated. There is

no evidencefor the presence odiny prophageassociated genes or plasmids

within this genome.

C. jejuniPT14 contains 26 probable pseudogenes, with many in common with
those inother C. jejuni genanes. Table 3 shows a comparisoof the
pseudogenepresent inthe PT14 genomewith their gene homologues in the
NCTC 11168genome The majority of these are also probable pseudogenes in
NCTC 11168 and have been highlighted in yellow. However, twelve
pseuwogenesgresentn PT14remain intact witn NCTC 11168 Similarly, on
examination of the NCTC 11168 genome, there are three annotated
pseudogenes thatre intact within the PT14 genome. These aij@501

(A911_02450)cj1064(A911_05150pndcj1470c(A911 07080)
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Figure 3-2. Circular representation of the C. jejuni PT14 genome.

The annotation types are colour coded according to the key. Colour coded are
1607 CDS, 1657 genes, 26 pseudogenes, 42 condgypetheticals, 9 rRNAs

and 41 tRNAs.
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Table 3-1. Probable pseudogenes within th€. jejuni PT14 genome.
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Table 3-1 continued
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Table 3-1 continued

Note: Predicteghseudogeneshared betweetine C. jejuniNCTC 11168and PT14enoms have been highlighted in yelloiw the NCTC 11168
genome. @nes that remain intact with@. jejuni NCTC 11168compared to those in the PT14 genome have not been highlighted.
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C. jejuniPT14 was found to contain 27 homopolymeric G:C tracts (defined as
FRQWDLQLQJ ¢« FRQVHFXWLYH s*canpdiisbhv iés XHV ZKL
reportedfor NCTC 11168(Parkhill et al. 2000; Gundogdu et al. 2002% for
RM1221 (Parker et al. 2006and 23for CG8486 (Poly et al. 2007) The
locations of homopolymeric tracts are generally conserveddegt@. jejuni

strains Within the C. jejuni PT14 genome, there are five tracts residing in
intergenic regions, two in probable pseudogenes and nine within genes of
unknown function (Table-2). Variation in the length of the G:C tracts within
genes resultén phase variable expression. Five of the tracts identifie@. in
jejuni PT14 show phase variation at the sequence level. These are genes
encoding two putative methyltransferases, one of unknown function, an
DPLQRJO\FR Vac&yrardferasq and thavasion protein CipA.C.

jejuni PT14 also contains a phase variable A:T region within the gene

A911 06060 encoding a GMP synthase.

3.2.2 Nucleotide sequence statistics

The nucleotide distribution displayed in Figure3 3s typical of an ATrich
Campylobater genome. The average G+C content of thejejuni PT14

genome is 30.5% and thgercentagds similar tothat observedor other

strains including NCTC 11168 (30.6%®arkhill et al. 2000; Gundogdu et al.

2011) CG8486 (30.4%]Poly et al. 2007and 81176 (30.6%)(Hofreuter et

al. 2006) Table 3 VKRZV WKH QXFOHRWLGH IUHTXHQF\ L
residuesare observeanost frequently irthe first and second position whilst

37" UHVdr&mobkt¥fequent Q WKH WKLUG SRVLWLRQ 3&° UHV

I[UHTXHQWO\ RFFXUULQJ QXFOHRWLGH LQ WKH ILUV
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Table 3-2. Listing and location of homopolymeric repeats within the C. jejuni PT14 genome
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Table 3-2 continued

Note: Homopolymeric G:C tractare GHILQHG DV FRQWDLQLQJ - . FHe@lative Eidindsbmal gosltidthiWib G P4
genome is indicatd with respect to the nucleotide sequence beginning at draAg with the gene or intergenic regsomhere the G:C trast

occur.Genes thaareobserved to bphase vadble at sequence level areted.
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Figure 3-3. Nucleotide distribution histogram for the C. jejuni PT14

genome
The occurrence of ehcnucleotide within the genomis illustrated. The

average G+C content of the genomshiswn to be30.5%.

120



Chapter3

Table 3-3. Frequency of nucleotide codon positioning for C. jejuni PT14

genome.
Codon Nucleotide frequency in codon position (%)
position A C G T

1% position 36 13 30 21
2"%position 37 17 14 33

3" position 36 9 10 45
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residues were the leastthe second position. The reduced frequency of G and
C residues is consistent with their low distribution within the genome. The
FRGRQ 3$$$° HQFRGLQJ WKH DPLQR DFLG O\WLQH F
WKH PRVW DEXQGDQW FRGRQ mRiddHWas the lé&st*" HQF

frequent, occurring only 58 times.

3.2.3 Phylogenetic relation to othelC. jejuni strains

Figure 34 illustrates the relationship betweén jejuni PT14 and its nearest
neighbours based on genomic BLAST comparisons. The dendograms sho
that althogh there is strong synteny withCTC 11168, the genome with the
most genetic similarity is that d&. jejuni IA3902. This is quite interesting
because PT14 and NCTC 11168 are both hu@anejuni isolates while
IA3902 was originally isolatedrom an aborted ovine fetus and is a highly
abortifacient strairiBurrough et al. 2009}t is alsonotablethat the two strains
known to contain prophaggssociated elements§;. jejuni RM1221 andC.
jejuni S3, are clustered furthest away from PTirkes this genomeloes not

appear to contain arsuchintegrated elements
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Figure 3-4. Phylogenetic comparison ofC.jejuni PT14 with its closest

relatives.

The comparisons ateased on genomic BLAST sehes.ThePT14 genome is
Clustered furthestaway from the two genomes known to contain
Campylobacter jejunintegrated elements (CJIE$EM1221 andC. jejuni S3.
The dendogram wasalculatedusing the Genome feature of the NCBI website.
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3.2.4 CRISPRcassystem ofC. jejuni PT14

The CRISPRcassystem within the genome @. jejuni PT14 wasidentified

and found to be intacRT14 contains a minimal type-@ CRISPR arraywith

four 36-bp direct repeas (start position of first repeall448528 end posibn

of last repeat144876) flanking three 30bp spacer sequencéstart position

of first spacer 1448564 end position of lasspacer 1448729. Interestingly,

WKH ILUVW GLUHFW UHSHDW VHTXHQFH LV PLVVL(
preent in the ther three repeats. putative transcriptonal VWDUW VLWH
TAAAAT - fwas identified123-bp upstream of the initial direct repeat. The
genes encodinghree CRISPRassociatedCas proteinsca® (A911 0732%

(position: 1448906144933, casl (A911 0730) (position: 1449330

1450220 and cas9 (A911 0733% (position: 14502171453180) were also
identified, beginning 14%p downstream of the terminal direct repeat
sequenceA tracrRNA sequence was alsteterminedthat could potentially

basepair with the rpeat sequenc&he CRISPRarraysequences can be found

in Table 34.

BLAST searchesevealed thafor each spacer sequenckthe C. jejuniPT14
CRISPRarray, there werao obvious matches fghage or plasmidNA but
instead nucleotide sequencesere foum that mapped to the PT14
chromosome.The first spacer sequenaeappedto the gene encoding the
peptidoglycarassociated lipoprotein OmpX8911 00540)while the second
spacer mapped to the genencoding apolipoprotein Jdcyltransferase
(A911 05300)and isoleucyitRNA ligase (A911 05135).BLAST searches

also foundmatchedo otherC. jejunistrains with the firstand thirdspacer
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Table 3-4. CRISPR array sequences foC. jejuni PT14

CRISPR feature Sequencey : 3')

Direct repeat GTTTTAGTCCCTTTTTAAATTTCTTTATGGTAAAAT
Spacer 1 ATAATTTCTAATTTCATTTATAACCTTTCA

Spacer 2 TAGTAGCTAAGAATAAAATAAGAAACACTG
Spacer 3 GTTGGAATGCTTAAGCAGGGGTGGAGTGAA
tracrRNA AAGAAAUUUAAAAAGGGACUAAAA
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sequences displaying 100% sequerdentity to spacer sequences of three
otherC. jejuni strains for the full length of the sequence. Beeondspacer
showed100% identity to spacer sequences of five other strains, with two of
them matching 100% for the full sequence leng8hBLAST searchof the

direct repeat sequence displayed 100% nucleotide sequence identity to those of
at least99 otherC. jejunistrains.The CRISPR element &. jejuniPT14 has a

G+C content of 28.4%, which is lower than the average G+C content of the

rest of the genoe.

3.2.5 Thecpsgene locus ofC. jejuni PT14

TheC. jejuniPT14cpsgene locus extends from A911 06875 to A911 06960
and has a G+C content of%. On comparing the genomes of PT1AN©TC
11168, the capsular pysaccharide loci were found to havariale regions.
However, both genomes containkgols orthologs with seven genes that make
up two clusters and flank the polysaccharide biosynthesis genes. The first
cluster contains the gendgsSand kpsC (A911 06875 and A911 06880)
while kpsk kpsD, kpsg kpsI and kpsM (A911 06940 A911 06945,
A911 069D, A911 06955 andA911 06960) make p the second cluster
(Figure 35). The Kps proteins allow translocation of the capsular
polysaccharide to thbacterial surface. Within tHeT14 genome, twentivo
polysacchade biosynthetic genewere identifiedbut noneappear to encode
proteins thatare responsible fobiosynthesis of Hep residues as observed
within  NCTC 11168 (Parkhill et al.2000). However, the capsular
polysaccharide locus i€@. jejuniPT14 was found tde identical to that of.

jejuni 1A3902, which also contained no genes for biosynthesis of Hep residues.
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An insertion of six genes as well as a gene substitution ofefein genes has
occurred within  NCTC 11168 compared t&T14 (A911 06908 to
A911 (935, excluding A911 06918) andlA3902 (CJSA 1353 to
CJSA 1367 excluding CIJSA 1363). This occoesweencjl422andcjl442c
within the NCTC 11168 genome. In addition, within thpslocus of PT14

there are three genes containing homopolymeric G:C tract repehtsva of

them appearphase variable tasequence levelThese are A911_ 06906 and
A911 06907, which encode a SA#kpendent methyltransferase and a
putative sugar transferase respectively while the hypothetical gene represented
by A911 06918 does not appearbe phase variable. The nearest homologues
to A911_06906, A911 06907 and A911_06918 witBinejuniNCTC 11168

are cj1420¢ cjl421cand cjl422c respectively which are all phase variabl
within that genome. Figure -8 shows an alignment of the capsular
polysaccharide lodbetweenC. jejuniPT14,NCTC 11168 andA3902. These

two genomes were chosen for the alignment because of their close
phylogenetic relationship witiPT14 based on genomic BLAST searches
(3.2.3).The gene arrangemewithin this locusis identical between PT14 and
IA3902. The gene substitutions in tlICTC 11168genome aralso clearly

illustrated in Figure .

3.2.6 The lipooligosaccharide biosynthesis locus &. jejuni

PT14

The C. jejuni PT14 LOS locus extends from A911 0548QalE) to

A911 05580 gmhB (Figure 36) and has a G+C content of 27.8%. Genes
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Figure 3-5. Alignment of the capsular polysaccharide loci o€. jejuni PT14, NCTC 11168 and 1A3902.

Gene names are shown on or abeseh ORF and the direction of transcription is indicdedn arrow. Corresponding homologous genes are
assigned the same colour and kbegenes clusters are indicated for each genome. In PT14, this locus extends from the first gerigpsBown,
until thekpsMgene(A911 06875 to A911 06960).6Be substitutiomoccurin NCTC 11168 compared to thehet two genomes directly after
cjl422curtil cjl442c In NCTC 11168 this region includes genes responsible for heptosyl biosynthesis bu€ngjumi PT14 andC. jejuni
IA390. The dignment was performed usirtge Biocyc databasefCaspi et al. 2014)
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Figure 3-6. Alignment of the LOS biosynthesis loci ofC. jejuni PT14,
NCTC 11168, RM1221, 81176 and 1A3902.

Gene names are shown on or above each ORF and the direction of
transcription is indicated by an arrow. Corresponding homologous genes are
assigned the same colour and white shading accompanied by an X repesents
pseudogene. The LOS locus in PT14 extends fgaik (A911 05480) to
gmhB(A911 05580) and genes involvedli®S heptose biosynthesis pathway
are presentThe neuBCAgene operon andstlll gene which are involved in
sialic acid biosynthesiare presentni all of the aligned genomes, with the
exception of RM1221.The dignment was performed usinghe Biocyc
databasefCaspi et al. 2014)
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involved in the LOS heptose biosynthesis pathway are present sucma&s
(A911_05490) encoding heptosyltransferasgmhhA(A911 05565)encoding
phosphoheptose isomerase afdD (A911 05575) encoding ADB-glycero
D-manneheptoses-epimerase. Three glycosyltransferases (A911 05505
A911 05510 andA911 05515) were identified as wels theneuBCAgene
operon (A911 05530A911 05535 and\911 05540), which is required for
sialic acid biosynthesisThe cstlll gene (A911_0525) encoding .-2,3
sialyltransferasdas also presentThese genes are known to be involved in
biosynthesis of siglated LOS structures with the potential for human
ganglioside mimicry(Gilbert et al. 2002)Figure 36 shows an alignment of
the LOS biosynthesis loci @&. jejuniPT14, NCTC 11168, RM1221, 8176
and 1A3902. As seen with other loci, the geameangement is identical for

PT14 and 1A3902.

3.2.7 The flagellar modification locus inC. jejuni PT14

In C. jejuni PT14, the flagellar modification locus extends from A911 6280

(pseB to A911 06845 (hypothetical protein) artths a G+C content of 30.2%.

Within this locus, nine genes and an integenic region cohtaimopolymeric

G:C tracts. These genescodea nunber of hypothetical proteins as well as

known motility accessory facter 7ZR RI WKH JHQHYV DQ BPPLQRJO
acetyltransferase (A911 O62ZPand a methyltransferase (A911 06440), are

observed to bphase variable at sequence level.
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3.2.8 Restriction and modification systems il€. jejuni PT14

C. jejuni PT14 possessasultiple RM systems. A type | BM systemwas
identified containing the gnes hsdR hsdS and hsdM (A911 07460
A911 07470 andh911 07480).The genome also containstype lIs system
(A911 _00150) with the nearest homologue in NCTC 11168 being
¢j0032cj0032 Adeninespecific (A911_01010), skspecific (A911 07040)
and methionia-dependent (A911_03525) DNA methyltransferases were also
identified as well aswo putativeR-M enzymes (A911 03365 gpudogene)

and A911 05085)

3.2.9 Lytic profiles

Bacteriophagesensitivity ofC. jejuni PT14 was tested against the activity of
60 seleted lytic phageqFigure 37), including the 16 UK typing phages
(Frostet al. 1999). All phage were initially propagated usi@g jejuni PT14,

with the exception of those on plate 4 where the propagating strain is indicated.
For example, CP8/11168 refeis initial propagation of phag€P8 with C.

jejuni NCTC 11168 as the propagating host strain. The bacteriophages of
interest were diluted tthe routine test dilution odipproximately 6 log PFU
mi™*and 10 pl aliquots were spotted onto the surface@ftiil4 lawns (2.5.4).

The plague formingability of each phage was observatd 35 phages
displayed either confluent or sewonfluentlysis, while only 9 phages (E5,

10b, 9, NCTC 12671, NCTC 12677, NCTC 12672, NCTC 12675, NCTC

12683 and CP22BT14 showedno lytic ability.
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3.2.10In vitro growth curves

After examining the activity ofytic bacteriophages again€l. jejuni PT14

(3.2.9) two were selected to performn vitro growth experiments.
Campylobactemphages CP30A and CPX were selected on the loddiseir

ability to produce confluent lysis d@. jejuniPT14 and that genome sequence
data were available identifying them as group Il Campylobacter
bacteriophages and representatives of the CP8unalikevirus genera (Javed et al.
2014). A decision not tasethe group lICampylobactephage CP22@or the

in vitro experimentsvas madgedespite also being a sequenced stiagtause

of its inability to lyse PT14 cells as noted by the lack of plaqueth@RT14

lawns(Figure 37).

It was necessary to comct in vitro growth experiments in order to evaluate
growth and infection conditions during phage infection of PT14 as well as to
develop appropriate modelling parameters to allow a measurable output of
phageinfected cellsto be generatedor subsequentranscriptomicanalysis
(seeChapter 4). The experiment was conducted in 50 ml volwhesitrient
broth no.2over 24 hours using the procedutescribedn section 2.6.2. Figure

3-8 showsthe two growth curves for infection df. jejuni PT14 with CP30A

(A) and CPX (B).An initial densityof 7.45 logio + 0.09 CFU mi* and 720
logio#+ 0.068 CFU mI™ of C. jejuniPT14was grown for two hours and was then
infected with 5.910g;0+ 0.00 PFUmI™ of phage CP30A and 6.08g;0+ 0.06

PFU ml* of phage CPX respetely. These concentrations and the ratio of
bacteria to phage werdosen to take into consideration the results ofitro

growth experimentpreviously conducted by Cairesal. (2009). Figure 3
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Figure 3-7. Sensitivity of C. jejuni PT14to selected bacteriophages

The phages were diluted to the routine test dilution of 6/B§U mi* and

were spotted onto PT14 lawns The phages tested include the 16 typing phages
(Frost et al. 1999), the sequenardup Il phage CP220 (Timms et al. 2010)
and the sequenced group lll phages CP30A and CP8. The plaque forming
ability of each phage was observed. Confluent lysis was exhibited by phages
Al4, A32, CP8, AlB, G6, 18b, CP28, NQ1, NCTC 12670, NCTC 12673,
NCTC 12674, NCTC 12678, CP8/11168, CP8/HPC5, CP8/PT14,
CP30A/11168H, CP30A/11168, CP30A/HPC5, CP30A/PT14, CP30A/PT14PL
and CP8BHPC5CS, seronfluent lysis by phages CP51, CP25, CP30A, 4b,
X3, CP34, G5, 19b, NCTC 12679, NCTC 12680, CP8/11168H,
CP30AHPC5CS, CP8PALS and CP220/HPC5 and opaque lysis by phages
CP220, CP20, 7, G1, G4, G3, 11, mcla, G8, G7, NCTC 12669, NCTC 12681,
NCTC 12682, NCTC 12684. No lysis was exhibited by phages E5, 10b, 9,
NCTC 12671, NCTC 12677, NCTC 12672, NCTC 12675, NCTC 12683 and
CP220/PT4. Lytic activity was scored according to the nomenclature used

during the UK phage typing scheme (Frost et al. 1999).
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shows uninfectedC. jejuni PT14 in blue, phagefected C. jejuni PT14 in

brown and bacteriophage growth in green.

Infection with GP30A resulted in an immediate drop in bacterial numbers by at
least 3 logs on addition of the phage at the second hour. However, a similar
drop in the host population in response to CPX infection was not observed
until two hours posinfection. Following the fall in the hostviable count the
CP30Ainfected and CPxnfected Campylobacter populatiors began to
increase in growthfrom the 6" and 8" hour respectively until the final
sampling point at the 34hour. Although growth of thephageinfected host
appeared to be relatively constant in both saaeslight drop was observed for

the CP30Ainfected population at the 8hour which occurred with a
simultaneousrise in CP30A This is indicative of further lysis of phage
sensitive C. jejuni cells. Statisical analysis showed that there was no
VLIQLILFDQW GLIIHULtQ0IA5 n83VheiweeQIv Posicvdsh
growth rate of the CP30Ainfected population compared to the Gitected
SRSXODWLRQ 7KHUH ZDV DOVR QR Vé¢sfGLOREFDQW G
n=3) in the phage yields generated from cell lysis of these two populations.
Meanburst size of 5.0 and 5.4infectious virions per cellgould be estimated

from the phage yields with respect to the synchronous fall in the bacterial

populations for CP30A and CPXespectively

In order to establish whether the host populatioming) the resurgence in
growth containeda mixed population ophagesensitive and resistamtells,

that werebothcapable of growing following the crash, samples vwiected
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at the &, 8" 18" and 24" hour and phage resistance was determinield the
assistance obr. A. Timms as described isection 2.6.3The results confirm
that subsequent tthe bacterial crash ahe 8" hour, a high percentage of the
isolates werdndeedresistant to CP30£65-85%)and CPX(84-90%)infection
(Table 35). However, there waa decline inhe frequency ophage resistance

by the 24 hour. The results also illustrate that the percentage of isolates that
were sensitive to CP30ifection at the 18 hour was quite low, suggesting a
reason for the small drop in host numbers observed at that timecpoipared

to the large drop previously encountered at tHén@ur.
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Figure 3-8. In vitro growth curves of C. jejuni PT14 infected with
bacteriophages CP30A (A) and CPX (B).

