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Abstract

Helicobacter pylois an important and prevalent human pathogen presentin approximately 50
22 2F GKS g2NIRQ& LIRLIz F GA2y T OFdzaAy3a | NI y:

gastic ulcers to gastric carcinoma and gastric mueassociated lymphoid tissue lympham

(Hooi etal. 2017 Huang etl. 2002 Kuipers et al. 1995 Treatment of this pathogenic bacterum

is becoming increasingly cleiging due to the increasinlevels of antibiotic resistance

worldwide (Malfertheiner et al. 2017 Savoldi et al. 2038 To effectively treat this bacterium,

local resistance rates must be known étinicians tcadminister the appropriate antibiotics for

the highest chace of eradicatior{fMalfertheiner et al. 201y Within New Zealand (NZ) there is

a lack of data on antibiotic resistance ratesldevels, as well as a lack of knowledge on the

genomic mechanisms causing resistance. This study aimed to increase the understanding of the

levels of antibiotic resistant strains &f. pyloriin NZ, as well as elucidate the underlying

mechanisms causirrgsistance.

FiveH. pyloristrains (A, B, C, D, and E), provided by Middlemore Hospital (Auckland, NZ) from
patients undergoing gastroscopy were subject to antibiotic susceptibditirig, phylogenetic
analysis, and comparative genomic analysis to datee their resistance profiles, genomic
relationships, genomic characterisations and to identify known and novel mechanisms of

resistance.

Antibiotic susceptibility testing was perfmed using two methods, thouse using disc diffusion,
and by MiddlemoreHospital usingEpsilometertest (Etest) strips. Irhouse testing was
unsuccessful. Results obtained from Middlemore Hospital were usedetermine the
resistance profiles of each isbes. Each isolate was tested against commonly used antibiotics
in treatment ofH. pylorinfections clarithromycin, metronidazole, amoxicillin, and tetracycline.
One isolate (A), was sensitive to all antibiotics tested, two isolates (B and E), wetantdsis
clarithromycin and metronidazole at > 2563 k ¥dch, and two slates (C and D), were
resistant to only clarithromycin at 24 3 k anfl 1> 3 k, Yegpectively. Isolate D did not survive

the experimental process and was riovestigatedurther.

Sanger sequencing was initially used to sequencel@®rRNA region to pvae preliminary
sequencebased identification of the four remaining isolatesCfand E). Phylogenetic analysis

was completed using the 16S rRNA gene, MLST genes, and PhyloPhlAn2 (400 genes) extracted
from lllumina based sequencinf@ach isolate (AC arl E). The relationships of the isolates (A

C and E) were assessed with a dataset of 155 complepglorigenomes. The 16S rRNA gene

and MLST genes highlighted the genomic diversity ofHhpylorispecies and identified each



isolate (AC and E) as sefe strains, likely arising from different sources. Also using the draft
genomes, a phylogenetic analysis using PhyloPhlAn2 was employed using which increased the
resolution of the trees but stilllacked enough sequence informatiatetcipher the interspees
relationships of the dataset. However, the closest relatives to each isola §éAd E) were
identified from this dataset using the nucleotide sequence PhyloPhlAn2 tree and used for further

analysis.

The draft genomes of isolas AC, and E, were s used for comparative genomics with their
respective closest references. Characterisation of the genomes showed similar characteristics to
otherH. pylorisolates. Comparison of the genomes to identify known mechanisms of resistanc
showed that the A214G mutation within domain V of the 23S rRNA gene, conferring
clarithromycin resistance, was only present in isolates B afldegdR16Hamino acid substitution

within RdxA suggested to be involved with metronidazole resistance, wag olentified in

isolate B. Efflux pumps HefABC, HP1181, and HP1184 were identified in all isolatasd A)

and may be a common mechanism of resistance amongst all isolates, howevesyfudik is
required to establish their role in antibiotic resastice. The search for novel resistance
mechanisms using CARD and OrthoVenn2 identified a major facilitator superfamily (MFS) efflux
protein and an outer membrane protein (OMP) identified onlygsistant isolates (B, C, and E),

which are of further interesto elucidate their potential involvement in antibiotic resistance.