UninfectedC. jejuni PT14 are indicated by the blue lines, phagected by
the brownand bacteriophage growth hfie green lines. The phageavere
added athe second hour of growtht which pointhe hostpopulationinfected
with CP30A crashé, while a reduction in the CRN)fected cell numbers
occurred 2 hours pogtfection A simultaneous rise in phage titre occurred at
these times. Followinghe crash,the C. jejuni PT14 population steadily

increasedn growthuntil the final sampling point.

137



8ET

Table 3-5. Frequencyof phageresistant C. jejuni PT14 isolates during infection with phages CP30A and CPX

Phage rsistance to CP30A

Phage resistance to CPX

Time/hours Culture Culture

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
6 ND ND ND 0.10 0.05 0.15 ND ND ND |ND ND ND ND ND ND ND ND ND
8 ND ND ND 0.70 0.65 0.85 ND ND ND |ND ND ND ND ND ND 0.84 0.90 0.85
18 ND ND ND 0.73 0.75 0.82 ND ND ND |ND ND ND ND ND ND 0.60 0.67 0.73
24 0.00 0.00 0.05 0.60 0.53 0.50 ND ND ND |0.05 0.10 0.10 ND ND ND 0.44 0.29 0.67
Key -

Cultures 13: UninfectedC. jejuniPT14 replicates-B

Cutures 46: CP30AinfectedC. jejuniPT14 replicates -4

Cultures 79: CPXinfectedC. jejuniPT14 replicates-B

ND: Not determined
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3.3 DISCUSSION

Analysis of theC. jejuniPT14 genome has identified features such as an intact
CRISPRcas system (3.2.4) multiple RM systems (3.2.8) as well as the
presence ohomopolymeric tract repeats with phase variaggions within

genes that have the potential to impact on bacteriophage repli¢asible 3

2). These features are all related to bacterial defence and therefore suggest that
although thisstrainis highly phagesensitive, mechanisms are still in place to

enable potential escape from bacteriophage predation.

3.3.1 Phagederived protospacers not detected in PT14 CRISPR

array

The CRISPR direct repeat sequerafeC. jejuniPT14is highly conserveavith
other nembers of the specieBLAST searches for each spacer repeat
sequence of th&. jejuni PT14 CRISPR array did not reveal any phage
associatear plasmidDNA sequence matchdsit insteaddentified nucleotide
matchesto the PT14 chromosomend otherC. jejun strains(3.2.4). This
finding was not surprising a$°T14 was not resistant to manyf the
bacteriophagegxamined in this studywhich may be a consequencéthe
strainnot previouslyintegratingphagederived protespacers into its CRISPR
region Howe\er, the BLAST searches also showed that none of the spacer
sequences were unique to PT®th otherC. jejunistrains carrying identical

spacers

CRISPR pacers that targecthromosomalgenes have previously been

examined byStern et al(2010) who found thatamongst23,550 spacers from
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330 CRISPRencoding prokaryat organismspne in every 250 spacers were
selttargeting As a result, they initially hypothesised that the CRISPR system
may be involved in gene regulation arnbderefore sought to determine
conservation amongst se¢Hrgeting spacerglowever, no conseed sequences
were identifiedand this hypothesiwas dismissedt was noted thad7% of the
selttargeting spacer sequences wérend to belocated close to the leader
sequence, eithen the first or second position of the arr&enerally, speers

are integratedinto the arraytowards the leader endnd thisfinding may
suggest that acquisition ekltargetingspacers is a recent evethiat could
possibly have deleterious effect& similar finding was observed for PT14
with boththe first and seconspacersontaining nucleotide sequences that can
be alignedto chromosomal geneStern et al. (2010also found that the two
direct repeats flanking the seHrgeting spacer sequence were twice as likely
to contain mutations compared to those flanking the other spacers. This could
therefore affect crRNA maturatiorf the selftargeting spacer whilstllowing

the rest of the CRISPR array to remain functiohakas finally suggested that
targeting of chromosomal genes by the CRISPR system may have been
accidental and this may therefore be a form of autoimmunity wbdaehd

eventually lead to a negative fitness cost to the orgafssenn et al. 2010)

3.3.2Gene encodingspecific phage target not phase variable in

PT14

Three genes withinhe CPSlocus of C. jejuni PT14 were found tocontain
homopolymeric tract repeatslowever, one of these gend®11 0698, does

notappear to bphase variable at sequence leltsineaesthomologue within
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the NCTC 11168genomeis c¢j1421 andthis gends phase variabldt encodes

a MeOPN transferase, which allows attachment of MeOPN to a GalfNAc (N
acetylgalactosamine in furanosenfiguration) residue of the CPS. It has been
identified in otherC. jejuni strains(Karlyshev et al. 2005and has also been
determined to be a specific target for bacteriophage KS&6ensen et al.
2011) It was found that a phage F336 resistant NOTIC68 varianselected

in vitro had in fact lost the MeOPN as a result of ihgvan additional G
residue incj1421, thus causing the gene to be in a 4fomctional phase
(Sgrensen et al. 2011)ater, Sgrensen and colleag{2812) tested whether
C. jejuniNCTC 11168 could become resistaotliacteriophage F33é vivo
during chicken colonisation wisil observing the MeOPN transferase status of
any resistant variants. They found that the prsgesitive isolatesxpressed 9

G residues in thej1421 gene wiereagphageresistanisolatescontaned either

8 or 10 G residues, whichould FDXVH WKH JHQH WR VZLWFK WF
Phase variable disruption af1421 of C. jejuni NCTC 11168 therefore
prevents MeOPN attachment to fB&c of capsular polysaccharide, which
leads to no+infection by lacteriophage F33(arensen et al. 2@)and allows
bacteriophag evasion during chicken coloai®on (Sgrensen et al. 2012n
contrast, thecj1421 homologue identified inC. jejuni PT14 (A911 06918)
does no appear in a syntenic region and as it is not phase variable
bacteriophage targeting the MeOPN capsular modificatiorudileely to be

hinderedby such a mechanism C. jejuniPT14.
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3.3.3C. jejuni PT14 appears to possess a class C LOS locus

Comparaitve genome analyses have shown that the LOS biosynthesis locus of
C. jejuniis ahighly variable region within the genon{&ilbert et al. 2002;
Leonard Il et al. 2003; Leonard Il et al. 2004; Parker et al. 20D&3se
variations are responsible for the differenagsservedin LOS structures
amongstC. jejuni strains. Five classes {B) of the LOS locus have been
identified within C. jejuni based on the general organisation of the LOS
biosynthetic geneGilbert et al. 2002; Godschalk et al. 200&pdschalk eal
(2004) examined the correlation between expression of ganglibiside
structures and the class of LOS locus assigned as well as the prevalence of the
different classes amongst GBSsociatedC. jejuni strains. They found that
classes A, B and C contained genes involved in biosynthesis and transfer of
sialic acid whileclasses D and E lacked such genes. Classes A and B loci were
also previously found to contain thestll gene encoding the Hfiinctional
.2,3/.2,8sialyltransferase which catalyses transfer of sialic acid molecules to
sugar structures at the cell envelgfiilbert et al. 2002; Chiu et al. 2004)
However, class C was reported to carry ¢kl variant encoding the mono
functional .2,3-sialyltransferaséGilbert et al. 2002)Likewise, the LOS locus

of C. jejuni PT14 contains the sialic acid biosynthesis genes as well as
sialyltransferasecétlll), which suggests that this strain has a class G LO
locus. In addition Godschalk etl. (2004) further reported that class A was
specifically associated with GBS and the expression of GM1 ganghbisie
structureswhereaglass B was linked to MFS arlde production of GQ1Hike
structures. No significant results were igsfed for classes C, D or E but some

class C isolates were found to produce GM1 structures in their LOS as well.
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3.3.4 Phagesensitivity determined by gangliosiddike LOS

structures

Louwen et al(2013)examinedhe link between bacteriophage resistancgé.in
jejuni as a consequence tife expression of gangliosiel&kke LOS structures
and the association with preservation of the CRISB&system. Their
findings suggest possible reasdios the phagesensitivity ofC. jejuniPT14 to
many phages. Firstly,ouwen et al. (2013found that isolates producing GM1
and GD1 gangliosidéke structures (classes A and B) were significantly more
phageresistant compared to isolates that did not express these structures. They
also tested the involvement of the sialyltransferase gstieand thecasgene
csnlin bacteriophageesistance. They found thastll mutants were more
susceptible to phage irdBon than wildtype isolates and thatstll-positive
csnl mutants were less susceptible to bacteriophage infection dsihin
negative csnl mutant. This therefore suggestsdsidi isolates require the
CRISPRcassystem for defence against bacteriomsadg-urther analysis also
showed that strains containing tt&tll gene and therefore expressi@ill or
GD1 gangliosiddike structures, possessed mutations or frameshifts within
their casgenes or contained short repeats3JJor no CRISPR element at all.
There was no mention of integration of prafmacer sequences into the
CRISPR elements of the strains tested. All of these findings therefore suggest
that C. jejuniPT14, which possessegstlll sialyltransferase gene, would not
be as resistant to badtgshage infection as thestll-positive isolates used
within their study. Based on these results, an assumption can also behaiade
C. jejuniPT14retains afunctional CRISPRcas system aa bacterial defence

mechanism against bacteriophage infection.
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3.3.5 Genome analysis does not provide clear rational fothe
phagesensitivity of C. jejuni PT14

The genome o€. jejuni PT14 has considerable synteny with the genomes of
C. jejuni 1A3902 and NCTC 11168, containing no prophagsociated
elements or genomicslands. No obvious features were identified via the
genome analysis that could explain the bacterioplsagsitive nature o€.

jejuni PT14 over any other strainNevertheless, continued exposure to
bacteriophages may cau€e jejuni PT14 to evolve ovetime or may even

force this strain to make better use of its host defence mechanisms in order to

overcomephage predation.
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Chapter 4 : Transcriptome
analysis ofCampylobactemn
response to bacteriophage

Infection
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4.1 INTRODUCTION

Bacteriophages rely on thebacterialhost duringreproductionas a means of
providing the appropriatsubstratesind metabolic machinery to allostficient
production ofprogeny. Usually this involves redirecting thlost cellular
metabolismfor viral productionand thus allows the phage to regulate host
macromdecular synthesisEarlier studies have shown thatsome instances,
suchas with the Teven bacteriophages (T2, T4 and T6)Eofcoli, there is
extensive shatown of hostDNA synthesis within a few minutes of infection
(reviewed byKoerner & Snustad 1979Dn the other hand, transcription of
host DNA has been found to continu¢elanto the phage lytic cycle during

infection with phags like - 29 ofBacillus subtilis(Schachtele et al. 197.2)

Active bacteriophage replicatiors a densitydependent process whbyea
threshold density of host bacteria must be preseatder for phage numbers
to increasqWiggins & Alexanderl985; Payne et al. 2000; Payne & Jansen
2001) Wiggins and Alexander (1985) vastigated the existence ofitical
thresholdsthat may berequired for phage replication to take place. Using a
number of different hosts they found that a minimum conceotratf about 4
logio CFU mI* was required for phageumbers to increas&his host density
threshold value was later referred to b¥ayne and Jansen (2Q0as the
proliferation threshold, whichefersto the minimum concentration of bacteria
required forthere to be an increasetime phage ppulation. Payne and Jansen
(2001 also introduced another term, the viral inundation thresheldch
refers to theconcentration of bacteriophagequired to causa decrease ithe

host population.
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Cairns et al. (2009) investigated phagbacteria interactions using the
Campylobactebacteriophage CP8 and the minimally passaged broiler chicken
isolateC. jejunistrain GIIC8(Loc Carrillo et al. 2005)Their models took into
account the proliferatio and inundations thresholds/pothesised byayne

and Jansen (2001]heresultsrevealed groliferation thresholaf around 56

logio CFU mI* for their chosen strain of phage and bacterium. The minimum
concentration of bacteriophage before a decrea§&ampylobacteoccurred,

or the inundation thresholdvas around 7 log PFU ml*. These interaction
experiments therefore illustrated that there was no net increag@ein
bacteriophage population until the host concentrat@chedhe proliferation

threshold.

To date, onlya few studies haveexaminedglobal changes inhost gene
expressionduring infection by Iytic bacteriophagegKarlsson et al. 2005;
Poranen et al. 2006; Ravantti et al. 2008; Fallico et al. 2011; Ainsworth et a
2013) These studies have all used microarray technology validated by
guantitative reatime PCRto profile the bacterial transcriptome under phage
infection. Cells were generallharvested from samples with thém to span
the entire phage replicatiocycle A consistent featurarising from these
studies was that the majority afhanges in host gene expressioty occurred
during the later stages phageinfection, after virion components hadready
been synthesise@Poranen et al. 2006; Ravantti et al. 2008; Ainsworth et al.
2013) However, he resultsthus far do not suggest a universal hos
transcriptional response to phage infectiéor instance, changes . coli

gene expression in response to bacteriophage PRD1 infection showed that
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some ofthe most highly upegulated genes includethaperonins, proteases
andother stresselatedgenes of the heat shock regulas well as components

of the phage shock regulon and several genes related to synthesis of
exopolysaccharides of the cell surfa@@oranen et al. 2006)However,
investigaing the transcriptional response d¢fseudomonas aeruginos
infection with phagd’RR1, which uses similarcell surface receptor complex

to that ofphage PRD1 and as a result shares the same broad host range
resulted in differenial expressiorof genes encodingroductswhose functions
were mostly linked to transport, energy production and protein synthesis
(Ravantti et al. 2008)n addition host gene changes during phage c2 infection
of Lactococcus lactisubspeciedactis IL1403 were mostly associated with
cell envelope processes, regulatory functions aamtbahydrate metabolism,
with up-regulation of genes encoding proteingolved inmembrane stress,-D
alanylation of cell wall lipoteichoic acids, maintenance of the proton motive
force and energy conservatigRallico et al. 2011)However infection ofL.

lactis UC509.9with phagesc2 andTuc 2009resulted in more phaggpecific

host responsealthough there werenly afew sharedifferentially transcribed
genes between dglinfected by the two phagéainsworth et al. 2013)The
shared host responsehich showed similarities tthat observed by Fallico et

al. (2011),involved differential expression of genes related to catabolic flux
and energy production, cell wall modification arntie conversion of

ribonucleotides to deoxyribonucleotides.

A number of studies have opted to monitor expression of phaggpecific

transcripts over an infection cyclestead of characterising host transcription
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using either solely quantitative reattime PCR (Clokie et al. 2006)or
microarray technologyalidated by quantitative reéime PCR(Luke et al.
2002; Duplessis et al. 2005; Liu & Zhang 2008; Berdygulova et al. 2011;
Pavlova et al. 2012)Phage gene expression was generally regulated in a
temporal manneby identification ofearly, middle and late transcriptiorggne
classesHowever, temporal assignments varied amongst the different studies
which were either based on the initial appearance of a trangtuge et al.
2002) the time interval during which the greatest change in transcript
abundance occurre@uplessis et al. @5; Sevostyanova et al. 20039 the

time interval during whichtranscript abundance peakédlokie et al. 2006;
Berdygulova et al. 2011; Pavlova et al. 201R)any of the early genes
encode productsof no known fumrtion as well asproteins involved in
transcriptional regulation. e middle genes encadiproteins predicted to be
involved in DNA replication, recombination and nucleotide metabglism
whereas thdate genes mostly encati@roteirs related to capsid andait

morphogenesis, DNA packaging and host cell lysis.

Using bioinformatic and biochemical approachéswas also possible to
identify early, middle and lat@hagepromoters(Sevostyanova et al. 2007,
Berdygulova et al. 2011; Paviova et al012) These promotersvere
recognised by thénost RNA polymeraseenzyme which typically catalyses
bacterialtranscription RNA polymerase is composed folur catalytic subunits

(., , ¥ D& eénd aregulatory subunit (sigma fact@acterial transcrigon

is initiated when the catalytic core of the RNA polymerase binds to a sigma

factorandrecognises apecific consensus sequerafehe promoterwhich is
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located around positionr85 and-10 relative to the transcriptional start site at
+1. Some lactegiophages such as phage T4o not encode their own RNA
polymeraseor associatesgigma factors but instead utiliseogeof the host in
order to transcribe their geneBreviously, two phagencoded proteins were
identified that bind to RNA polymerase vitro and prevented recognition of
the consensus sequen@&erdygulova eal. 2011; Pavlova et al. 2012)his
therefore inhibited transcription from host promoters but however allowed
transcription from the middle or late phage promot@srdygulova et al.
2011; Pavlova et al. 2012¥hese proteins may therefore besolved in
shutting off host transcription andaushg the shift from host toviral
transcription. Such studiebave provided a better understanding othe

temporal regulation of gene expressiniacteriophages.

With the introduction of direct cDNA sequencing (RN#eq) for vhole
transcriptome analysisome of thdimitations as®ciatedwith previous high
throughput approaches, such as microart@ghnology were clearly
highlighted For nstance, microarrays are usuatlgsigned based on known
transcripts and may therefore cause gene expression to be viewed in a biased
manner. Infact, this technique lacks the ability to detect novel transcripts and
also has the potential for n@pecific or crosybridisatiors to occur.
Microarrays also rely on indirect measurements of the hybridisation intensity
of labelled cDNA to oligonucleate probes whgt the RNAseq approach
allows direct mapping of sequence data teequencedeference genomen
addition, RNA-seq has provided many advantages over hybridgonbased

techniques including greater sensitivity,a largea dynamic range,less
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background noiseand the ability to detect transcripts in an annotation
independent mannerhus, arly studies revealeBRNA-seqasa revoluionary

tool for investigating the transcriptome of prokaryotic organisassthese
studies were able toidentify rae or novel transcripts, accurately define
operons, discover expression of putative noncoding RNAs (ncRNAs) and
correctexistinggene annotation§roderHimes et al. 2009; Passalacqua et al.
2009; Perkins et al. 2009; Parkhomchuk et al. 2009; Sharma et al. 2010;
Filiatrault et al 2010) However, ithas been morehallenging to examine the
bacterial transcriptome compared to that of eukarydtbs hasmainly been

due to the fact that total RNA of bacterial cefistypically comprised of less
than 5% of messenger RNAMRNA). In addition, thelack of polyadenylation
DW Waeht, wlfichoccurs with mature mRNA in eukaryotes, prevents
specific targeting of bacterial MRNA.0 overcome thismRNA enrichment
protocolshave beerused to increase mRN#Eecovery includingthe removal

of ribosomal RNA(rRNA) by hybridisation tacomplementary oligonucleotide
sequencethat target specific regions of the ,8%S and 23S rRNA&hen &

Duan 2011; Giannoukos et al. 2012; Peano et al. 2013)

Two key factors tdoe consideed when carrying out a transcriptome analysis
using sequencingare ead lengths and the nunmbef reads obtairae in a
sequencing reactiont haspreviously been reported that short read lengths
may cause reads to align to multiple locations of the reference gd€Bdooen

et al. 2009; Passalacqua et al. 20089 a result, suclmbiguously mapped
readsmay influence subsequent analyses to deterrgieree expressiolevels,

and may be better exeled(Passalacqua et al. 2009) addition,the bacterial

151



Chapter 4

transcriptomegenerallyconsists oftoding RNA (mRNA) and small ncRNAs
(rRNA, tRNA and regulatory RNAs Howe\er, if transcripts of ncRNAgre
highly abundant anthereforemore frequently sequencethis canreducethe

number of readavailablefor low abundance mRNA transcripBloom et al.

2009) Bloomet al.(2009) separated their reads into unique sequences which
mapped to either an ORF, a rRNA gene or a tRNA gene and compared them to

reads which mapped to multiple locations. They found that most unique reads

originated from ORFs but that a large number of the multipd@ping reads
were derived from highly abundant rRNA gergsspite including a rRNA

depletion step prior to their cDNA library preparation.

A potential shortcoming of RN&eq is theinability of standard cDNA

libraries to preserve information on the direction of transcription.

Directionality is especiallycrucial in casesvhere transcriptsnay begenerated
from both strands andvould therefore influence determination of gene
expression levelsSeveral protocols have been developgedallow strand
specific RNAseq including modification of the RNA molecule prior to
reverse transcriptiore\ OLJDWLRQ R [OPa$saltdua@La) [K012)
or chemical modification during second strand cDNA mhesisby adding
VSHFLILF UH YV L@ Holows¥RbyWskbsequgnt degradation of the
unmarked stran@Parkhomchuk et al. 2009; Levin et al. 2018nhother very
usefulfeature of RNAseqis the ability to discriminate beten pimary and
processed transcripfvan Vliet 2010) Primary transcriptsincluding mRNAs
DQG QF51%$Vv FDUU\N D T WULSKRVSKDWH HQG

including rRNAs and tRNAsgcarrya 1 PR QR SKRYV SK Beguencing 3
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approach known as differential RN#eq (dRNAseq) allows selective

sequencing of primary transcriptgthout prior rRNA removalreviewed by

Sharma & Vogel 2014andcan be usedor annotationof transcriptional start

sites (TSSs) The dRNA-seq libraries are prepared by splitting the RNA

VDPSOH LQWR WZR DQG OHDYLQJ RQH XQWUHDWH

RNAs. For the second samplegeessed RNAs are depletegtreatmentith
13GHSHQGHQW WHUPLQDWRU H[RQXFOHDVH 7(; Z

Directionality isalso maintained with this metho@ihe dRNAseq method was

first used to describe the primary transcriptome Hof pylori under five

different growth conditions anwvas successful indentification of at least

1,900 TSSsand assignment of antisense TSSs to 46% of the ¢8hasma et

al. 2010)

A number of studies havexaminedhetranscriptome o€. jejuniusingRNA-

seq technologyChaudhuri et al. 2011; Dugar et al. 2013; Taveirne et al. 2013;
Porcdli et al. 2013; Butcher & Stintzi 2013)n some instances, dRNgeq
was used tcenable selection of unprocessed RNA species and allowed the
primary transcriptome ofC. jejuni to be determinedDugar et al. 2013;
Porcelli et al. 2013)along with identification of a novel tygé CRISPR/Cas
system amongst multipleCampylobacter strains (Dugar et al. 2013)
Variations of standspecific sequencingvere utilised in other cases to
determne ncRNAs and antisense transcriptig@haudhuri et al. 2011;
Taveirne et al. 2013; Butcher & Stintzi 2013he earliest RNAseq study of

the C. jejunitranscriptome characterised ttegulon of thesigma factoiRpoN

( %, which regulates expression of genes involved in flagellar biosynthesis,
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and expression data was compared to previous microarrayClagadhuri et

al. 2011) A proteome studywas also conducted to piement the
transcriptome datéChaudhuri et al. 2011RNA-seq technologhasalsobeen
used to examine the transcriptomeCaimpylobacteduring colonisation of the
chicken caecum and 250 genes were identified that weferetitially
expressedn vivo (Taveirne et al. 2013)More recently, he transcriptional
response o€C. jejunito iron limitation was reportedButcher & Stintzi 2013)
anda more extensive examination of the transcriptome wtiese conditions
was provided compared to previous work utilising microarray technology

(Palyada et al. 2004; Holmes et al. 2005)

In this chapter, the transcriptonmd C. jejuni PT14 was examinedduring
phage infection witlgroup 11l phage€£P30Aand CPX in order to charactezis
differential expression patternghus far, there are no plighed studies
reporting host or phage transcription during bacteriophage infection of

Campylobactewith virulent phages.
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4.2 RESULTS
4.21 In vitro growth curves for RNA isolation and protein

extraction

Growth experimentsvere conducted to harvesells for RNA isolation and
protein extractionas described irsection 2.6.1. Briefly, Hree independent
cultures ofC. jejuniPT14 were growrior 6 hoursin 150 ml of nutrient broth
No. 2 (2.1.5) under microaerobic conditiof@s2.2) with shaking atLO0 rpm

In order b determine theesponse ofC. jejuni to bacteriophage infection,
samples for RNA isolationwere taken during the eclipse phase of
bacteriophaggrowth (2.6.2) This would therefore alloulCampylobactecells
that were most likely under bacterioplge infection to be captured his
approach was adoptddking into account the findings of previous studies
where major changes in the host transcriptional response to phage infection
occurred only during the later stages of infect{iPoranen et al. 2006; Ravantti

et al. 2008; Ainsworth et al. 2013)

In order to generate an infectable host popufatibat could achieve a
synchronous fall and provide sufficient cells to be harvested for RNA isolation
purposes gopropriate infection conditions were sought number of growth
experiments were performedlith the aimof determiningsuitable host and
viral concentrationshat would encourage phage fiotentiallyinfect at a rate

of 1 phage per 1 bacterial cefdn effective MOI of 1was found tcachieve a
synchronous infectiomnd fall in theCampylobactepopulation The initial
Campylobacterconcentrationrwas chosen to take into account the finding of

Cairns et al(2009) who observed that an increase in bacteriophage growth
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wasobservedafter ther Campylobactepopulationhad reached-6 logio CFU

ml™t. Therefore initialC. jejuni densitiesof at least6.0 log;o CFU mI* were
selectedHowever it was determined that @acterial densityf 7.0 logo CFU

mi* for CP30Ainfected cells wasrequired to enable thdarvesting of
sufficient phageinfected cellsior RNA isolationover a 6 hour periad/iable
countsof triplicate cultures were performed and the RNA preparations selected
posthoc for RNA-seq analysis represented infected cell populations directly
before synchronous lysis. FdZPX-infected C. jejuni PT14 populatios,
synchronous lysis occurred when thacterial densityeachedclose to 7.0
logio CFU mi* (Figure 4-1). Therefore ¢ achieve exponentially growing.
jejuni PT14 cultures af.0 logo CFU ml?, initial inoculums 0f6.0 log;o CFU

ml* were preparedn order that similar elipse phasephageinfected cell

populatiors to that ofthe CP3Ginfected cellcould beharvestegrior to lysis

Figure4-1 illustrates growttof C. jejuniPT14 in the absence and presence of
CP30A (A) and CPX (B) following optimisation of the infection conditions.
Bacterophages were added at the second houbaaterialgrowth and a
approximate 4dog decreasan the CP30A and CPXinfectedC. jejuni PT14
population was observed at 3 and 4 hours-pdsttion respectivelyThis
populationdecline occurred when theoncetration of Campylolacter cells
infected with CP30A and CPKad reachedpproximately 7.70gio CFU mf*

and 7.1log;o CFU mi* respectively These concentrations aire excess of the
bacteriophage proliferation thresholdithough bacteriophage growth it
illustrated in Figure 4L, thephages were tiated at intervals throughout the

experiment and thphage progeny produced following the decrease in
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Figure 4-1. In vitro growth curves of C. jejuni PT14 in the presence and
absence obacteriophagesCP30A (A) and CPX (B).

Cultures were grown in 150 ml &fB no. 2andinitial C. jejunidensities were
chosen toenable harvesting of sufficient phagdected cells for RNA
isolation. Thered arrows indicatdghe timepoint where CP30A and CPX were
added Samples were collected for tofRNA isolation atthe time pointgrior
to host cell lysis (2 and 3 hours posgnfection respectively)and at the
equivalent time points fgghageuninfected cultureggreen arows). Values fa
bacterial growth (CFUmI™) aregenerated from 3 independent cultuteSD
and plotted as a function of timeBacteriophages were titrated at intervals
throughout the experiment to confirm their replicatéoml effective MOKdata

not show).
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C. jejuni population was verified2.5.3). Cells were harvested from the three
biological replicates for RNAsolationat 2 and 3 hours postfection for the
CP30A and CPXnfectedcultures repectively. These time poingpresenthe

points directlybefore the decrease . jejuni PT14 numbers was observed

and should also correspond to the esclipse period of phage giowdlure 4

1, these are illustrated by the green arrows and bacterial concentrations were

verified byCampylobacteenumeration$2.2.4).

4.2.2Transcriptome analysis ofC. jejuni during phage infection

Total RNA was isolated from the uninfected andgdinfected cellusing the
Trizol Max Bacterial Isolation kit (Invitrogergccording to section 2.12dnd
was purified using an Reasy Mini kit (Qiagen) The RNAwas quantified
using a NanoDrop NELOOO spectrophotometer (NanoDrop Technologies) and
the integrity wasmeasured usin@ Bioanalyser 2100 (Agilent Technologies
Inc.). All samplesselected for cDNA library preparations h&tN numbes of
at least 7.0Ribosomal RNAwas depletedrom the total RNAaccording to
section 12.2.2 usinghe RibeZero rRNA removal kit for Gram negative
bacteria (Epicentre Biechnologies Two pg of the rRNA depletd RNA was
thenused to prepareDNA libraries using the ScriptSegmRNA-Seq library
preparationkit (Epicentre Biotechnologies)lhe libraries were individually
indexed, pooled anthensequencedsingan lllumina HiSeq 2008equencing

system

The RNAsequencing generateah aveage of appwximately 28 millionreads

per sample (Table-4), each of which wa$0 nucleotides in lengtand from
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pairedends. CLC Genomics Workbench version 6.0 software was used to
remove the adapter indexes and filter the raw reads (sectidrl2l).Principle
component analysis of the datasets demonstrated the replicates cédster
according to their origiffFigure4-2). Thefiltered reads were mapped against
the C. jejuni PT14 reference genon{®rathwaite et al. 2013xccording to
section 2.12.4.2. Table 4 provides a summary of the number of reads attained
after filteringas well agdllustrates the number @éads that aligned uniquely to
the reference genomeigures 43 to 46 illustrate how the mapped reads were
distributed over specific genes and displayed within the CLC Genomics
Workbench. All unmapped reads were collected and BLASEarches

confirmedsone of themwereof bacteriophage origin.

4.2.3 Differential host gene expression during bacteriophage

infection of C. jejuni

In order to identify genes that were regulated in response to bacteriophage
infection, reads that mapped uniquely to e jejuni PT14 genome were
firstly normalized fortranscript length and the total number of reads by
calculating the reads per kilobase of transcript per million mapped reads
(RPKM) (Mortazavi et al. 2008)This was done using the CLC Genomics
Workbench 6.0 package and generated expression values that allowed for
comparisons between genes and infection conditions. Significant differential
JHQH H[SUHVVLRQ zZDV DVVHVVHG XMdsQ dn WKH
expression proportiongBaggerly et al. 2003) To correct for multiple
hypothesis testing,-palues were adjusted by applying the false discovery rate

controlling method oBenjamini and Hochberg (1995)
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Figure 4-2. Principle component analysis of RNAseq reads forC. jejuni
under bacteriophage infection.

The uninfeted C. jejuni PT14 replicates are illustrated in red while the
CP30Ainfected and CPAnfected replicates are shown in green and blue
respectively. Each condition is displayedaagistinct group with patterrs of

similarity being exhibited in each case
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Table 4-1. Analysis of RNA-seq datafor reads mapped against theC. jejuni PT14 genome.

Condition

Original readcount

Number of reads after trimming Number of uniquely mapped read:

UninfectedC. jejuniPT14 replicate 1 47,972,332
UninfectedC. jejuniPT14 replicate 2 37,012,236
UninfectedC. jejuniPT14 replicate 3 24,676,752

CP3®-infectedC. jejunireplicate 1
CP3M®-infectedC. jejunireplicate 2
CP3M®-infectedC. jejunireplicate 3
CPX-infectedC. jejunireplicate 1
CPX-infectedC. jejunireplicate 2
CPX-infectedC. jejunireplicate 3

25,744,022
25,935,970
23,851,478
22,349,820
20,865,460
23,071,418

22,793,829
17,115,514
13,051,011
11,585,083
15,119,809
14,041,695
14,512,973
13,067,709
15,172,122

18,326,585
12,893,941
10,660,977
6,603,483

10,237,483
10,596,450
10,790,373
9,149,500

10,545,329
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Figure 4-3. RNA-seq data mapped against theC. jejuni PT14 genome
showing read distribution for the cgbgene(A911 07630)

Data areshown foruninfected(top panel) and CP3ifected PT14 (bottom
pane). Reads ardlustratedby horizontalgreen(forward orientationand red
(reverse orientation) line#\fter 30 rowsof readsan overflow graph followng

the same colour scheme is displayed below the rééidmatches between the
reference sequence and the mapping data are highlighted in red (A), blue (C),
green (T) and yellow (GXoverages displayed relative to thetal number of
readsandis shownabove the read§ hecgbgeneis up-regulated irthe CP30
infected PT14 sampleThe RNAseq data ha been visualised using CLC

Genomics Workbench.
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Figure 4-4. RNA-seq data mapped against theC. jejuni PT14 genome,
showing read distribution for the flaC gene (A911 03515).

Data are shown forninfected(top panel) and CP3ifected PT14 (bottom
panel). Reads are illustrated by horizontal green (forward orientation) and red
(reverse orientation) lineafter 30 rows of readsan overflow graph following

the same colour scheme is displayed below the reads. Mismatches between the
reference sequence and the mapping data are highlighted in red (A), blue (C),
green (T) and yellow (GXoverages displayed ré&ative to the otal number of
readsandis shown above the reads. TflaC gene is dowsregulated in the
CP30infected PT14 sampleThe RNAseq data hae been visualised using
CLC Genomics Workbench.
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Figure 4-5. RNA-seq data mapped against theC. jejuni PT14 genome,
showing read distribution for the iron uptake genes A911 07990
A911 08015cj1658cj1663.

Data are shown forninfected(top panel) and CR-infected PT14 (bottom
panel). Reads are uistrated by horizontal green (forward orientation) and red
(reverse orientation) linesAfter 3435 rows of reads an overflow graph
following the same colour scheme is displayed below the reads. Mismatches
between the reference sequence and the mapptagada highlighted in red

(A), blue (C), green (T) and yellow (GEfoverageis displayed relative to the
total number ofreadsand is shown above the reads. Genes A911 07990,
A911 07995, A911_ 08000, A911 08005, A911 08010 and A911 08015 are
all upregulate in the CPXinfected PT14 sampleThe RNAseq data have
been visualised using CLC Genomics Workbench.
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Figure 4-6. RNA-seq data mapped against theC. jejuni PT14 genome,
showing read distribution for the nrfA gene (A911 06595).

Data are shown forninfected(top panel) and CR-infected PT14 (bottom
panel). Reads are illustrated by horizontal green (forward orientation) and red
(reverse orientation) line#&fter 30 rows of readsan overflow grap following

the same colour scheme is displayed below the reads. Mismatches between the
reference sequence and the mapping data are highlighted in red (A), blue (C),
green (T) and yellow (GXoverages displayed relative to thetal number of
readsand is shown above the reads. Th&A gene is dowsregulated in the
CPX-infected PT14 sampleThe RNAseq data hae been visualised using
CLC Genomics Workbench.
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Infection of C. jejuni PT14 with CP30Aproduced differentialregulated
H[SUHVYV LR®RQ, p.x<0.05) of 100 genesompared to uninfected control
cultures which may becompared tadifferential regulation of expression of
466 genes in response to CPX infection. These values représ¥t and
28.7% of the ovethhost genetic makeup, suggesting that CPX had more of a
measurablesffect onthe host genesthan CP38. A total of B geneswere
identified that showed common transcriptional responses to infection by
bacteriophages CP30A and CPM addition, here wasquite an even
distribution between upand dowrregulated genefllowing CP30 infection

as just under half of the genes showed increased abundance (49 out of 100).
However, the distribution of regulated genes in response to CPX infection was
less evenly greadwith more than three quarteod§ the CPXregulated genes
(3600ut of 48) showing up-regulation.Figure 47 provides a summary of the
distribution of the regulated genes in response to infection witiher phage
andthe number of commogenesexhibting similar behaviour in response to
infection by either phageén addition Figure 48 illustratesthe log(RPKM+1)
values obtained founinfectedPT14 plotted against the equivalent values for
CP30A and CPXnfected PT14 respectivelyJJp- and dowrregubted genes

are coloufcoded in yellow and red respectively.

Genes displaying significant differential expressiowere classifiedinto
functional categoriesaccording tothe scheme originally used by the Sanger
Centrefor the C. jejuni genome databas@akhill et al. 2000) Figure 49
showsCircos diagramgKrzywinski et al. 20095epicting tlese classifications.

Genes from the two datasestsowsimilarities in thefunctional profilesof the
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Figure 4-7. Distribution of differentially expressed genes in response to
bacteriophage infection

The distribution of genes significantly differentially expressed in response to
phage CP3A infection isrepresented by the red circle, while the blue circle
shows those fothe CPX infectionBetween the two conditions, there were 32
genes in common that weeetivated in response to bacteriophage infection

while 35 common genes wef@und to berepressed
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A

Figure 4-8. Differential gene expressionin C. jejuni PT14 in response to
infection with bacteriophages CP30A(A) and CPX(B)

The averageop(RPKM+1) value for each gene thme PT14 genomewas
calculated and plotted fothe uninfected and phagefected PT14 isolates
using RPKM values for 3 biological replicates. Significantly differentially
expressed @nes (1.5fold, *p,g<0.05) are highlighted in yellow (up
regulated) and red (downegulated).

*Pag<0.05 *corrected pvalue representing a false discovery rate of <5%
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Figure 4-9. C. jejuni PT14 genes differatially expressed in response to
phage infection ordered by functional category.

Individual genes that were found to be greater than 1.5 fold differentially
expressedh response t€P30 phage infection (A) or CPX phage infection (B),
compared to uninfecte bacteria, are represented using Circos diagrams
(Krzywinski et al. 2009yith each geneapresented and coloapded according

to functional clasgParkhill et al. 2000; Gundogdu et al. 20@#) follows: 1A
Degradation; 1B Energy metabolism; 1C Central intermediary metabolism; 1D
Amino acid biosynthesis; 1E Polyaminenglyesis; 1F Purines, pyrimidines,
nucleosides and nucleotides; 1G Biosynthesis of cofactors, prosthetic groups and
carriers; 2 Broad regulatory functions and signal transduction; 3A Synthesis and
modification of macromolecules; 3B Degradation of macromddées; 3C Cell
envelope; 4A Transport/binding proteins; 4B Chaperones, chaperonins, heat
shock; 4C Cell division; 4D Chemotaxis and mobility; 4E Protein and peptide
secretion; 4G Detoxification; 4l Pathogenicity; 5A IS elements; 5D
Drug/analogue sensitivitypG Antibiotic resistance; 5H Conserved hypothetical
proteins; 51 Unknown; 6A Miscellaneous. Histograms in the central rings
represent the fold change with increased expression on infection represented by
red bars and reduced expression represented ok lars. Asterisk in A
indicates a greater than 5 fold change in expression. Each gene is labelled
individually in A whilst only genes that are differentially expressed in bath d

sets, are labelled in ® avoid congestion.

171



Chapter 4

differentially regula¢d geneswith the CP38-infected regulated genes being
assigned to 17 categories while the CiAkcted regulated genes were
classified into 24 categories. A high number ofragulated genes in response

to both infection conditions wereelated to cell Bvelope and transport or
binding protein functions, while those regulated in response to CPX infection
were also involved in synthesis ofacromolecules. Several dowegulated
genes for both infection conditions were associated with energy metabolism

andcell envelope functions.

Among the genethat wereup-regulatedin response to infection &. jejuni
PT14 by phages CP3® or CPX, were a substantial numbetlassified in
transport or binding protein functioriat encodeproducts involved in iron
acquistion. For infection with either phage these include the gene loci
associated withthe transport of rhodotorulic acid (A911 0799€1658,
A911 0799519, A911 08000 A911 0806, A911 08010 and
A911 0801%¢j1660-cj1663). With the exception othe p19 gene this operon
representsthe top five most highly expressed genes in response to CPX
infection of C. jejuni PT14, with A911 08005 beintpe mostup-regulatedat
9.5-fold higher than the uninfected sampléberewere also severaitheriron
acquisition geneghat showed increased abundanecethe CPXinfected
samples, includingnost ofthose involved in the ferric enterochelin uptake
system ¢frA, ceuBDB, haemin uptake systenchuABQ and the ferri-
transferrin uptakesystem ¢fbpBQ. Many components ofhe tree TonB
energy transduction systemsxbB1 (both phages)exbB2 (both phages)

exbD2tonB2andexbD3tonB3 alsoshowed &vated levels of transcriptian
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response to CPXnfection In addition, ®me genes known tde associated
with oxidative stress dencein C. jejuniwere alsaup-regulated in response to
infection with CPX, including katA, sodB perR A911 06735¢j1386,
A911 0802(cj1664 (CP30A and CPX A911 0802541665 and

A911 0272540559

The geneexhibiting the greatest differential expriessin response t€P3A
infection ofC. jejuniPT14 werecgb (+63.9#fold) andctb (+7.92fold), which
encode a single domain haemoglobin and a truncated haemoglobin
respectively and are known to be involved in nitrosative stress deféerioe
cgbgene wa alsoup-regulated (+1.980ld) in response to CR¥fection, but
althoughctb wasalsoup-regulded by this phagat fell below the 1.50ld cut
off (+1.18fold). Two other nitrosative stressesponsivegenes of unknown
function were alsaup-regulated m response to CP30Anfection, these are
A911_03685£0761(CPX also)and A911 0402%j0830. In addition, CP38\
increased expressiari genes encoding a ribosomal protepiRR), a subunit of
RNA polymerase rpoC) and the typtophan biosynthesisgene locus

(trpABFDE). ThetrpA andtrpF genes were also uegulated by CPX.