Overall, these results suggest that both clarithromycin and metronidazole resistanpgreseat

in NZH. pyloristrains. Autibiotic resistance appears to develop independently and thioug
different methods based on the phylogenetic methods employed in this study. None of the
resistant isolates (B, C, and E) shared one common mechanism of resistance, however, the
presence of &lux pumps, in both sensitive (A) and resistant (B, C, anttdi)s suggests that

this mechanism may play an important role in resistance. More work is required to fully

elucidate the role of efflux pumps and the two novel proteins in antibiotic rasist. pylori
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Chapter 1Generalntroduction and.iterature Review

1.1 Gereral Introduction

Antibiotic resistance is an increasing worldwide issue affecting people from all socioeconomic
backgroundgLaxminarayan et al. 20L6Naturally occurring resistance is hastened by the
continued overuse and ipuse of therapeut drugs and through the transfer andoaasition of
resistance gene@.axminarayan et al. 201L.6T'he impact of antibiotic resistance extends beyond
the inability to treat infections to the economic straingtits on health cee systems; and the
effects on patients and their famili€slaylor et al. 2019Shrestha eal. 2018. It is therefore of
utmost importance to understand and control the spread and development of antibiotic

resistance.

H. pylorisfounds 2 Nt R6 ARS S | yR | LIINREAYI (8t & pwith:z 27F
this pathoger(Hooi et al. 201} Infection can lead to acute and chronic gastritis, peptic ulcers,
non-ulcer dyspepsia and in severe cases, gastric carcinéang et al. 2002Kuipes et al.

1995. Treatment options for these various clinical outcomes of infection vary in different
countries (Chey and Wong 2007 The most common firdine treatment option is a triple
therapy containing a proton pump inhibitor (PPI) and two antibiotics (e.g. amioxicill
clarithromycin, metronidazole and levofloxacin). Other optionsinclude quddrapntaminant,
sequential and hybrid therapies withingilar antibiotics (Chey and Wong 2007 Choice of
treatment depends on a variety of factors but of increasing importance are the les@kance

rates to firstline treatment antibioticfMalfertheiner et al. 201y

The World Health Organisation (WHO) has identifiedpylorias a high prioritypathogen
requiring new antiotics for treatmentTacconelli et al. 20)8 Resistance rates vary globally
but a severe increase has been observed in somas{6avoldi et al. 2038 High restance is

seen with clathromycin and metronidazole, where highest resistance is 34 % in Western Pacific
regions and1 % in African regior(Savoldi et al. 2018 Levofloxaci resistance is highest in
Souheast Asia at 25 %, whereas amoxicillin and tetracycline loaweelsistance of under 15 %;
exceptin Africawhere resistance for Amoxicillin is 3&&toldi et al. 2038 This global increase

in resistanceto crucial antibiotics has a direct impact on the successful eradication and

treatment ofH. pylorinfections(Park et al. 2016

Within New Zealand (NZM. pyloriinfection and antibiotic resistance rates are severely
understudied, with only three publicly available studies on antibiotic resigtargylorin NZ

(Ahmed et al. 2004Fraser et al. 1999Hsang et al. 203). This gap in knowledge provides an



essential research opportunity to further understand the rate of resistance to essential

antibiotics and the underlying mechanisms of resistance withipyobriisolates from NZ.

Understanding the mechanisms behimgveloped and acquired resistance kh pyloriis
important to help develop alternative treatment regimens. Discovery and awareness of these
mechanisms of resistance has been made easier througjheghid development cfomparative
genomics.Comparative gnomics is the science of comparing whole genomes or genomic
features of different organisms. This approaidentifies similarities and differences of the
examined genomes and may also be utilisedurther the understading of the biology of
individual gnomegWeietal 2003. Previousstudies orantibiotic resisant organisms such as
Acinetobacter baumanrdind Klebsiella pneumoniagave utilised comparative genomics to
identify specific genes that confer antibiotic resistance boh@ have been carried odor H.
pyloriin NZ(Adams et al. 200&umar et al. 2011

Increasing antibiotic resistance worldwide is an important awdgoing issue that requires
urgent attention. With the high infection rate and potentiafigvere clinical outcomes f.
pyloriinfections, coupled with its increasing worldwide resistancd anderstudied nature in
NZ, shows that this pathogen is an ionant organism to study. The purpose of this thesis is to
increase the knowledge ofiechamsmsassociated with the increasing antibiotic resistancelof
pyloriin NZ using comparative genonaicalysis. The aims of this project are listed below and

can beviewed inFigurel.1.

1.2 Research Questions aAdimns

Research questiorRQ1: What antibiotcs areH. pyloriresistari to and at what concentrations?
Aim 1.1: To determine what antibioti¢s pylorare resistant to.

Objective 1.1.1: Disc assays dfpkilometetest (Etest) minimum inhibitory
concentration (MIQ strips of different antibiotics will be placed onto agar
containing differentH. pyloristrains. Zones of inhibition will be measured and

recorded.