Genes coding for pteins involved in cell envelope functions related to surface
polysaccharides, idopolysaccharide and antigenkp$S neuB2 neuC2
A911 0691&cj1421q9 also showed inerased expression in response to phage
infection. Interestingly,cj1421cwas previously reported to encode a product
thatwasidentified asa specific target for bacteriophage F336 (Sgreesah,

2011).A considerable number of genesmgulated by CPXvere also related
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to synthesis and modification of macromolecules including several that
encodd proteinsinvolved in DNA replication, restriction/modification and

repair @naA dnaX nth, mutY, polA ruvB, ruvC, topA ung uvrC andxerD).

Four genes axoding products related to the host defence system were up
regulated in response to CPX infection. These were thesgamding a
CRISPRassociated Cas proteica® (A911 07325), the gene encoding a
member of the Type | 1 system of PT14hsdS(A911 0740) as well as
genes encoding an adenine specific (A911 01010) anespsiafic DNA

methyltransferase.

Genesencoding productsnvolved in respiration HypD and hypFH and in
particular, aerobic respirationifoAandnuoB), were found to be upegulated
by CPX. Other notable genes that showed elevated levetisan$criptionfor
the phagenfected samplesincluded those predicted to encogeoteins
associated wittaerobic trangort of C4-dicarboxylates (A911 0023§0046),
transport of phosphat¢pstSCAB and phosphateontaining moleculegp€b3
as well as transport c§tA  A911 0099070204 (CPX only),

A911 07600¢j1580c (CPX only) and secretion of peptidgsecY (CP30

only)].

The RNAseq data indicate that in response to infection bgither
bacteriphage, there was an increase in expressoi the gene
A911 00180¢j0037cwhich encodes a cytochrome c. This was an interesting

finding because other similar genes encoding products related to electron
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transport during respiration were found to be deegulated. The complete
dataset ofjenes ugegulated in PT14 in response to infection viR30A and
CPX, along with their fold changes and adjustedvplues is listed in

appendiced and 3respectively

The downregulatedgenesin response to phage infem encodingproducts
related to energy metabolismcluding someinvolved inglycolysis fba, gapA
and pyk (all CPX only)], the tricarboxylic acid cycle sthABC frdABC
(CP3® only) and acnB (CP3MA only)] and electrontransport during
respiration[A911 01280£kj0265¢ nrfA, nrfH, ccoN (CP3(A only), ccoOPQ
napAGHB, petC(CP3M only) andfdxA (CPX only). Two notable genes that
were downregulated in response to infection wiglither phagewere those
encoding a molybdopterin oxidoreductas@A911 00025¢j0005c), which
exhibited the greatest differential fafi response to CP30A infectiord(33
fold), and a hypothetical protein i@. jejuni PT14that encodesa monohaem
cytochrane ¢ in NCTC 11168 (A911 0002§00049. These two genes have
been found to represea sulphite respiration system @ jejuni There was
also a reduction in transcription levels of the gessA(CPX only) anddcuB
which encode two anaerobic @carboxylate transportersn addition, the
downregulated genes encoding products eslato amino acid biosynthesis
wereilvl (CP3A only), leuA leuB, leuC, P HWdafiA and aroC (all CPX
only) while some of those related ¢entral intermediary metabolism functions

includegltB, gltD, aspAandgimU (CPX only)
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The majority of the geneslownregulated by CPX that were related to cell
envelope functions encode products associateith Wagellar biogenesjs
includingthose involved in formation dhe flagellar filament flaB andflaG),
hook (flaD, fIgE, flge2 andflgK) and rod flgB, flgG, flgG2, flgH andflgl) as
well as flagellar chaperonegD andfliK). Thethird flagellin genef{aC) was
also found to be dowregulated in response to infection eéigher CP30Aor
CPX Genes reled to chemotaxis and mobilityA911 012&/cj0262c and
A911 07520¢j1564) as well as heat shockrCA andgroES were alsadown

regulatedn response to infection of PT14 with C30nly.

A striking observation wathe downregulationof the cft gene in response to
CP3QA infectionand of thefdxAgene in respase to CPXinfection, which are
suggestedo haverolesin oxidative stress defence @ampylobacter These
genesencodea norhaem iron-containing ferritinand a ferredoxin protein
respectively. This was particularly interesting becagsaeswith similar
function were found to be upegulatedin response to phage infectiohhe
complete dataset ajenes dowaregulated in PT4 in response to infection
with bacteriophagesCP30A and CPX is listed in appendices2 and 4

respectively.

4.2.4 Examination of bacteiophage transcription

In order tohave an idea of bacteriophage transcription during infectid®. of
jejuni PT14, all reads from the CP30And CPXinfected samples were
mapped against the reference genomes for CPBBAnBank accession

number JX569801)and CPX (GerBank accession number JN132397)
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according to section 2.12.4.2he reads weraeormalized forgenelength and

the total number of reads by calculatitige RPKM (Mortazavi et al. 2008)

The average RPKMvas calculated for the triplicate phamdected samples

and this was used as a measure ofegexpression. The complete dataset
showingthe average RPKM values fthe CP30A and CPXinfected PT14
samples during bacteriophage infectiare listed in ppendces 5 and 6
respectively.The gene encoding the major capsid protein was the most highly
expressed transcrifity both bacteriophagemnd other genes encoding products
that are known to be expressed late in transcription were also abundant such as
the tail sheath protein, tail tube protein, neck protein, and putative major head
protein Il. The genes encodingthe ceachaperone GroES aritle prohead core
scaffold and proteasavhich function in phage capsid morphogersgswere

also highly expressedsenes encodingroductsinvolved in DNA synthesis

also showed high levels of expression by both phageluding theputative
sliding clamp DNA polymerase accessory pratgutative sliding clamp
loadersubunit, the singlstranded DNA binding protein and the ribonucleotide

reductase subunits.

4.2.5 In vitro growth of CP30A- and CPX-infected C. jejuni

PT14 under iron-limited conditions

Based on the RNA&eq results, it was decided to examine rdguirementfor

iron during bacteriophage infectioaf C. jejuni PT14 This was done by
carrying outin vitro growth experimerstunder irondepleted conditions2(7)

to determinewhether phage infection would be affected. Iron depletion was

mediated by adding § -dfpyridyl (DIP) (2.1.17)to MH broth(2.1.6) to give
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a final concentration of 20 pMJninfected and phag@afected cultures were
grown in triplicatefor 5 hoursunder these conditions according to section
2.6.1.Campylobactecells were enumerated (2.2.4) every two hours and at the
final hour. This revealed a decreaseviable bacterial density from.@ logo

CFU mi* to 4.0 log CFU mlI* for both theuninfected and phagefected
culturesover the 5 hoursThis therefore suggested that tt@ncentration of
available iron was too low to support growth thie Campylobacterand
negatively impacted its survival under these conditisuisch would confound

investigations obacterigphage infection.

4.2.6Designing the CgbFR and Ctb-FR primers

In order to further investigate the role of tm@emalobins Cgb and Ctb during
bacteriophage infection ofC. jejuni PT14, the correspondingknockout
mutdions were constructed. Prof. R. Pool@Jniversity of Sheffield, UK)
kindly provided knockout mutardtrains in whichthe cgb (¢j1586) and ctb
(cj04659 genes had been disruptedtime C. jejuni NCTC 11168genome
(Elvers et al. 2004; Wainwright et al. 2005he cgb mutant 11168cgh:Kan’
(known as RKP1336roCJCGBO01) was constructed bintroducing plasmid
DNA from the suicide plasmid pKE18 into the NCTC 11168 genome by
electroporation. The plasmid containealoning vectocomprised of d,187
bp DNA fragment ofthe cgb gene where a Bglll restriction site was
introduced The vector was digested wiBglll and a kanamycin resistance
(Kan) cassette derived from pJMK30an Vliet et al. 1998yvas insertedhs a
BanHI fragment Similarly, the ctb mutant, 11168 ctb::Kah (known as

RKP1386) was constructed by introducing plasmid DNA from the suicide
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plasmid pKE18 into the NCTC 11&@enome by electroporatiomhe plasmid

containeda disruption of the&tb gene to create 11168 cgb::Kan

The cgb andctb genes ofC. jejuniPT14 are sufficiently conserved to enable
homologous recombination. Thereforengmic DNAs from the knockout
mutants 11168 cghi:Kad and 11168 cth::Kdnwere used to introduce ¢h
disruption into the PT14 genome by natural transformatiogenerate PT14
cgb::Karh and PT14 ctb::Kdn(section 2.4)To determine whether the natural
transformation had been succesgfuimers CgbF and CgkR as well as Ctli
and CtbR were designed as previoyslescribed (2.9.1) to amplify;,71xbp

and 1,797bp DNA fragmens of cgbandctb respectively.

4.2.7PCR confirmation of C. jejuni PT14 cgb and ctb knockout

mutation

Following natural transformation df. jejuni PT14 with genomic DNAfrom
11168 cgh:Kar and 11168cth::Kan, genomic DNA was isolated from
candidatePT14 cgh:Kan and PT14ctb::Kar transformant$2.8). The DNAs
were PCR amplified using the CgBR and CtbFR primers (Table 24).
Genomic DNA was also isolated from 1116§:Kan and 1116&th::Kan to
provide positive PCR contrgland from the parental strajf8T14 and NCTC
11168,to provide negative controldzigure 410 illustratesthe agarose gel
electrophorsis imageshowingsuccessfuamplificationof these DNA isolates
generatingfragments ofexpectedampliconsize for the wildtype and mutant

strains
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4.2.81In vitro growth of Cgb- and Ctb-deficient C. jejuni PT14

mutants under bacteriophage infection

Due to the elevated transcription levetsf the PT14 haemoglobin genegb
(A911_07630) ancctb (A911 02270)during bacteriophage infectipnheir
importance was further investigated by conducting vitro growth
experiments. The knockout mutants, PEtdh:Karl and PT14cth::Kan, were
grown in triplicate in 50 ml volumes of Nutrient broth No. 2 (2.108¢r 24
hours according to section 2.6.1. Bacteriophages CP30A and CPX were added
to theculturesafter 2 hours of initial growth and samples were taken fiaypl

to 4 hours post infection and then every 2 hours until theHurin orderto
monitor the viable count of théhost andthe phagetitre. An initial host
concentratiorof 7.0 log.o CFU mI* was used for th€gb- and Ctbdeficient
mutants Infection with CP30Aresulted in an immediate 3 log drop in bacterial
numbers, which yieldednaincreasedghage tire of around 2 logs (Figure- 4
11B and Q. Thiswas characteristic of what aated with the wildtype strain
(Figure4-11A) and isindicative of synchrnous infectionwith approximately
99.9% of the bacterial populatiaimder phage infectionThe crash in host
population following CPX infection ocered 2 hours posinfectionwith either
mutant after the bacterial numbers had reached closé5dog;o CFU mi*.
This againexhibitedaninfection patterrsimilar to that of the wildtype strain
(Figure 4-12A). The viable counts of the host bacteria were reduced by
approximately2.5 logs, whichyielded increases iphage titre of around 1.4
logs for CP30A ad 2 logs fo CPX (Figures 42B and Q. However, he
mean bust sizescalculated from triplicate globin mutant cultures were

significantly less than those observed for wild typejejuni PT14 (ANOVA,
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p<0.05, n=3) CP30A infectionproduced the following urst sizes:wild
type=5.@¢0.1, (cgb=3.7+0.3 Cctb=2.50.5pfu per cell;whilst CPX infection
produced the burst sizesild type=52+0.2 (cgb=3.0+0.3 (ctb=2.1+0.7 pfu

per cell.
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Figure 4-10. 1% Agarosegel of PCR products obtained using Cgh-R and Ctb-FR primers.

Lane 1: PT14 WT/CgiFR, Lane 2PT14 WT/CthFR, Lane 3: NEB 10®p ladder, Lane 4: NCTC 11168 WT/C§R, Lane 5: NCTC 11168
WT/Cth-FR, Lane 6: empty, Lane 7: PTtgh:Kan/Cgb-FR, Lane 8: PT14tb::Kan/Ctb-FR, Lane 9: Promega 1 kb ladder, Lane 10: 11168
cgh:Kan/Cgb-FR, Lane 11: 11168tb::Kan//Ctb-FR. The expected amplicon sizes for the fragments generated from the wildtype strains using
Cgb-FR ard CtbFR were approximately 31dp and 397bp respectively while for the mutants they werelll-bp and 1,79bp respectively.
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Figure 4-11. In vitro growth of wild-type C. jejuni PT14 (A), and Cgb- (B)

and Ctb-deficient (C) C. jejuni PT14 mutants in the absence and presence

of bacteriophage CP30A.

Uninfected bacteriaare represented by blue lines, phagfected by brown
lines and phage growth by green lines. On infection with CP30A at the second
hour, there was an immediat@pproximate 3-log reduction in bacterial
numbers. Following this, the was resurgencein growth of the host
population which continuedintil the final sampling point. The phage titre also
remained relatively constant after the initial rise, however a second rise
occured between the 180th hour despite no clear drop in the host population
being observedvalues for bacterial growth (CFU )l and phage titre (PFU
ml'") aregenerated from 3 independent cultuteSD andplotted as a function

of time. The pattern of groth for the wildtype and mutants is generally
identical, however the mean burst sizes that were calculated from the triplicate
cultures were significantly less that that observed for the-tylé (ANOVA,
p<0.05, n=3)
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Figure 4-12. In vitro growth of wild-type C. jejuni PT14 (A), and Cgb (B)

and Ctb-deficient (C) C. jejuni PT14 mutants in the absence and presence

of bacteriophage CPX.

Uninfected mutants are represented by blue lines, pimigeted by brown
lines and phage growth by green lines. Phage CPX was added at the second
hour of bacterial growth and two hours later an approximate 2.5 log reduction
in host numbers was observdebllowing this,a resurgence in growth tfie

host populabn could be observedwhich continueduntil the final sampling
point. The phage titre remained relatively constant between &4"éhour
following the burst at the™hour. Values for bacterial growth (CFU il and
phage titre (PFU ril) are generateftom 3 independent cultures + SD and
plotted as a function of timelhe pattern of growth for the wiltype and
mutants is generally identical, however the mean burst sizes that were
calculated from the triplicate cultures were significantly less thatothserved

for the wild-type (ANOVA, p<0.05, n=3).
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4.3 DISCUSSION

The transcriptional profile oF. jejuniPT14 under infectioby bacterigpphages
CP30A and CPX was characterised using Rd¢f technologyRPKM values

were calculated and provided a measofggene expression levels between
uninfected and phagefected samples.It was also possible to determine
measuremesstof gene expressiofor phagespecific transcriptsThese results
confirmed thalRNA was isolated during the lgzse phase of phage degation

as severabenes known to be expressed late in transcription exhibited high
expression levels, with the major capsid protein being the most abundant

transcript expressed by both phages.

4.3.1 The phageinfected host transcriptome mimics an iron-

limited environment

The transcriptome ofC. jejuni PT14 under bacteriophage infectias
consistent with that adin ironrestricted environmergince verysimilar genes
were previously found to beregulated during iron limitatiofPalyada et al.
2004; Holmes et al. 2005; Butcher & Stintzi 201BYyeviousstudieshave
characterisediene expressioaf C. jejuniin response to iron limitationsing
microarray analysigPalyada et al. 2004; Holmes et al. 20@B5d RNAseq
technology(Butcher & Stintzi 2013) Regardless of the growth conditions
used a number ofcommongenes werectivated in response to theckaof
iron. The geneproduct relateto different iron-acquisition systemswhich
include ferri-enterochelin ¢frA, celE) (Palyada et al. 2004haem(chuABCD
¢j16130 (Ridley et al. 2006)transferrin ¢fopABQ (Miller et al. 2008)and

rhodotorulic acid ¢1658p19, cj1660cj1663). The majority of these genes
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were also found to be activatedn response to phage infection, with the
exception ofchuD andcfbpA Thesebothencode periplasmic binding protsein

and although they were both-oggulated in response to infection 6?30A

and CPX they fell below the 1.5fold cut-off which was selected asa
measurable and potentially meaningful chamgeddition, inresponse to iron
limited conditions(Palyada et al. 2004; Holmes et 2005; Butcher & Stintzi
2013) several members of the putative TonB energy transduction systems
were also ugegulated includingexbBtexbDXtonBl exbB2exbD2tonB2

and tonB3 In comparison to the genes-tggulated in response to phage
infection, all ofthese genes were also activated with the exceptigxioD1

andtonB1

Iron-uptake systems o€. jejuni typically comprise of an outenembrane
(OM) receptor protein, whickpecifically binds to and transpotfetric iron
sources through the ONhto the periplasm using energy derived from the
ExbB-ExbD-TonB energy transduction system. The iron is then transported to
a periplasmic irofbinding protein (highlighted in red in Figurel® (A),
which subsequently delivers tb the cytoplasmic membrane (CM)BE
transporter systemvhich consiss of a permease and an A‘lhding protein
Figure 413 (A) provides a schematic of a typical iroptake systenof C.
jejuni and Figure 413 (B) illustrates the role each gene playghe uptake of
enterochelin, rhodotulic acid, haemin and transferrinhe complete array of

iron uptake
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Figure 4-13. Schematic representation of siderophordased iron
acquisition systems inC. jejuni.

(A) Ferrisiderophore complexes trgport iron via outemembrane(OM)
receptors to the periplasmic binding protein (red), which then deliveosghe
cytoplasmicmembrane (CM) ABC transportecqmpriged of a permease and
an ATRbinding protei. Iron transport is mediatedito the perism via the
outermembrane by energy derived from the ExbBxbD-TonB energy
transduction system.(B) Several components that allow uptake of
enterochelin, rhodotorulic acid, haem afedri-transferrin inC. jejuni have
been determinedddapted from Andrewst al. 2003 (A) and Miller et al. 2009

(B).
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genes that were upegulated in response to phage infection, suggests an
increased need for siderophdrased iron acquisition as magtnes required
for uptake of enterochelin and rhodotorulic acid were amd/aOn the other
hand, since the genes encoding the periplasmic binding prdteitgnsport

of haem and transferrin proteifailed to be activated, thisiay suggest that
there was no increased need to transport haend transferrin into the
cytoplasmvia the ABC transporter systerdespitethe genes encoding the
permeasegchuB and cfbpB (cj0174)) and ATRbinding proteins ¢huC and
cfbpC/cj0173q9 beingup-regulatel. Althoughit should be noted thahe gene
encoding the OM receptor protein for trangpoof transferrin
(A911_00860¢j01789 was up-regulated in response to infection byther
phage it was not significantly differentially expressed compared to the
uninfectedcontrol Failure of the phages to upgulate all of the genes related
to haem andransferrin uptakes most likely due tothe lack of available

sources tallow their acquisition under the experimental conditions

4.3.2 Regulation of iron acquisition genes in response to phage

infection

Bacteria generally regulateron acquisition, metabolism and storagen
response to iron availabilitand to avoid iron toxicitywhen excess iron
interacts withoxygen In C. jejuni and other Grammegative bacteria, iren
regulated gene expressionnediated bythe Fur protein1.5.1) Under iron
rich conditions, the Fur protein binds feerrous ions and forms a dimeric%re
Fur complex (holeFur), which recognisesa specific consensus sequence

within the promoter regionf iron-regulated geneknown as thd~ur boxand
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represses their transcriptidsy blocking entry of RNA polymeraséJnder
iron-limited conditions the complex dissociatéapo-Fur) and transcription of
iron-regulated genes is depressed.The expression profile of the iron
acquisition genes regulated in response to bacteriophageianfeciC. jejuni
PT14 is therefore consistent with the model of Fur as a transcriptional
repressor of such genes when sufficient iron is available. The findings
therefore demonstrate that Fappears to haveerepressed transcription of

these genes in whitperceivedo be ironlimited conditions.

The Fur regulon ofC. jejuni was previously defined by examining the
transcriptome of awild-type andfur deletion mutant in the absence and
presence of irofPalyada et al. 2004; Holmes et al. 2006jvas demonstrated
that thatapc andholo-Fur were both capable of activating and repressimg ge
expressionPalyada et al. 2004with more than 60 genes @ding products
related to iron acquisition, oxidative stress defence, flagellar biogenesis and
energy metabolism being regulatéealyada et al. 2004; Holmes et al. 2005)
More recentlyusing a chromatin immunoprecipitation and microarray analysis
approach (ChiIfehip), it was reported that Fuegulates 95 transcriptional
units in C. jejuni (Butcher et al. 2012)However, the Fur regulon identified
using this technique was sificantly different to those that hagreviously
been reporte@Palyada et al. 2004; Hoks et al. 2005)possibly because the
ChIP-chip identified all direct targets that were bound by Fur regardless of the
fold change Neverthelessapo and holeFur gene repression and activation

was also observe(@Butcher et al. 2012Butcher et al. (2012) also determined

191



Chapter 4

the structure of ap&ur and suggested possible mechanisms foedslatory

role (discussed in section 1.5.1).

4.3.3Regulation of oxidative stress defence genasresponse to

phage infection

A relationshipexistsbetween oxidative stress and iron metabobs®axposure

of cellular ferrous iron to oxygen can generatéha formation ofreactive
oxygen species (ROS), such ageoxide anions (Q), peroxides (RQ@ and
hydroxyl radicals(OH ¥, which are strong oxidant€. jejunihas developed
number ofdeferce mechanisms for protection agairtbis type of stress
(discuwssed in section 1.4.5Benes encoding proteins witfunctionsrelated to
oxidative stress defence includeahpC katA perR sodB tpx
CjO559A911 02725 j1386A911 06735 (j1664A911 08020 and
Cj1665A911 08025 which overlap with some of the genes thespond to
iron limitation. (Palyada et al. 2004; Holmes et al. 2005; Butcher & Stintzi
2013) All of these genes were also found to be activated in response to CPX
infection ofC. jejuniPT14,with the exception oAhpCandtpx. Although the
peroxide stress regulator PetRRs been foundo control transcription of a
number of genesncoding protemrelating to oxidative stress defeniteC.
jejuni (van Vliet et al. 1999; Holmes et al. 2005; Palyada et al. 26@9)e of
these geneare alsoco-regulatedby Fur, includingthe peroxide stress genes
aphCandkatA (van Vliet et al. 1999)The gene<j1386, ¢j1664 and ¢j1665
were also previously found to be Fur regulajgétblmes et al. 2005)In

addtion, in response to phage infectigperRwas upregulated irresponse to
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CPX infection whereaexpression of thefur gene remained unchanged

between uninfected and phamected samples.

There are other genes which have been found to contributedatioe stress
defence inC. jejuni either directly or indirectly. For instance, the ferritin
protein Cft, stores iron inside the ferritin caviiy an inactive but reusable
state andis therefore able tavoid generation oROS.A cft-deficient mutant

was previously found to bemore sensitive to exposure to,® than the
parenal strain(Wai et al. 1996)This was probably due to the inability diet
mutant to collect and store iron from the cytoplasm and therefore resulting in
the formation of ROSIn addition, ferritin can provide intracellular iron
reserves during iron limitation aras would be expectedhe cft gene was
found to be ugregulatedin response to irotimited conditions(Palyada et al.
2004; Holmes et al. 2005Howe\er, in response to phage infectidimere was

no change in expression of this gene in response to CPX infection but
interestingly, it was found to be 1f6ld downregulated in response to CP30A
infection. Nonetheless, aimilar finding was previously repted forH. pylori,

with expression of the nehaem containing ferritin gengfr being repressed

by apceFur (Delany et al. 2001)This sug@sts that the cft gene may have been

regulated by ap&ur during CP30A infection of PT14.

Another noteworthyroteinis the ferredoxirFdxA, which does not appear to
show resistance tarticular peroxide stress bain fdxA-deficient mutant
exhibited sigificantly reduced aerotolerangean Vliet et al. 2001)ThefdxA

genewas also previously found to show iremduced gene expressiquman
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Vliet et al. 2001; Palyada et al. 2004h response to CPX fiection of C.
jejuni PT14 fdxA expressionwas downrregulated.However as with thecft
geneit has been reported that expressioridxA was repressed by apfaur in
C. jejuni (Palyada et al. 20047 his therefore suggests that titxA gene wa

also likely under the control of ageur during CPX infection of PT14.

4.34 Regulation of flagellar biogenesis genes in response to

phage infection

Transcription offlagellar gens in C. jejuni is primarily predicted to be
controled bythe sigma facts rpoN 1% andfliA 1) (Guerry et al. 1991;
Hendrixson et al. 2001; Jagannathan et al. 2001; Hendrixson & Dirita 2003;
Carrillo et al. 2004)Nevertheless,everal genes related to flagellar biogenesis
in C. jejuni havealsopreviously been found tbe controlled either directlyro
indirectly by Fur, includingflaA, flaB, flaD, flgE2, flgG2, flgH and flgl
(Palyada et al. 2004; Butcher et al. 20M®)th the exception oflaA andflaB,

all othergenes weréoundto beapoFur activated andepressean addition of
iron to a previously iroflimited medium but were unusually overexpressed at
mid-log phase under irerich conditions(Palyada et al. 2004 Moreover a
recent studyreportedthat a large number of flagellar chaperones, regulatory
proteins and genes involved inadlellar biogenesis were iron activated
(Butcher & Stintzi 2013) In respose to infection by CPX, several genes
related to flagellar biogenesis were found todosvnregulatedin C. jejuni
PT14. f suchgenes aréndeediron-activated and PT14 is being perceived as
experiencing irofimited conditionsduring phage infectionthese findings

thereforemply that the flagellar biogenesis gernveare apeFur repressed.
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4.3.5 Regulation of nitrosative stress responsive genes

The RNAseq data indicated that in response to phage infectidh gdjuni
PT14 there was strong uapgulationof the nitrosative stress responsigenes.
These genes we cgh ctb, A911 036850761 and A911 0402%j0830
whose gene expressitiavebeen found to be regulated bp466, designated

as NssR (Nitrosative stress sensing Regulat&tyers et al. 2005) The
haemoglobin genecgh, which was the most significantly differentially
expressed gene in response to CP30A infection, was previously strongly and
specifically induced following exposure to nitrosative strebsit not
superoxide or peroxidéElvers et al. 2004)However,the transcriptomic and
proteomicresponse o€. jejunito nitrosative stresevealed ugregulation of a
number of genesncoding heat shock proteins as wadlproducts related to
oxidative stress defence and iron acquisition and trangglornk et al. 2008)

In addition, it wasalso demonstrated that Cgb and Ctb were regulated by
oxygen availabity and in particularwhen C. jejuni cultureswere grown at
higherrates of oxygen diffusioand then exposed to nitrosative stress. Under
these circumstancesere was increased transcriptiontbé NssRregulated
genescgh ctb, cj0761andcj0830(Monk et al. 2008)These findings provide a
rationale for the pattern of ggulated gene expressiaith regards to phage
infection of PT14since NssRregulated genes resportd the presence of
oxygen prior toexposure tonitrosative stresdt is implied that therevas a
relatively strong source of nitrosate stressparticularly during CP30A
infection. Cultures ofCgb and CthdeficientC. jejuni PT14 mutantgould be
infected wihh CP30A or CPX but infection deto redued burst sizesompared

to infected wild type cultureFigures 4-11 and4-12).
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4.36 Host responseto phage infection includes a demand for

oxygen

The pattern of dowaneguated gene expression si@onsistent withwhat
would be expected toccur withinan aerobicenvironment.This wasevident

by the strong repression aojenes predictedo be involved ina number of
anaerobic electron transport pathwa@sjejuniis an obligate microaerophile,
which ha an aerobic respiratory metabolism that utilises omygs the
terminal electron acceptor. However, a number of reductases are present in the
genome that have previously been shown to all©@wjejuni to carry out
respiration with alternative electron acceptors to oxydeily 2001; Sellars et

al. 2002;Myers & Kelly 200%). In vitro studes have shown thaZ. jejuniis
unable to grow under strictly anaerobic conditions in the presence of these
alternative electron acceptors. However, addition of fumarate, nitrate, nitrite,
trimethylamineN-oxide or dimethyl sulfoxide to microaerobic cultg that
were under severely oxygdimited conditions resulted in increased growth
(Sellars et al. 2002)n response to phage infection ©f jejuni PT14,genes
encoding several of tke reductases showed reduced expresdievels,
including subunits of fumarate reductasdrdCAB), nitrate reductase
(napAGHB, nitrite reductase nffA and nrfH) and trimethylamineN-oxide
reductase (A911 0128§02659. This therefore suggests that under phage
infection, the hosgenerategnegy in an electron acceptolependent manner,
with a demand for oxygen as the terminal electron acceptor. In addiéoes g
encoding anaerobic Gdicarboxylate transportersi@uA and dcuB were also

downregulated in response to phage infectiomhile elevaed levels of
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transcription was observed for a gene encoding a product that allows aerobic

transport of C4icarboxylates (A911 0023§0046).

C. jejuni possesses twaderminal oxidasesa cytochrome bd-type quinol
oxidase (Cyd homologues) and a cytochramexidasecb (ccb3jtype (Cco
homologues) The latter accepts electrons from cytochrome c via a bacterial
ubiquinol:cytochrome c oxidoreductase of bomplex encoded by genes from
the petABC operon, while the previous accepts electrons directly from
ubiquinol. The RNAseq data show that in response to phage infectidd of
jejuni PT14, genes encoding the-tipe cytochrome cccoNOPQ and a
subunit of the cytochrome bcomplex petQ were represseavhile there was

no change in expression for the-tygpe quinol oxidaseligure 414 provides a
schematic of the pathways of electron transport to oxygen and alternative
electron acceptors i6. jejuni All major genedhat weredownregulated in
response to bacteriophage infection of PT14dmeoted by boxem reverse

fields.

In addition to being able to use a wide range of alternative electron acceptors
to oxygen,C. jejuniis also capable of utilising a number of electron donors,
including formate, hydrogen, -dctate and succinateGenes encoding
producs that have been predicted to allow sulphite to be usedh &fectron
donor (A911 0002@j0004c and A911 0002%j00059 were also down
regulated in response to phage infectipyers & Kelly 200%). In C. jejuni
NCTC 11168,cj0004card cj0005c encode a monohaem cytochrome ¢ and

molydopterin oxidoreductase respectivetywhs previously demonstrated that
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Figure 4-14. Predicted electron transport pathways inC. jejuni.

lllustrated are pathways of electron transport to oxygen and alternative electro
acceptors, such as funadée (rdABCO), nitrate apABGH, nitrite (h\rfAH) and
trimethylamine N-oxide reductase (A911 0128f02659. The dotted lines
represent electron transfer pathways via the menaquinone pool (MK) and the
solid lines indicate possible electron donors for regjwin or electron acceptor
transformations. Black boxem reverse fieldsshow products whose gene
expression were dowregulated at leasfL.5-fold or more in response to phage
infection of C. jejuni PT14, while the white boshowsa product with no
chang in gene expression. Anaerobic transpoi€éfdicarboxylate substrates
through the cytoplasmic membrane (CM) occurs thia C4-dicarboxylate
transporter®©cuA and DcuB. The diagram is based on the findings of Woodall
et al. (2005) and also takes into acnot the electron transport pathways
described by Sellars et al. (2002) and Myers and Kelly (2005b). Adapted from
Woodall et al. (2005).
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a cj0004cdeletion mutant was unable to utilise sulphite or metabisulphite as
electron donors but could respire witbrmate (Myers & Kelly 2005a) In
addition, formate respiration wdh is cytochrome hocomplexdependent, was
inhibited by 50% in the presence of the ;bahibitor 2-heptyl4-
hydroxyquinolineN-oxide, while sulphite respiration was unaffected. This
suggests that electrons donated through sulphite respiration do notridg

bc; complex to enter the respiratory chain and therefore enter at the level of

cytochrome ¢Myers & Kelly 2005a)

In contrast to the transcriptional repression observed for the respiratory
cytochromes, the gene A911 001€0037¢ encoding a cytochrome c, was
up-regulatedin response to phage infection of PTHbwever, this gene was
previously found to be dowregulated in response to the limited oxygen
condtions experienced during coloatson of the chicken gufwoodall et al.
2005) Moreover, the vast majority of the genes associated with energy
metabolism (T@ cycle and electron transport) that were activated at the low
oxygen tensions of the chicken caecum, were dregulated in response to
phage infection of PT14. This further supports the prospect that the
transcriptome ofC. jejuni PT14 under phage inféoh is an aerobic
environment and also justifies wpgulation of genes involved in oxidative
stress defence (4.3.3}. also raises the question as to where bacteriophages

replicate in the chicken intestine.
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4.3.7 Possible ton- and oxygendependent mechnisms during

phage infection

Based on the changebservedn host gene expressi@uring phage infection

of C. jejuni PT14 there is a clear demand for iron and oxygAnlikely

explanation forsuch a requiremens the existence oén iron- and oxygen
dependentmetabolic processthat is important for phage replicationThis
SURFHVV LV WKH UHGXFW LR QdéokytibbruB&QH0EEOrH R W L G H
DNA synthesis and repairand is solely catalysed by tharon-dependent

enzyme ribonucleotide reducta@@NR). Following a single reduction, RNR

receives electrons frotte dithiol group otthioredoxin which is regenerated

through reduction of its disulphide groups by NADPH.

RNRs can be classified into three distinct clagsa8b, Il, 1l1I) based on thei
interaction with oxygen anthe mechanism used to generatstabletyrosyl
radical (Nordlund & Reichard 2006)Phages CP30A and CPMoth possess
class la RNR, whicharecomprisel of two subunits:. and . The subunits of
class la enzymesf E. coli are known toassociatéo form a kinetically stable
complex(Minnihan et al. 2013[Figure 415B). The active site of the2
subunit containsa conservedcydeine residueat position 439 which is
necessary for catalysias well as multiple binding sites for deoxynucleotides
and ATP (Figure 415A). The 2 subunitcontainsa dtiron tyrosyl radical
cofactor (Y122 ¥ thatrequires oxygen for its formation aigineeded to initiate
the nucleotide reduction process in the V X E EQur&W¥15A). The dtiron
centre of the tyrosyl radical is flanked by a number of ligands that act as iron

binding sites.These are aspartategfpd three glutamates (&, Exos and Eag)
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and two histidines (Hgsand H4j) (Figure 415A). During catalysis, the tyrosyl
UDGLFDO LV FRQWLQXRXVO\ VKXWWOHG WR WKH
cysteine residuand has been shown to involve the residues, Y730 and

Y731 (Seyedsayamdostt @l. 2007; Minnihan et al. 2011)'he pathway for
electron transfer ift. colihas been proposed asjo¥t <:48<<356 LQ WKH
subunit to Y31 <<730<&39 LQ WKH . (StubleeXedl \B003; Reece et al.

2006).

Examination of the protein sequences deduced from the genomes of CP30A

and CPX confirmed the presence of the RNRD Q G VXEXQLWY DV ZH

location of theconserved cysteine %) and tyrosine residudy 2s9Y 290 in
(Figure 416). Howe\er, the Gterminus of. is flanked beween two Hef

like homing eéxdonucleases and surprisingsy separated from the-términus

and the VX E KyQmowve than 6&bp. The tyrosine residues were found to

be present in the -@&rminus while the cysteine waschted in the Nerminus

of the . V X EN@vekheless, once these subunits are able to associate, it is

possible that a functional and stahle complex could form(Minnihan et

al. 2013) The findings obtained from the transcriptome analysi€.ofejuni

PT14 in response to infection by CP30A and CPX are therefore consistent with

whatwould be expected during the functioning of RNR. In addition, affinity of

the diiron centre of 2 would be sufficient to displace iron from other iron

containing proteins such as Fur. Moreover, loss of -koio has been

demonstrated to despress transcription of iremegulated geneutcher et al.

2012)
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Figure 4-15. Mechanisms of class laibonucleotide reductase RNR) in E.

coli.

(A) Class la RNRs are composed of amnd subunit which associate to
form an . F R P SThel 2 subunit containanactive sitecysteine residue
(Caz9 which is needed for reduction of ribonucleotides to
deoxyribonucleotides, while 2 contains a stable -ifon tyrosyl radical
cofactor Y122 . Reversible tansfer of the radical electron fro¥,, 10 Cyzg
takes place over a long distance and involves the residiesLYQ DR G<
and Y73; LQ . A%olution equilibriumexistsfor class la RNRs itt. coli
across three interonvertirg subunit states.. . DQG The
relative distribution of these states is dependent on protein concentration and
the identity and concentrati of the nucleotides preseifitaken from Minnihan

et al. 2013.
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Figure 4-16. Arrangement of the ribonucleotide reductase (RNR) subunits in phages CP30A and CPX.

The CGWHUPLQDO GRPDLQ R ‘¥heHwo consebedQyrasing-rers@iMePdt Qositions 289 andtd8@ocatedbetween two Hef
like homing endonucleasaadis at least 66kbp fromthe NWHUPLQD O G R P&ubuit,vQich ddhkalds the conseredteine residue
at position 440Thearrangement and positioning of the subunits appear to be different to that of the prot&typaeRNR.
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Chapter 5 : Examination of a type
Il restriction -modification system

iIn Campylobacter jejunPT14
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5.1 INTRODUCTION

Bacterial restrictiormodification (RM) systems generally protect the host cell against
invading foreign DNA including those of wat or plasmid origin as well as from DNA
fragments being transferred during natural transformation (revieweBidkte &

Kriger 1993; Wilson & Murray 1991)Classical RM systems comprise of a
modification methyltransferase, which catalyses methylation of a specific DNA
sequence in the host genonad a restriction enzyme which cleaves or restricts
foreign DNA lacking that specific methylation. Methyltransferases and restriction
endonucleases from the same system are able to recognise the same sequence of
nucleotides. Cognate methylation can therefprevent restriction of host DNA. On

the other hand, some restriction enzymes exist that cleave DNA only when the target
sequence has been modified and as such, these restriction enzymes do not coexist with

a cognate methylation enzyme.

The methyltranterase component of the-RR system catalyses transfer of a methyl
group from Sadenosylmethionine (AdoMet) to an adenine or cytosine residue within
each strand of the recognition sequence. In general, the same base is methylated on
both DNA strands but iis also possible for cognate methylation of only one strand
(hemimethylation). Methylation in bacterial genomes has been found to produce either
N6-methyladenine (m6AfDunn & Smith 1958) 5-methylcytosire (m5C)(Doskocil

& Sormova 1965pr N4-methylcytosine (m4CJEhrlich et al. 1987; Janulaitis et al.

1983; Janulaitis et al. 1984)sing single molecule redime (SMRT) sequencing, the
complete methylationgitern of a number of bacterial genomes has been determined
including B. cereusH. pylori andC. jejuni(Murray et al. 2012; Krebes et al. 2%).