RQ2: Whais the phylogenetic relationship between antitioresistant and sensitiviel. pylori

determined in research question 1?

Aim 2.1: To examine the 168osomal ribonucleic acidRNA) phylogenetic relationship

of antibiotic resistant and sensitivé. pylai.



Objective 2.1.1: Sequencing of the 16S rRNAegeill be used to create a

phylogenetidree of known isolates and related reference sequences.

Aim 2.2 To obtain the genome ahe resistant and sensitive isolates and create a

phylogenetic tree using®loPhlAn2.

Objective2.2.1: Genome sequencindReoxyribonucleic acid@NA extractions
of appropriateH. pylorisolates will be performed. Extractions will then be sent

for whole genome sequencing (WGS).

Objective 2.2.2: To use the genome obtained inechiye 2.2.1 to create a
phylogenetic tree using HyloPhlAn2 with other known complete geme

reference sequences.
Aim 2.3: To determine the multilocus sequence type (MLST) profile for each isolate.

Objective 2.3.1: To use the genome obtained in objecth2.1 to identify
relevant MLST genes andmplete MLST analysis.

Aim 2.4: Comparison 46S rRNA and whole genome phylogenies.

Objective 2.4.1: Phylogenetic trees created from aims 2.1 and 2.2 will be
compared to observe relationships betweenresistand sensitive isolates and

reference sequeces.
R(@B: What is the genetic basis of the is&nce identified in research question 1?
Aim 3.2: To identify any genomic variations between sequenced genomes froaim

Objective3.2.1: Comparative genomicdVGS data will be analysed using
comparativegenomics of resistant and susceptible strahkl. pylorto identify

differences in gene order, gene content and mutations

Aim 3.3: To predict antibiotic resistance of compléie pylorigenomes using the

resstant genes and identified in aim 3.2.

Objective 3.3.1: Search for genes identified m&.2 among a compiled list of

completeH. pylorgenomes.
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1.3 Literature Review
1.3.1 Helicobacter pylori

In 1983,Warren and Marshall (1983published their papewn the discovery adnunidentified,
curved bacilli presentin patients with active chronic gastritis. A secapdpublished in 1984
detailed the classification of this unknown bacteria into the geGasnpylobacteand showed
that the bacteria was pres# in most patients with activehronic gastritis, duodenal ulcers
and/or gastric ulcergMarshall and Warren 1984 The epithet ofCampylolacter pyloridisto
describe this spiral shaped bacterium, was revise@ampyldacter pylorin 1987 (Marshall
and Goodwin 1987

AlthoughC. pyloriwas observed in most patients with gastritis and peptic ulcer disease,
confirmation of the aetiological role of this organism was still required. A volunteer, Dr Barry
Marshal, who showed normal signsf gastric mucosa and gastric pH, ingesadide culture of

C. pyloriAfter three days symptoms of gastritis ensued and after eleven days antral and fundal
biopsies revealed histological gastritis a@d pyloriwas cultured(Sobala et al. 1991 This
experiment esablished the aetiological role of acute upper gastrointestinal illness and acute
antral gastritis taC. pylor(Marshall 2008 Morris and Nicholson 1987Sobala etal. 1991

Taxonomt classification originally pladehis bacterium within theCampylobactegenus, due

to similaritiesin morphology atmospheric requirements and DNA base compositidarshall

and Warren 1984 However, it was noted that the presence of four sheathed flagella was
outside the norm of Campylobacterénalysis of thd 6SrRNAgenedemonstrated thaC. pylori
was rot related to the Campylobactegenus due to itsdifferential grouping from other
Campylobactespeciesbut was more closely related td/olinella succinogendfRomaniuk et

al. 1987. This analysjsalong with further chemotaxonomic properties that difesdfrom the
genusWolinellaand closely related taxa, resultedtime reclassification of this organism into a

new genusHelicobacterwith H. pylorias the type specig&oodwin et al. 1980

1.3.1.1 Morphology

Morphologically, thisGram-negativebacterium has two foms;aspiral shaed rod (spiral) and
coccoid(Wang et al. 199. The bacteria are first noted as curved rods orsBaped profies

with two to three curves, approximately Ombicrometres & g A RS | Y R (FgurelY f 2 y =
A and B)Geis et al. 1989Goodwin et al. 1985bJones etal. 1985During &g and exponential

phase of growthH. pylorare primarilyspiral shaped, bwever, the death phase shows primarily

coccoid morphologyfFigurel.2 C and DfWorku et al. 1999



Although spial shaped bacilli are the more mteminant morphological form afi. pylorifound

in the stomach, coccoid forms have also been identi{igdan et al. 19940gata et al. 1993