Active methyltransferase genes and their recognition sequences were identified
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including those that are part of anNRsystem. For instanc&. jejuniNCTC 11168
possesses a Type Il systensigged RM.CjeNIl ¢10519, which recognises the
sequence §GAGNsGT- 1 DQG KDV EHHQ VKRZQ WR PHWK\ODWH

strandgMurray et al. 2012)

Preliminary studies in the e@r\ (R¥derson & Felix 1952; Bertani & Weigle
1953; Luria & Human 1952; Ralston & Krueger 19%8yealed that some bacterial
strains could inhibithe propagation of bacteriophages that were previously grown on
different host strains. This mechanism is known @s-tontrolled modification and
allows the new host to restrict the phage DNA and prevent infection. In order to test
the susceptibility of the bacterial strains to bacteriophage infection, the ability of the
phages to form plagues was measured. This ipienés known as the efficiency of
plating (EOP) and it was found that propagation on arestricting host resulted in

an EOP of 1 while for bacteria capable of restriction it was betwe2mrid 10° fold

lower. A decade laterArber and Dussoix (1962 looked at hostontroled
PRGLILFDWLRQ RI EDFWHULRSKDB.ebli K-ZXdt#rgnsl B&eetiQ RQ D
on the EOP results, they concluded that the phage DNA becamesgtegifically
marked by the host during viral propagation and that subsequent host strains could
only become infected by phage carrying that particular modification. U¥Rg
labelled phage, they observed the effects of infecting a restrictive host with
unmodified phage DNA. Extensive breakdown of the phage DNA was observed.
However, it had previously beeobserved that unmodified phages could escape
restriction and complete the lytic stage of their life cycle, therefore passing on the
strainspecific modification that they possess to their progé®ertani & Weigle

1953; Luria & Human 952) The resulting EOP values were close to 1 on both
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restrictive and nomestrictive host strains. In addition, after a single passage on-a non
restrictive host, the modified progeny phage lost their ability fofext the restrictive
host therefore anfirming that they had not inherited the strapecific modification

of that host. These early experiments highlighted the use of bactdvisdyRtems as a

defence mechanism against bacteriophages.

There are four major groups ofMR systems(Types I, I, lll and 1V) and they are
classifiedprimarily according to enzyme subunit composition, cofactor requirements,
symmetry of the recognition sequence and positioning of the DNA cleavage site
(Boyer 1971; Yuan 1981Roberts et al. 2003described in detail in Chapter Hach
groupcan be divided intsubrcategories, especially tAg/pe II, which is divided into

11 groups(A, B, C, E, F, G, H, M, P, S and .TQf these, the Type IIS subcategory

was the earliest to be recognised and was retained by Roberts et al. (2003) to describe
enzymes that are capable of cleavage of at leastDiN®& strand outside of the
recognition sequence, thereby suggesting shifted cleavage away from the recognition
site (e.gFokl andAlw). Two furtherclasses, Types IIP and IIA, weatsointroduced
(Roberts et al. 2003)'ype IIP describes enzymes, suchlzasRl andHindlll, which
recognise plindromic sequences and cleave DNA at a defined position at or close to
the recognition site while Type IlIA refers to those that recognise asymmetrical
sequences and can cleave DNA either close to or away from the recognition sequence.
The Type Il enzymeslso include those with atypical features such as enzymes that
cleave on both sides of the recognition sequenceBedy[Type 11B]), whichmay be
stimulated or inhibited by AdoMet (e.§cdb71 andBsd [Type 11G]), or can interact

with two copies of th recognition sequence and cleave onekedRll [Type IIE]) or

both of them (e.@®spMI [Type IIF]) as well as may possess unusual subunit structures
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(e.g. Bb\Cl [Type IIT]). The remaining enzymeare the Type IIC, which contain
cleavage and modificatioflunctions within a single polypeptide; the Type IIH, which
possess similar genetic structures to Type | enzymes but biochemically behave as
Type II; and the Type IIM enzymes, which recognise a specific methylated target

sequence and cleave at a fixed site.

There is a wide distribution of-Rl systems among prokaryotes, with more than 90%
of the analysed genomes containing at least civ $ystem(Roberts et al. 2010)t

has also been found that within sequenced genomes there is generaltyease in

the number of RVl systems with an increase in genome $\zasu & Nagaraja 2013)

For instance, organismgith a genome? to 3Mbp in size possess a medianmher

of 3 RM systems per genome, those 3 tdMbp in size have 4 B systems per
genome and orgamss with a genome size of 4 teMlbp possess 541 systems per
genome(Vasu & Nagaraja 2013)However, the distribution of 1 systems with
organism possesy] smaller genome sizes (1 teMbp) is not as clear cut. For
example, manyBrucella species contain only 1-R system per genome while
multiple RM systems have been founamongst species oHelicobacter and
Campylobacter Such organisms can switch between differefAtl Bystems when
necessary and are therefore equipped to be naturally more competent than organisms
with fewer systemsMiller et al. (2005) characterised thegpe | RM systems of 73

C. jejuni strains and assigned them to Type IC as well as two additional families,
Types IAB and IF. They found no evidence that these strains contained multiple Type

| systemsbserved irH. pylori.
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In some instances, methyltrd@sise genes are known to play a role in physiological
processessuch as with the DNA ahine methyltransferase (Dam) Bf coli, which
produces a m6A residue and functions in DNA mismatch repair, initiation of DNA
replication andthe regulation of gene »@ression(Boye & LgbnerOlesen 1990;
Marinus & Casadesus 2009)n many Grammegative bacteria suchs E. colj,
Salmonellaspp., andYersiniaspp., gene regulation by a Dam methyltransferase is
known to affect expression of a number of genes including those related to virulence
phenotypes such as motility, adherence to and invasionméamepithelial cks and
colonisation of the host(Low et al. 2001; Julio et al. 2001; Falker et al. 2005;
Balbontin et & 2006) Transcriptional regulation can occur when genes are reversibly
switched omandoff (phase variation) through methylation of promoter sequences
(Blyn et al. 1990)r via the presence of homopolymeric tract repeats in the promoter
region of these genésan der Ende et al. 1999hase variable methyltransferased

genes exist in a number of bacterial Type [HVRsystems, includingHaemophilus
influenza (De Bolle et al. 2000; Srikhanta et al. 2008) pylori (Vries et al. 2002)
Pasteurella haemolyticéRyan & Lo 1999) Neisseria meningitidigSrikhanta et al.
2009) and Neisseria gonorrhoeagSrikhanta et al. 2009Altered expression of such
methyltransferases has been repoito cause coordinated phase variation of multiple
genes(Srikhanta et al. 2005) 7KLV QRYHO V\VWHP LV UHIHUUHG W
(phasevariable regubn) and is known to regulate gene expressiominnfluenza
(Srikhanta et al. 2005N. meningitidis(Srikhanta et al. 2009and N. gonorrhoeae
(Srikhanta et al. 2009)Differential regulation of genes related to pathogenesis and
virulence were observed within these studies and functional confirmations revealed
the presence of phenotypically distinct populations in regards to antimicrobial

resistance, invasion and agfmn to human cells as well as biofilm formation.
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In this chapterC. jejuni PT14 (Brathwaite et al2013) was naturally transformed

using DNA fromC. jejuni NCTC (cj0031, which is a nosrestrictive cj0031
deletion mutan{cj0031gene homologue: A911 00150)he restriction ability of the
wild-type and mutant against bacteriophages previously padgagn PT14 and other
strains was then tested. The gene structure of the mutant was examined and functional
tests were carried out to determine whether distinct phenotypes exist between the
wild-type and mutant. Finally, to investigate the biological fiehe A911 00150

genein the PT14 RM system, the effect of th&911_00150deletion mutant on the

transcriptioml profile of PT14wasalso examined.
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5.2 RESULTS

5.2.1A C. jejuni PT14 putative Type Il R-M system

In C. jejuniNCTC 11168, the geng003L encodes a putative Type IISNR system
which is phase variable and capable of reversibly switching the expression of the
UHDGLQJ IUDPH 3R QhRsequaatedntdotwamdriddle polyG tract. The
polyG tract repeat length ranges from nin¢eto guanine bases in the reading frame of
cj0031and the adjacent gerg032(Bayliss et al. 2012)A G9 tract length results in

the fusion ottj0031andcj0032which places this fused gene in frame and therefore in
WKH 3SRQ" FRQILIJXUDWLRQ ZKLOVW * VHSDUDWHYV WKH
variant. It has previously been found through SMRT sequencing that the gene is
SUHGRPLQDWHO\ lgQratwrKahd 3drolduiceB RdQdctive methyltransferase
(Murray et al. 2012)This nearest homologue to this gen€irjejuniPT14 wa found

to be A911 00150 and although it is m¥tase variable, a nucleotide BLAS€arch
showed that there B8% sequence identity tihe N-terminal end otj0031in NCTC
11168and 90% identity to the @rminal end Figure 51 shows a comparison of
thee two genes using the Artemis Comparison Tool-wabed version (WebACT)
(Abbott et al 2007). Regions of sequence similariye aligned using red (same
orientation) or blue (reverse orientation) blocks, while differences in sequences are
illustrated withwhite gaps. A pairwise comparison of A911 00150 ge@31shows

that the Nterminal ends of the genes display sequence homology. However; the C
terminal ends show differences, which coincide with the position of the polymorphic
poly-G tract withincj0031 The reading frames correspondingci6031 and cj0032

are inframe in PT14, revealing a relationship whej@032is replaced in all but the
extreme CGterminal coding sequence, which is conserved along with the subsequent

gene (A911_00156{0033.
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Figure 5-1. An Artemis Comparison Tool (ACT) analysis of thecj0031gene in NCTC 11168 and its homologue in PT14.

The genes corresponding to PT14 are represented on the top bar (A911 00150) of the imatpesehitat NCTC 11168 are on

the bottom ¢j0031). The red blocks show regions of homology and the differences are represented by white gaps. It can be
observed that the #&rminal end of A911 00150 amfD031show homology but their @rminal ends appean be different. The

sequence homology returns at the extreme eefDO82
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5.2.2 Biofilm-derived ¢j0031 mutants in PT14

Biofilms were previously prepared Wyr. P. Siringan according to the method of
Siringan et al. (2011by dispensing 1@l aliquots of dilutedC. jejuni PT14 culture
into a petri dish containg glass coverslips. Once formed, the biofilms were treated
with bacteriophages and significant (p<0.05) reductions were observed for all phages
used. However, some viable cells recovered from the biofilm had become resistant to
subsequent infection whitthe bacteriophages previously used to infect the same
biofilm. EOP values for these isolates were lower tise of the wiletype (datanot
shown). Phase variation was one possible explanation for the frequent recovery of
these mutants, and in partiaulphase variation within a restrictimmodification
system. Using th€. jejuniNCTC 11168 genome as a guide, since at this time the
PT14 genome sequence had not been determined, PCR primers were designed to
enable the amplification of candidate phaseialde genes. DNA sequencing of
¢j0032cj0032 amplicons revealed differences in the genome sequences of NCTC
DQG 37 O R F D \whd 6f thereddikdfrarfie. DNA sequences of the
genes amplified from the biofikderived mutants revealed the pmese of point
mutations towards théC-terminal coding sequence @f0031cj0032 where the
sequences of NCTC 11168 and PT14 differ. Figugdhows a sequence alignment
for a section of thej0031gene in NCTC 11168 and its homologue in PT14 for eight
biofilm-derivedbacteriophage escapeutants (Picp30, R130, R230, R430, R18,
R2-8, R38 and R48). Some mutants occurred in locations where the sequences of
NCTC 11168 and PT14 were identical, including mutantc80 and R4B0 where
deletion of an adene base has taken place at position 2418, with the adenine base of

the start codon inj0031representing position 0. Other mutants have amasen
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PT14A911_00150 TTTGATGAAAAAGAAGCCACAAAAGAATTTGCAAATCTTAAAAAAGAATACGACAATATC 2340
11168c j0031  TTTGATG AAAAAGAAGCCATAAAAGAATTTGCAAATCTTAAAAAAGAATACGACAATATC 2340

kkkkkkkkkkkkkkhkkkkk kkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkk

PT14A911_00150 TTCAACCTAGAAAGCAATCATCCTTTTGAATGGCGTTTTGAATTCCCTGAAATTTTGGAC 2400
11168c j0031  TTCAACCTAGAAAGCAATCATCCTTTTGAATGGCATTTGAATTCCCTGAAATTTTGGAC 2400

kkkkkkkkkkkkkkhkkkkkkkkkhkkkkkkhkkkkkkhkkhkkkkkhkkkkkkhkkkkkkhkkk

PT14A911_00150 GATGATGGAAATTTCABGCTTTGATCTCRERATTGGCAATACBCCTTATATAAAAGAA 2460
11168c j0031  GATGATGGAAATTTCAAAGGCTTTGATCTCATCATCGGCAATCCACCTTATATAAGACAAR4
kkkkkkkkkkkkkkkkkkkkkkkkkkkhhkkkkkk kkkkhkkkk kkkkkkkkkk * *%

P1- cp30 TTGCAAGGC

R1- 30 TCAT-TCG

R2- 30

R3- 30

R4- 30 TTGCAAGGC

R1-8 TCG CCTT

R2-8 TCATCGTT

R3-8

R4- 8

PT14A911_00150 AATGATAATAAAGATCTTTTTARBAATACAA AAAAGTTAAGAACTTATCAARGBAA 2517
11168c j0O031  GAAGAGCTTAAAGAACTCAAGCCCCATTTAGCTAAAAATTATAAGGTTTATAAAGGCACG 2520
P1- cp30

R1- 30

R2- 30 AA- GATA

R3- 30

R4- 30

R1-8

R2- 8

R3-8 AGG- AA

R4- 8 CA AAAA




PT14A911_00150 ATGGATATTTGGTATCATTTCGTAGGGCGTGGATTTGATATACTTAAGAATAAT CRIA
11168c j0031 AGCGATATTTATACTTATTTTTATGAACTAGGATTTAATGTTTTAAAAGATEIBEBEEEIG530

*  kkkkkkk * kkkk * k kkkkkk kk k Kk k% *kk Kk

PT14A911_00150 -- TATTTAGCATTTATCGCTACAAATAATTGGGTTACAAATTCAGGGGCTABRARB3L
11168c jo031 BB ATTGAGETATATCACTTCTAACAAATA CACGCGTGCAGGATATGGGGAAGCTT 2636

kkkk kkk k kkkk kk k kk *k % *k Kk kkkk % *%k k%

PT14A911_00150 CGCAATATAGTTTTAGAAGAATCTCAAATTTTAAGCOIGTTGATTTTAGTTCTTTT 2688
11168c j0031 TGCG - TGAATTTTTGCTTAAAAATGTTAAGTTTTTAGAATACACTGATTTAAACGGCATA 2695

*k Kk Kk kkkk *%k kkk k kk kkkk *kk % *kkkkk * *

GT¢c

Figure 5-2. DNA sequence alignment of a section of thg0031gene inC. jejuniNCTC 11168 with its homologue in PT14.

The alignment revealed eight bacteriophaggstant biofilrderived PT14 isolates (R$€30, R130, R230, R430, R18, R28, R38 and R48)

that carry point mutations corresponding to different locations withicjd@81gene. Some of the mutations occurred in a region where there is
a break in sequence homology between NCTC 11168 and PT14 antbdbeehomopolymeric @act (shown in red) in NCTC 11168. These

mutations are highlighted in yellow, while sequence identity is represented by an asterisk.
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locations where base substitutions are visible in the PT14 sequence. For instance,
deletion of ahyminebase at position 2463 produces the3®2mutant in a region of

the PT14 sequence that is different to NCTC 11168.

5.2.3Designing thePT14-00150primers

To further investigate the role ¢j0031in PT14, a knockout mutant was constructed
and degnated PT1400150::kanDr. C. BaylisqUniversity of Leicester, UKkindly
provided a knockout mutant in whidine cj0031/32 locus hadbeen disrupd in C.
jejuni NCTC 11168by introducing plasmid DNAinto the genomefrom pUC-
"cj0031:kan by electroporation. T plasmid contained @00-bp region from
upstream otj0031 (flanked byPst and BanHl sites) which was ligated to a 6@p
fragment downstream o0€j0032 (flanked by EcoRl and BanHI sites) and the
kanamycin resistance (KangeneaphA-3, derived from pJMRO (van Vliet et al.
1998) was inserted into thBamHI site. Genomic DIA from the knockout mutant
1&7& cj0031::kan was used to introduce this disruption into the PT14

genome by natural transformation (section 2.4).

In order to confirm whether the natural transformationCofjejuni PT14 hadbeen
successful, primer®T14-00150F andPT140015R were designed as previously
described in section 2.9.1 to amplify a 2.9 kb fragment within A911 00150. Figure 5
7 shows the RNAeq mapping data which was used to confirm the appropriate
sequence for designing the primers so tteyld amplify DNA from either the PT14

or NCTC 11168 genome.
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5.2.4 PCR confirmation ofC. jejuni 37 00150transformation

After naturally transforming C. jejuni PT14 with DNA from NCTC
(cj0031::kan(2.4), nine transformants were selectively grown on BA agar
(2.1.1) supplemented with kanamycin @@ul) under microaerobic conditions
(2.2.2). Coffluent growth was harvested from these plates and stored in
bacteriological storage medium (2.1.15)}&®°C until ready for used. Genomic DNA
was extracted (2.8) from the PT@@0150:kan transformants as well as NCTC
111680cj0031::kan, PT14vild-type, NCTC 11168wild-type and NCTC 11168WT
ON (strains described in Table2). The DNA was then PCR amplified using the
PT1400150-R primers(Table 24) ard the gel electrophoresis imagepiesentedn
Figure 53. The primers successfully amplified DNA from adolates with the
exception of transformants 4 and 8. Expected band sizes were achieveafdhall
bands visualisedas indicated by Figure-3. The band sizesuggestsuccessful
disruption of A911 00150n the mutantby the aphA3 kanamycin resistamcgene
because bands representing the mutant isokedes 1400bp larger than those of the

wild-type strains which corresponds to tlaproximate size of thagene.

5.2.5 Bacteriophage lytic spectra

Bacteriophage lytic reactions were scored accordingh& nomenclature used in
phage typing scheme &fost et al. (1999)2.5.4). Campylobactetawns were firstly
prepared as described in section 2.5.3 4@dul aliquots ofthe bacteriophages of
interest, diluted tadhe rouine test dilution ofapproximateconcentratiorof 6 log

PFU ml™ (the routine test dilution or RTD)were then spotted onto the lawns. A
maximum of 16 spots were pipetted onto each petri dish in duplicate. The lytic ability

of each phage was theacordel following overnight incubationTable 51 presents
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Figure 5-3. 1% Agarose gel of PCRoroducts obtained usingPT14-00150primers.

Lane 1: PT1400150:kan transformant 1, Lane 237 00150Q:kan transformant 2, Lane 337 0015Q0:kan transformant 3, Lane 4:

37 00150 NDQ WUDQVIRUPDQWO0150:kéanQrdnsforn@aidt 50 Lane @romegal kb ladder /D QH @0150kan

transformant 6/ D QH 0150 NDQ WUDQVIRUPDQW150 /NDOpMH W UD7Q Ml R U P D Q W0150:kBnQreinsformant G
/IDQH 1 & 7 &00150:Kan, Lane 12Promegal kb laddetr Lane 13: PT14WT, Lane 14: NCTC 11168WT, Lane 15: NCTC 11168

WT-ON. The aproximate amplicon size for ead®®11l 00150mutant and wiletype strain was expected to be 42Bp and 2856p

respectively.
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the scores forthe propagation ability gphages from spot tests on PT14 wild
type andPT14000150:kan lawns. Phagethat displged differences in their
plague forming ability are indicated in red. Twenty bacteriophages fit this
criterion butefficiency of plating EOP) valuesvere onlydetermined fothose
that formed plaques on both the wilgpe and mutanstrains (eferred to a
original phages iTable 52). EOP values werealculatedy dividing the PFU
ml™ of each bacteriophage by the PRu™ of the phages propagatesh the
wild-type strain(2.5.5) This therefore gave an EOP value of 1 for all
bacteriophagethat were propgatedon the wildtype. The results indicate that
all bacteriophage®rmed plaques morefficiently on the wildtype strain than
RQ WKH 37 N BnQ irP xXam\D €@a8¥s no phage coblel

recovered from the mutant.

Bacteriophages thatould be ecovered as plagues from the mutatriain
(referred to asecoveregphages in Table-2) weretitred againstvild-type and
37 0 NDQ BtanmsO@Qréxamine their plaque forming albyli
The EOPs of the recovered phages are presented in T&plansl wth the
exception of bacteriophage CP20, all bacteriophagesinued to infecthe
wild-type strain more efficiently than on the PT1400150:kan mutant.
Bacteriophagehat replicated in the absence of the PTDO150:kan DNA
methyltransferase appred no less infectious to wild type PT14 and remained

impaired in their ability to infecB7 O NDQ
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Table 5-1. Bacteriophage lytic spectra orC. jejuni PT14

Abbreviations used for scoring arefaiows: CL or OL = confluent clear or
opaque lysis; < CL or < OL = less than confluent lysis; SCL or SOL =-semi
confluent; < SCL or < SOL = less than sesonfluent but no discrete plaques;

TR | ! GLVFUHWH SODTXIWWFUIHWHISOBRII XHYV
GLVFUHWHIS OD TXIHAM UHW Hu S QDR SKOWD TX HV
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Table 5-2. Relative effciency of plating (EOP)for phagespropagated on
PT14 wild-type and PT14000150:kan mutant

Original phage’s

EOP
Phage PT14WT 37 00150
CP20 1 3.78E04
E5 1 3.1CE-03
G1 1 2.03E05
G3 1 2.68E03
G4 1 3.87E03
NCTC12669 1 2.37E04
NCTC 12680 1 7.47E04
X3 1 6.57E04
Recovered phagks

EOP
Phage PT14WT 37 00150
CP20 1 2.7
ES5 1 7.51E-02
Gl 1 5.20E-04
G3 1 3.42E-03
G4 1 2.20E-03
NCTC12669 1 2.13E03
NCTC 12680 1 6.47E04
X3 1 5.00E03

a *EOP values dermined forthe original phagegropagated orC. jejuni
PT14highlightedin Table 51 thatshoweddifferences irtheir plaque forming
ability but formed plaques after propagation looththe wildtype and mutant

strains

b +EOP values determined fphagesecoveredafter infection ofthe mutant

strain
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5.2.6 Motility assay

Swarming motilityassays were performed as previously described in section

2.3 in order to determine the functional effect of #@11 00150deletion

mutation on the motility phenotype Gf jejuniPT14. In Figure &, there is a

visible difference in the size of the matlizones of the two strains, illustrating

that 37 00150:kan exhibited reduced motility compared to the vijide

strain. Zones of motility for the wiltype and all 37 00150:kan
transformants were measured in triplicate and the average diameter of growth

in cm for each strain is shown in Tabk85The transformants (¥1I9) showed

a reduced spread of growth compared to the-WldSH 37 DQG D 6 WXGH
Test (p<0.05) confirmed that aB 7 00150:kan mutants were significantly

less motile than the wiltlype.

5.2.7 Complementation of the3 7  00150::kan mutant

The 37 00150::kan11168cj0031complementwas constructed byhD.
studentL. Lis (University of Nottingham) as described in section 2.14. This
complementation strain allowed tle@031 gene to be expressed from tGe
jejuni fdxA promoter via the cj0046 pseudogendased complementation
vector, pCfdxA:PerR no7 (Bruce Pearson, IFR, NorwicBriefly, on PCR
amplification andpCR2.1 TOPO vectocloning of thecj0031gene in NCTC
11168and its upstream promoter region, the PCR fragmentintegrated into
the complenentation vector The perR genewas replacedwith the cj0031
promote and gene fragmenthe vector was amplified i&. coliand genomic
DNA was afterwards used to naturally transform and complementetb&on

mutantto createPT14(00150::kan00230::00150cam
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Figure 5-4. Motility assays for C. jejuni PT14 wild-type, mutant 37 Nanh@complement
Motility was determined by measuring the diameter of the spread wtlyin cm after 24 hours. There was a significant reduction in motility
(p<0.05)ofthe 37 @ ::kanmutantcompared to the wildype However, thewild-type phenotype was restored with tB& O NDQ

00230::00150carmomplement
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Table 5-3. Average diameter of motility zones for PT14 wild-type and
PT14(00150:kan mutant strains

Strain Average growth (cnf)
PT14WT 4.33+0.12
37 0015071 2.13+£0.05
37 0015072 2.07 £ 0.05
37 0015073 3.10£0.2
37 0015074 2.87 £0.19
37 0015075 1.53 £ 0.39
37 0015076 1.30+£0.14
37 0015017 2.60 £ 0.29
37 00150718 1.60 £ 0.14
37 0015079 0.93+0.17

Note:°Averages of triplicate measurements are givstandard deviation.
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The complerantedmutantstrainwhich wasfound to be motilewas then used
along with strainsPT14 wild-type and 37 0015Q:kan, to determine the
effect of theA911 0015@kan deletion mutation of adhesion and invasion

phenotypes.

5.28 Adhesion and Invasion

Adhesion and invasion aays were performedith the assistance d¢frof. I.
Connerton(University of Nottingham)as previously described by-Sayegh
et al.(2010)and as detailed in sectionl8.2. Briefly, HCA-7 cells(Kirkland
1985) were grown as monolayecultures in 24-well plates in D-MEM
supplemeted with FCS at a final concentration of 10% (v/v) (Invitrggen
Duplicate cell monolayers wenedividually covered withC. jejuniPT14wild-
type 37 00150:kanand 37 00150::kan, 00230::00150cacomplement
cells at an approximate multiplicity of infection of 1@bth sets ofmonolayer
plates were washed three times with PBS (2.lab#pneof themwastreated
with gentamicin The cell monolayes were lysed to release internalized
bacteria and cells were enumerated on CCDA plates (2.TIh2).adherent
bacterialcountwas derived by subtracting the number of internalized bacteria
from the totahumberand expresag thisasapercentage of the aculum. The
invasion efficiency was expressedthe percentage of the inoculum thagas

gentamicinprotected

For each experiment, means and standard deviations deeed from
triplicate readings Figure 55 illustratesthat the number of bacteriaath

adhered to the HGCA cell monolayer was significantly reducedith
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37 00150:kanascompared to the wildlype by almost 3old (6 WXGHQW IV W
Test,p<0.05). Complementation of the mutant restored the-typj@ adhesion
phenotype. Similarly, cell invasiwas significantly reducedith the mutant

compared to the wildype by 7.5fold (6 W X G HT@W §f ¥ OW5) and the

ability to invade the monolayer was also restored in the complemented mutant

(Figure 56).

5.29 In vivo colonisation study

During the sudy, a batch of 21 chickengasdivided into 3groups of 7 and
administered doses of eithielogio CFU mi*, 5 logio CFU mi* or 3 logoCFU
mi™ of PT14000150:kan culture according teection 2.13.3Table 25). As a
control a seconbatch of21 chickens was infected wittquivalentdoses of the
wild-type strain.For birds administere® 7 0 Nol @al gavage, no
Campylobactercolonies were recoved on CCDA enumeration media (2.1.2)
from their caeca at any dose€he limit of detection was”2 log;o CFU g*
caecal contentOn the other handall chickensadministeredhe PT14 wild-
type strain were successfully colored at a rate o6 logio CFU g* caecal
content with any of the three doses administeretlable 54 presents the

colonisation results.
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Figure 5-5. Adherence ofC. jejuni PT14 strains to HCA-7 human colonic
cellsin response to theA911_00150knockout mutation.

The ability of the37 ( ::kan mutant to adhere to the HCAcells was
significantly  (p<0.05) reduced compared to the whde and
complementation of the mutant restored the wigioe phenotype. Results are
derived from the mean dfiplicate experiment&nd error barsepresent the

standard deviain.
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Figure 5-6. Invasion of HCA-7 human colonic cellsby C. jejuni PT14
strains in response to theA911 00150knockout mutation.

Invasion of the HCAY cells by he 37 00150:kanmutant was significantly
reducedp<0.05)compared to the willype and complementation restored the
wild-type phenotype. Results are derived from the ntgplicate experiments

and error bars represent the standard deviation.
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Table 5-4. Chicken colonisation levels after 24 hours posadministration

of PT14 wild-typeand 37 Q Nufant strains
Strain Designated gup Average quanty of
recovered bacteria (CFL
gh)*
37 0 NI group 7 (3loggCFU mIY)  ”

group 8 (5 logpCFU mIt)  ”
group 9 (7 logpCFU mit)  ”

PT14 wildtype group 10 (3 logy CFU mi')  6.27 logo+0.39
group 11 (5 logy CFUmMI")  6.83 logo+ 0.40
group 12 (7 logy CFU mi*)  6.57 logo+ 0.96

Note:*Meancounts for 7 birds SD.
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5.210 Transcriptome analysis ofC. jejuni PT14 in response to

A911 00150mutation

For RNA-seq analysis o€. jejuni PT14 wildtype and the37 00150:kan
mutant, triplicate cultures were grown anthe RNAs harvested according to
the method in section 2.12.1. Briefly, three biological replicates were grown in
150 ml of MH broth (2.1.6) with shaking at 100 rpm under microaerobic
conditions at42°C (2.2.2). This was done until tlealtures reached milbg
phase of growth, after which RNA was isolated using the Trizol Max Bacterial
Isolation kit (Invitrogen). The RNA was purified using an RNeasy Mini kit
(Qiagen) and only samples with a RIN numioé¢ at least 7.0 weresedfor
sequencing. Ribosomal RNA was removed using the-Ré&o rRNA removal

kit for Gramnegative bacteria (Epicentre Biotechnologies) and directional
cDNA libraries were then prepared using the ScriptSeq v2 Rébplibrary
prepaation kit (Epicentre Biotechnologies) according to section 12.2.2. The
libraries were individually indexed and their quality was verified using a
bioanalyser 2100 (Agilent). They were quantified by gPCR and pooled prior to
loading onto an Illumina HiSeq0B0 sequencer. Sequencing was carried out

using the lllumina standard protocol.

The RNAsequencing generateah average of approximately 28 milliogads
persample, each of which was 100 nucleotides in leagtifrom pairedends.

CLC Genomics Workbenclversion 6.0 software was used to remove the
adapter indexes and filter the raw reads (2.12.4.1). Taldleprovides a
summary of the number of reads attained after filtering and also illustrates the

number of reads that aligned uniquely to the referenceme for each
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replicate sampleA principle components analysis was performed to validate
the replicates (Figure-B) and the filtered reads were then mapped against the
C jejuni PT14 reference genongBrathwaite et al. 2013ccording to section
2.12.4.2. iure 58 shows RNAseqgdataat the A911_ 00150 locumr the
PT14000150:kan mutant mapped against the PT14 genome. This data was
also usedn the designof the PTL4-00150FR primers (5.2.3)Panels(a) and

(b) show reads with faded ends, which representbdgnning and enaf
where the kanamycin resistance cassettes waserted within the

37 00150:kan genome respectively This mapping also provided
unequivocakonfirmation thatA911 00150 had been successfully disrupted by

the aphA3 gene
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Table 5-5. Analysis of the RNAseq data

Condition

Original count

Number of reads after trimming Number of uniquelymapped reads

C. jejuniPT14 wildtype replicate 1
C. jejuniPT14 wildtype replicate 2
C. jejuniPT14 wildtype replicate 3
37 00150:kan replicate 1
37 00150:kan replicate 2
37 00150:kan replicate 3

27,046,844
28,227,850
23,251,450
34,455,968
27,031,598
29,370,616

12,343,573
13,127,628
6,837,881

14,792,032
12,630,072
12,769,998

10,139,255
10,552,880
3,177,087
10,336,677
9,354,104
8,674,015
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Figure 5-7. Principle component analysis of RNAseq reads.

Each C. jejuni PT14 wildtype replicate and37 00150:kan mutant

replicateare plotted on the PCprojectioncoordinatesThe PCA successfully
validates thee@ads as two distinct groups (wilgpe vs mutantyegardless of
the variation observed for the mutant reads compared to those of thigypald

on these two projections.
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Figure 5-8. C. jejuni 37 (00150:kan reads mapped against the PT14
genome.

The PT14 reference sequence is seen directly below the yellow bar to the top
of the image and all Illumina reads mapped to this sequence are coloured in
blue (paired reads), green (broken paifosward orientatn) and red (broken

pairs reverse orientatign For all reads shown, their ends are faded because
they do not match the reference sequence and were therefore not aligned.
Mismatches between the reference sequence and the mapping data are
highlighted in ré (A), blue (C), green(T) and yellow(G). In this case, the
faded read ends represent the sequence containing9the 00150¢j0031
knockoutmutation and the nucleotide changes seen in (b) originated from the
C. jejuniNCTC 11168 genome. Primers were desd in two regions where
base changes did not occur and the sequence was the same fOr @ptimi

PT14 and NCTC 11168, which would allow DNA amplification from either
strain. The figure illustrates where the insertion of the kanamycin resistance
geneaphA:-3 begins and ends, represented by panels (a) and (b) respectively, to
creae the disruption of A911 00150.
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5.2.11PT14-A911 00150egulated gene expression

The RNAseq data was processesing the CLC Genomics Workbench
packagg2.12.4.3). Rads thatmapped uniquely to th€. jejuniPT14 genome
werenormalized by calculating the reads per kilobase of transcript per million
mapped reads (RPKMMortazavi et al. 2008as a means of determining the
expression level of the genéSKH % D J J H U @hHeXfiressinyoportions
(Baggerly et al. 2003)as used to determine genes with differential expression
between the wildype and mutantTo account for multiple testingp-values
were agusted using the false discovery rate controlling methoBeofjamini

and Hochberg (1995 total of 65 genes displayed sificant changes in
their expression levelse(1.5-fold, p.g<0.05) in response to th&911 00150
knockoutmutation inC. jejuni PT14. Figure 8 shows the log(RPKM+1)
values obtained for PT14WT plotted against the equivalent values for
37 00150:kan. Up and downregulated genes are colecwdedin yellow

and red respectively.

Twenty-nine genes were activated in response toA8&1 00150deletion
mutation in PT14. A substantial number of these were found to be associated
with bacterial stress responses, including the transcriptional regtlatmas

well as chaperones and chaperomnsE, dnak clpB andcpbA Although the

heat shock proteins GroES and GroEL were found to be significantly
regulated, they fell below the fold change-ofitof 1.5, which wasselected as
significant A large numbr of genes encoding ribosomal proteins
(rpICDFNORWYX rpsE) were also caegulated In addition, genes involved in

central intermediary metabolisngl{B, gltD), amino acid biosynthesi$iéF)

236



Chapter 5

and protein and peptide secreti@e¢y were found to be upegulated byC.

jejuni PT14 as well. The most activated gene in response to the mutation was
the heat shock protein GrpE, which was just overfold higher in the mutant

than in the wildtype. The complete list of upegulated genes in response to

the A911_00150knockout mutation can be found in Appendix 7.

Thirty-six genes were dowregulated in PT14 as a result of the mutation.
Many were found to be associated with flagellar biogenesis, including a
number of putative hook and basal body structural compgen&dhe gene
encoding one of the minor flagellinBaB, was also repressed in response to
inactivation of A911 00150 in PT14. Genes involved in tryptophan
biosynthesis t(pD, trpE), degradation of amino acidput”A) and fatty acid
biosynthesisdc9 weredownregulated as well, along with a large number of
hypothetical proteins. Three genes (A911 00155, A911 00160, A911 00170)
which are located directly downstream of tieruptedA911 00150gene in

the PT14 mutant were found to be dowregulated.It is possible that the
disruption of A911 0015@as impacted on the the expression of the following
genes. Genes A911 00155 afAfl11 00160encode hypothetical membrane
associated proteins that contain penta peptide repeats. &&fe 00170
encodes amembers oktimajor facilitator superfamily thought to be involved

in secondary transport functionsThe most highly repressed gene was a
hypothetical protein (A911 00195) with a fold change of 20.6 followed by the
flagellar hook protein FIQE which was -I8ld lower in the mutant than wild
type. The complete list ofdownregulated genes in response to the

A911 0015Cknockout mutation can be found in Appen8ix
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Differentially expressed genes werenétionally assigned (Figure-1)
according to the Sanger Cen€ejguni genome database. Wpgulated genes
were placed into 11 functional categories while the dosgulated genes
represented 8 groups. The highest number of activated genes related to
synthesis and modification of macromolecules stlithe greatesinumbes of

downregulated genes wenevolved in cell envelope functions.
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Figure 5-9. Differential gene expressionn C. jejuni PT14 in response to
the A911 0015Q0mutation.

The averageolg(RPKM+1) value for ach gene inthe PT14 genomewas
calculated and plotted in the graph above ftre PT14WT and
PT14000150:kan isolates using RPKM values for 3 biological replicates.
Significantly differentially expressed genesel(5-fold, *p,<0.05) are
highlighted in yow (up-regulated) and red (dowmnegulated).

*Pag<0.05 *corrected pvalue representing a false discovery rate of <5%
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Figure 5-10. C. jejuni PT14 genes differentially expressed in the

37 00150:kan mutant compared to wild type, ordered by functional

category.

Individual genes that were found to be greater than 1.5 fold differentially
expressed, are represented using a Circos diafikanywinski et al. 2009)

with each gene represented and coloagled according to functional class
(Parkhill et al. 2000; Gundogdu et 2D07)as follows: 1A, Degradation; 1C,

Central intermediary metabolism; 1D, Amino acid biosynthesis; 1G,
Biosynthesis of cofactors, prosthetic groups and carriers; 3A, Synthesis and
modification of macromolecules; 3B, Degradation of macromolecules; 3C,

Cdl envelope; 4A, Transport/binding proteins; 4B, Chaperones; chaperonins,
heat shock; 4E, Protein and peptide secretion; 5G, Antibiotic resistance; 5H,
Conserved hypothetical proteins; 51, Unknown; 6A, Miscellaneous;.
Differentially expressed genes areddbed by locusag on the outer circle in

UHG W\SH IRU LQFUHDVHG H[SUHVVLRQ LQ WKH 37
wild type PT14 or black type for decreased expression. Histograms in the
central rings represent the fold change with increased expressidine

37 0 NDQ PXWDQW FRPSDUHG WR ZLOG W\SH U
reduced expression represented by black bars. Scale indicated by grey circles
with values greater than 10 fold truncated so bars touching the inner ring

represent a fold chaegf greater than or equal+b0.
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5.3 DISCUSSION

In C. jejuniNCTC 11168, the phase variable gej@31 encodes a Type IIS
R-M system. The homologue of this geneQnjejuni PT14, A911 00150, is
not phase variable bulisplaysan overall76% amino ad identity to Cj0031
(Figure 51). After successful transformation to prodalce 37 00150:kan
mutant, bacteriophage propagation wasaminedwith this strain using a
selection of group Il and IICampylobactemphages.Interestingly the EOP
resultsfor propagatioron the wildtype was notwhat would be expected for a
restricting hos andcontrary tofindings reported for phaglost combinations
in other species. Functional tests weagriedout to assess motility, adherence
to and inasion of human cells and coloai®n ability in vivo. Phenotypic
differencesbetweenthe wildtype and mutant were observedr all tests
performed In addition, examination of gene regulation in PT14 revealed that
A911 00150 plays a regulatory role within this strain ardfluences

expression of key genes. Thekda sipport the phenotypic findings.

5.3.1 A group of bacteriophagesppears torequire A911 00150

for replication

The plague forming ability of a large number of the bacteriophages teated
reduced in the absence AP11 00150(Table 51). It has previously been
found that the efficiency oplating calculated for phages grown on a -non
restricting host was close to 1 wdtigrowth on a hostontaining a functional
restriction systenthat recogniseand restricts unmodifiedacteriophage DNA
was lower(Arber & Dussoix 1962)However, the findings of the current study

provide a mechanism that is different to what has previously been established
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as the EOP values for bacteriophaggsopagatedon the wild-type, which
should act as a restrictirgst if its RM system is functional, were calculated
to be 1 while values for those grown on the mutant, arastmicting host, were
lower than 1 (Table ). This suggests tha class ophages replicate more
efficiently in the presence of ¢htype Il R-M system represented by

A911_0015Gn PT14

5.3.2 Unmodified bacteriophages were not restricted by PT14

Under normal circumstances a particular bacterial host strain will be infected
with phages that carry the straspecific DNA modification producely that

host. Asthe majority of the phages tested were originally propagate.on
jejuni PT14, they would have already been modified for the associated
recognition sequence and were therefore equipped to escape restriction. It was
however interesting tesee that bacteriophages CP8 and CH3it were
previously propagated aaiternativehost strains, namely NCTC 11168, NCTC
11168H and HPC5, were able to escape restriction and successfully infect and
lyse PT14 cells, producing either confluent or seomfluent growth on both

the wild-type and mutant strains (Tablel} Thismay suggesthat the PT14

R-M systemcould be inactive against these two phages as thetyd strain

was unable to restrict them. This may alswmply that these phages do not
possessrestriction recognition sites for A911 00150 This finding also
illustrates that the Type | Rl systempresentin PT14 (3.2.8) may bealso

inactive againsthese unmodified phages
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Some bacteripphages can escape bacterial restriction by reducing or
eliminating the number of recognition sites present in their genome or by
changing the orientation of the recognition sequeficebrie et al. 2010;
Samson et al. 2013However,Hill et al. (1991)were the first to report of a
system where phage could escape restriction via genetic exchange between
phage and bacterial host. They showed that phage ZDV DEOH WR PHWK
its own genome and escape restriction by lactococcal strains because it
acquired the amino domain of the type II methyltransferddal by
recombination with the plasmid pTR203@Gimilarly, a putative DNA
methylaseand a hypoth&tal protein noted to be similar to a putative
methyltransferase in phage NCTC1267ave beendentified in phage CPS8,
therefore making suclan occurrence possible with this phage. However,

methylase genes hawet identified in phage CP30A

5.3.3 Inactivation of A911 00150in C. jejuni PT14 leads to loss

of motility , adhesion, invasion and colomation ability

Previous colonigtion studies have shown that flagella play a major role in the
ability of C. jejuni to coloni® the gut of chickengNachamkin et al. 1993;
Wassenaar et al. 1993j)ice (Morooka et al. 285; Newell & Mcbride 1985)
rabbits (Caldwel et al. 1985; Pavlovskis et al. 199ahd hamsterg§Aguerc
Rosenfeld et al. 1990)A study with human volunteers also found flagellar
motility to be important in human diseaé@lack et al. 1988) Similarly, in

vitro studies have suggested that flagella play a role in adhe(Blegeell &
Mcbride 1985)and invasionWassenaar et al. 1991; Grant et al. 1993; Yao et

al. 1994)of human epithelial cells.
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The A911_00150deletion mutationin C. jejuni PT14 caused a significant
decreasén the ability of the mutant to swarm on motility agar compared to the
wild-type strain (Figure 8). Inactivation of this gene in PT14 also caused
hypoadherence to HGA cells by almost -3old (Figure 55). However,
complementation restored the wilgpe adhesion phenotype confirming that
the absence of this gene was responsible for the decrease in adherence to the
HCA-7 cell monolayer. Similarly, invasion of HGA cells by
PT14000150:kan decreased by almostf@dd compared to the wildype and
complematation restored wildype invasion efficiency (Figure-6). This
therefore suggests that tA811 00150gene in PT14 is important for invasion
of human colonic cells. The ability of the mutao coloni® chickens was also
tested using three different amntrations of PT1400150 inoculum. The
results showed thalhe mutant was unable to coloaithe chicken gut while the
wild-type was successful in doing so. Again, this illustrates that inactivation o

this genes affects the coloai®n ability ofC. jejuniPT14.

5.3.4 Stessresponsive and ribosomal protein synthesis genes

were up-regulatedin response toA911 00150mutation

A very specific set of genes wemactivated in response to tA®11 00150
deletionmutation in PT14. The most notable gene clusters to begudatel
were thehrcA-grpE-dnaK operon, along with cahaperoneslpB andcbpAas

well as a large number of ribosomal proteinpIEDFNORWX rpsE).
Molecular chaperones within bacterial cells are known to promote efficient
folding of newly synthesised polypepeisl and allow their translocation, while

ensuring the stability ofle novofolding under conditions of stress and the re
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folding of denatured proteins following exposure to st(efsstl & HayerHartl

2002) Chaperone activity of ClpB i&. coliwas investigated b¥olkiewski et

al. (1999)who found that this heat shock protein worked with the DitaiaJ

GrpE system to qpress and reverse aggregation aofluciferaseprotein
substrate. It was later shown that the DnaK system possesseddasrelent
aggregation mechanism whereby small protein aggregates could be readily
dissolved and refolded into active proteins whidegke aggregates required the

catalytic action of ClpB and ATEDiamant et al. 2000)

Many chaperones are known to beregulated in response todieshock or

any other condition that causes ffosding of cellular proteins. It therefore
appears that inactivation 8011 00150n PT14triggered protein migolding

which then caused an increased need for the chaperones to function and for
new proteingo be synthesised. As a result;tggulation of the stress response

genes and the ribosomal proteins occurred.

5.3.5Flagellar biogenesis genedown-regulated in response to

A911 0015Q0mutation

Severalstructural genes required for flagellar biogenasisC. jejuni were
found to be negatively regulated in response toA®&1 00150mutation in
PT14, including those involved in formation of the filameffaE and flaG),
hook (IgE, flgE?2, flaD andflgK) and rod flgB, flgG, flgG2, flgH andflgl,).
Regulaion of these genes supports the findings of decreased motility of the
mutant as well as hypoadherence to and reduced penetration o7 HiGman

colonic epithelial cells.
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In C. jejuni,regulation of expression of a number of flagellar genes is known to

be controlled by the twaalternative sigma factorpoN 1% andfliA 1¥)

(Guerry et al. 1991; Hendrixson et al. 2001; Jagannathan et al. 2001;
Hendrixson & Dirita 2003; Carrillo et al. 2004 owever, he pimary sigma

| D F WRWbsten et al. 1998kncoded bypoD, plays a role in housekeeping

functions. Flagellar structural genes are temporally transcribed in the order in
which the proteins are required for assembly of the flagellum, ending with
production of the structural protein, flagelliMacnab 1992; Macnab 1996;
Soutourina & Bertin 2003)Early genes which are needed for assembly of the

basal body and flagellar export apparaare FR QW U R G°profoté&rs 1
(Petersen et al. 2003Howeverlate genes, such as those required to complete
DVVHPEO\ RI WKH KRRN DQG EDVDO °ERGOIFRPSOH|
ZKLOH H[WHQVLRQ RI WKH I@f@rdrhb(él@(B(d?ldMorFERQWURO
al. 2001) 7 K Pf-agsociated transcriptional activators, FigR and FIgS, may

also be essdial for regulation of flagellar gene expressi@agannathan et al.

2001; Hendrixson & Dirita 2003; Boll & Hendrixson 2013h addition, the
transcriptional regulator FigM is an anti IDFWRU SURWHL® ZKLFK |
dependent transcripticandhas an important role to play as w@No6sten et al.

2010)

All of the flagellar genes that wemrepressed in response to &@l1 00150
deleton PXWDWLRQ LQ 37 > cdritrd), hviti (DeSetdeption dfaG
ZKLFK UH®Xd iitiate ttanscription. All three sigma factors were
expressed at similar levels in the wilgpbe and mutant. The major flagellin

encoding gendlaA, which also requ H V *’Dpromoter, was significantly
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downregulated but did not meet the fold change-affitof -1.5 fold.
Jagannathan et al. (200previously found that expression of FlaA was
UHSUHVVHG ZKHQ JHQHRgROWeE hat BxpresSedEandlthis is

similar to whatwas observedn the 37 00150:kan mutant. On the other

hand, Hendrixson & Dirita (2003)ound that transcription ofiaA remained

unaffeced in flgDE2 mutants whilélaB gene expression was significantly
UHGXFHG 7KH\ DOVR IRXQ%&depenbdut taHsBripioh WWL.R Q R |

flgM.

5.3.6 Possible effect of HspR transcriptional regulator

It has previously been reported that inactivation of the negative transcriptional
regulator for heat shock gendspR resulted in increased expressiordoakK

grpE, clpB and hrcA along with dowrregulation of many flagellar structural
genesflgD, flgE, fIgEZ2, flaA andflaB) (Andersen et al. 2005Y hey also found

that the hspR mutant displayed reduced motility, showed chesgin
morphology compared to the witgpe and there was a decrease in its ability to
adhere to and invade human epithelial 87cells in vitro.Holmes et al.
(2010)also obtained similar findings when they deleted ot andhspRin

C. jejuniNCTC 11168. These results overlap considerably with what has been
seen for the PT1d00150 strain. This may therefore suggesthdt the
A911 00150genecould beinteracting in some way with HspR in PT14.

However the expression level of this gene remained unchanged.
5.3.7The A911 00150 genis important for pathogenesis

Kim et al. (2008)looked at the role of the putative methyltransferase gene

cj1461in gene regulation and virulence @ jejuni. They found that mutation
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of this gene caused a significant reduction in motility and resulted #ol 7
increase in adherence to but aféldl decrease in invasion of INA07 human
epithelial cells. Theylso found that thej1461 mutation caused a defect in
flagellar appearancand suggested the potentialagf461-regulated epigenetic
control of flagellar biosynthesis. Several studies have also demonstrated that
inactivation of genes encoding flagellstructural components, such #gA

and flaB, resulted in reduced motility which led to changes in adhesion and
invasion efficienciefWas®naar et al. 1991; Grant et al. 1993; Yao et al.
1994) Wassenaar et al. (199fgund that expression dfaA but notflaB was
necessary for motility and that nomotile C. jejuni had lost their abity to
adhere to and invade human intestinal caflsvitro. Other studies have
suggested that the presence of adhesins such as CadF, JIpA and PEB1 are
important forC. jejuniadherence to and invasion of human epithekdls and

for intestinal coloniation (Konkel et al. 1997; Pei et al. 1998; Jin et al. 2001;

Monteville et al. 2003)

Inactivation of the A911 0015@enein C. jejuni PT14 cased changes in
several properties related to pathogenesis andlevice such as motility,
colonisation and adhesion to and penetration of human epithelial cells. The
reduced expression of the flagellar biogenesis genes is therefore likely to be
responsiblefor these changes in phenotypes observed. This suggests that
althoughC. jejuniPT14 does not possess a Dam methyltransferase homologue,
there appears to bA911 00156€regulated epigenetic control of flagellar

biogenesis.
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Chapter 6 : Synopsis
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6.1 GENERAL DISCUSSION

C. jejuni is a primary cause of human bacterial gastroenteritis worldwide.
Consumption of antaminated poultry meat is consideteceone of the main
sources of infectionWith the increasingemergence of antibiotigesistan
Campylobacterisolates, he use of virulent bacteriophag¢o reduce this
pathogenn poultry is a potential biocontrol strategdlgat couldlimit its entry
into the human food chailo helpachieve thisa better understanding tfe
mechanisms involved iphagehost inteactions particularly at the molecular
level, is important The main objective of thistudywasto thereforeexamine
suchinteractions betweeampylobacterand itsvirulent phagesThis was
achieved by investigating the transcriptional respons€.ofejuni to phage
infection as well as examining the role of a Type {MRsystem during phage
infection of CampylobacterThe highly phagesensitiveCampylobactestrain,
C. jejuniPT14 was selectefbr thisstudyalong witha number of group Il and

[l bacteiophagegEucampyvirinag

The genomef C. jejuniPT14was firstly characterisedt the nucleotide level
andexamined fopossible reason® explainthe susceptibility of this strain to
phage infection based on its genome content and arrangehiewever,
despite the nature dhis strainto be more vinerable topredationby a wide
range ofCampylobactebacteriophages compareddtherC. jejunistrains the
genomeanalysisidentified no obvious mechanisms that could explain this
phenomenonin fact, several featureselated to bacterial defeneeere foundo

be presentincluding multiple RM systems an intact minimal type Ikc

CRISPRcas systemcontaining Casl, Cas2 and Cas9 protaissvell asthe
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presence ohomopolymeric tract repeatBat constute phase variableegions
within genes that have the potential to impact on bacteriophage replication
BLAST searche®f the spacer regions of th&r14 CRISPR arrayfound no
obvious nucleotide matches to phage or plasmid DblA insteaddentified
matcles to the PT14 chromosoraad sequences of oth@r jejunistrains This
suggests that nphagederivedprotospacer sequences have yet been integrated
into the CRISPRsystem of PT14. It was therefore not surprising &éxtosure

of C. jejuniPT14 to 60 viulent bacteriophagess part of this studygesulted in

only 15% of the phagebeing unable to form plaquesvhich includedthe
group Il phage CP22@Timms et al. 2010and a number of the UK typing
phageqFrost et al. 1999)However, there &wsno obviousrational to explain

the resistance of PT14 thesephages compared to the athe

Examination of theranscriptionalresponseof C. jejuni PT14to infectionby

the group lllphages CP30A and CP&habled hosphage interactions to be
explored immediately prior to host cell lysis. The mechanisms required by the
phage as they rede&cted host metabolisfar successful production of progeny
were examined, along witthe physiological state of the hosthe results
reveaéd coordinate changes in host gene expression in response to phage
infection However,despite similarities betwedhetwo phage genome€PX

had more of a measurable effect on host gene transcription than GR30A
almost five times more genesredifferentially regulatedThis may have been
solely due to the length of time the phdgfected cells were able to grow
before cell lysis occurred because the GRcted PT14 population crashed

one hour later than the CR3tfected population.
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The phageanfected host transcriptome wasnsistent with that of an iren
limited aerobic environment In response to phage infexmti there was up
regulation ofseveralgenes that werg@reviously found to beup-regulated
during iron limitation(Palyada et al. 2004; Holmes et al. 2005; Butcher &
Stintzi 2013) These includedenes encoding produatslated to siderophote
basediron acquisitionsystemssuch asthe ferrienterochelin ¢frA, celBDE)
(Palyada et al. 2004haem ¢huABQ (Ridley et al. 2006)transferrin ¢fopBC)
(Miller et al. 2008) and rhodotorulic acid A911 07990¢j1658
A911 0799519,  A911_(BOOQ  A911_080®B, A911 08010 and
A911 0801%¢j1660-cj1663) uptake systemsUp-regulation of these iron
acquisitiongenesin response to bacteriophage infection@fjejuni PT14 is
consistent with the model of Fur as a transcriptional repressoroof
acquisition genesduring ironrreplete conditionsThe results therefore suggest
that the Fur proteinin its irondissociated apoFur form derepressed
transcription of thaeron acquisitiongenes in whatvas perceivedo be iron
limited conditions.The upregulation of a number of oxidativstressdefence
genes (katA, perR sodB A911 0272Kj0559 A911 0673%cj1386,
A911 0802(cj1664 and A911 0802%cj1665 and downrregulation ofseveral
flagellar biogenesigeneqflaB, flaD, flaG, flgB, fIgE, flgE?2, flgG, flgG2 flgH
flgl andflgK) in response to phage infectiovere also indicative oapoFur
gene regulation(Palyada et al. 2004; Holmes et al. 2005; Butcher & Stintzi

2013).

The generalpatternof downregulated gene expression was consistent with

what would be expectedor an aerobic envinement There was strong
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repression of genes associated with a number of anaerobic electron transport
pathwaysthat utilise alternative electron acceptors ygen An increasen
oxygen availability ould also explain the increased transcription dhe
oxidative stress defence gereess well as upgegulation ofthe NO-respon/e
haemoglobins, Cgb and Ctlwhich have previously beefound to be up
regulated in esponse to the presence of oxygdfonk et al. 2008) The
increased demand rfaron and oxygen during phage infection of PTdds
thought tohave occurred as a consequence ofrélaleiction of ribonucleotides
W R | R ddébxyrfbonucleotidesduring phage replicationThis process is
solely catalysed by the enzyme RNR, which requires and oxygen during
formation of a reactive dron tyrosyl radical cofactor (. ¥ beforeinitiation

of the nucleotide reduction process.

Based on the RNAeq data, it does not appear that host defence mechanisms
werecompletelydisabled byeitherphage. Instead, upegulaton the CRISPR
associatedas2 gene (A911 07325), the gene encoding a member of the Type
| R-M system of PT14hsdS(A911 07470) as well as genes encoding an
adenine specific (A911 01010) and ssgecific DNA methyltransferase in
response to CPX infection suggest a possible attempt by thedhdefend

itself against the incoming threat. Howevier response to infection by either
phage, there was tnqegulation of the gene A911 069&8421¢ which was
previously found to encodepmoduct thatvasidentified asa specific target for
bacteriophage F336 (Sgrensenal., 2011). Therefore, if CP30A and CPX

utilise this target, the phages may have counteracted the effort of the host to
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up-regulate their defence genes by increasingotssibility of them adsorbing

to this potential host receptor.

To conclude this study, putativetype lils R-M system inC. jejuni PT14
encoded by A911_0015@vas examined during bacteriophage infectidhe
nearest homologue to this gene@n jejuni NCTC 11168 cj003], is phase
variable and can therefore reversibyZ LW FK 3R Q" De&x@esdian lof W KH
the reading frameHowever, although A911 00150 is not phase varjable
BLAST searchshowedthat there i998% sequence identity tthe N-terminal
endof cj0031and 90% identity tats C-terminal endAn A911 00150 deletion
mutant wasconstructed by naturally transforming PT14 usganomic DNA
from the knockout mutantl & 7 & cj0031::kan The plaque forming
ability of a number of selected phages wasndetermined in the presencedn
absence of A911 0015The results revealedrmechanism that is different to
what has previously been established because the phagesllyappeared to
replicate more efficiently in the presence of this type-MRystem.The EOPs

for bacteriophages propagated on the syfde, which was assumed tovea
functional RM system that auld recognise and restrict phage DN&ere
calculated to be .1In addition, phages that were previously propagated on
alternative hostsind therefore should not have been modified to enable their
escape from the # system, were not restricted by PT14 and instead formed
plagues EOPscalculated for phages propagated on the muiame less than

1, despite this host expected to d@onredricting hostdue to deletion of the
A911 00150 gene, which should haalowed the phages to replicate and

therefore form plaque€OPs previously reported for phages propagated
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hostcontaining a functional restriction system wéyever than 1whilst in the
presence of a nerestricting host, EOPs were calculated to be close(folder

& Dussoix 1962) The results of the current study therefore suggest that
A911 00150 inC. jejuni PT14 may not be fuctional, but the data do not
provide a rational for the low plaque forming ability of the phages in the
absence of this type II-Rl system. Perhaps anotherMRsystem or underlying

mechanism was responsible for the observed outcome.

Functional tests wereonducted to assess the effect of the A911 00150 gene
deletion in C. jejuni PT14 Significant changes(p<0.05) were observed
between the wildype andPT14000150::kan mutanin several properties
related to pathogenesis andwénce such as motility, cmisation as well as
adhesion andnvasion of human epithelial cellsComplementation of the
mutant was able to restore the wilghe phenotypdor motility as well as
adhesion and invasiaosf human cells. The transcriptional respons€ ofejuni
PT14 toinactivation of the A911 00150 gene was also investigated. It was
found that A911 00150plays a regulatory role withi®T14 and influences
expression of key genemvolved in stress response, ribosomal protein
synthesis and flagellar biogenesi$esedatasupport the phenotypic findings
and in particular, downegulation of the flagellar biogenesis gends
consistent withsome ofthe differencesobservedin phenotypesetween the

wild-type and mutant

In conclusion, the findings presented in this thepiovide a better

understanding of theateractions that occur during bacteriophage infection of
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CampylobacterPhage infection of bacterial cells g&enerallyknown to cause
changes in the functioning of host cells, along with modifications during
transciption and translation.This studyidentifies the regulatory mechanisms
involved during phage infection d@ampylobacter and provides a base to
determine how such mechanismsy impact survival or escape from phage
predation These findings will also canbute to the growing research involved
in bacteriophage therapy in an effort to control this important -fuwrde

pathogen.
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6.2FUTURE WORK

Due to time constraints, it was not possible to complete all aspects of this work.
Although ¢randspecific segencing wasapplied toboth of the transcriptome
studies conductedwithin this thesis the presence ofovel transcripts and
antisense transcription withi@. jejuni PT14 were not extensivelgxamined

and were therefore not reportdd addition, subsequento the work in this
thesis being carried outhe transcriptomgof uninfected and phagafected
PT14 vwerereanalysed using a dRNg#eq approach to enable identification of
host and phagspecific TSSs.Once processed, these datifl likely provide

an nvaluable contribution to the current findings.

Experimental validation of theexpression patterns identified by the
transcriptome dat&dom Chapters 4 and & still required This will likely be
performed using quantitative reverse transcription PCR-PCR) on
remaining aliqudag of the total RNA that was used for the RNgeq analysis.
Primers will be designed to amplify genes that displayed an increase, decrease
or no change irgeneexpression levels between the uninfected and phage
infected culturess well as the PT14 wiltype and PT1400150::kan mutant

strains

Finally, bacteriophage infection of @. jejuni PT14 Furdeficient mutant
should be investigated since the transcriptome data suggestsgllation of
key genes that were differentialiyxpressed between the uninfected and phage

infected cultures. These results would supplement the findings of the current
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study andalso highlight the importance of the Fur protein during phage

infection ofCampylobacter
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