The coccoid forms of the bacteriaeamnable to be culturedn vitrobut are able to be induced
through placingH. pyloriunder physical or chemical stresses such as the introduction of
antibiotics, an aerobic environment, tgmerature changes, pH changes, extended incubation
and nutrientavalability (Bode et al. 1993Kusterset al. 199). Morphologicakransformation

into coccoid shapsK & 06SSy LINPLIZASR & (KS (KMsteysktBISa i1
1997. However, other studies have shown that the coccoid form i@ated with cell
adaptation in suboptimal conditions andllows the bacteria to enter aable but not culturable
(VBNC) statAzevedo et al. 2007Cellini et al. 1994Willén et al. 200p It has therefore been
proposed that this highly adaptable bacteria has threemwallular typesthe spiral form that

is virulent, able to replicate and induce inflammation; the VBNC coccoid fornisthaableto

be cultivated on solid mdia and are able to survive stressful environments; and finally the

degenerative and dying splrand coccoid forms of the bactei(&aito et al. 2003

Figurel.2: Gram stainand electron micrograph of. pylorimorphology. A) gram stain of spiral form &f. pylori
B) electron micoscope image of spiral form dfi. pylori C) gram stain of coccoid form &f. pylori D) electron
microscope image of coccoid forms BF. pylori Images retrievedromY NJ 8 8S1 Sid | f ® o6wHnmd

1.3.1.2 Flagella

H. pylorican poduce both sheathed and unsheathed flagella, with the latbeing less
prevalent(Kostrzynska et al. 1990in et al. 201Y). Four to six sheathed flagediee produced
from a single pole of the cell and are asstaibwith pathogenesis of the bacteriu(figure
1.3) (Celli et al. 2009Kostrzynska et al. 1991Suerbaum 1996 The flagella are ¥ 5

micrometres(> Yjin lengh and 30¢ 35 nanometres (nm) widd.he sheath narrows towards



the end of the flagellum and then extends beyond to create a-shifped thickening at the
end of the sheatliGeis et al. 198K ostzynskaet al. 199). It has been welldocumeed that

the flagella oH. pylorare essential to its ability to infiltrate the gastric epithelium and cause
infectionwithin the host(Eaton et al. 198%aton et al. 19960ttemann and Lowenthal 2002
The flagella produced are similar to otherown enteric bacteria such &scherichia coéind

SalmonellspeciegGeis et al. 1989

Figurel.3: Electron micrograph oH. pylori showing their flagellalmage retrievedfrom
https://www.cab.unimelb.edu.au/cab_mucosal.htm

1.3.1.3 Genomic Characteristics

H. pylorihave an average genome sizeapproximately 1.6 mega base pairs (M)ich are
arranged in a circularemome(Aim et al. 1999 Tomb et al. 1997 They are AT riclwith an
approximate G+C content of 39&d contain aproximately 1,500 open readifigames (ORFsS)
(Alm et al. 1999Baltrus et al. 2009Tomb et al. 1997 Theycontain two copies of the 16S, 23S
and 5S rRNA genéAlm et al. 1999Tomb et al. 1997 Plasmids are found in around half of
sequencedH. pylorigenomes andcontribute to the introduction and shuffling of new
chromosomal DNA intél. pyloristrains(Ali et al. 2015AIm et al. 1999Lamichhane et al. 2019
Tomb etal. 1997

AnH. pylorigenome contains approximately 1,537 protein coding ggiadi®t al. 201k Salama

et al. (2000)showed that withintheir dataset of 15 clinical isolatebl. pyloricontained a
conserved core of 1,281 genes and-18 % of their genomes were strain specific. These 1,281
conservedgenes encoded for metabolic, adlir, regulatory and biosynthetic functions,
whereas thestrain specific genes encoded for proteins with no known function or genes that

regulate DNA exchange which may promote the high level of genetic diversity seeig &Bimon

pylori.


https://www.cab.unimelb.edu.au/cab_mucosal.htm

H. pyloriwas the fist bacterial species to have two complete genome seqesrublicly
availablg/Alm et al. 1999 Comparative genomics of these two strains, J99 and 26995, identified

I NB3IA2Y Rdz 0 SR (AlmkeBal. 4009 This Zoe®adin&+0 cAnyest Of 35 %
(lower than the resof the genome, 39 %ontainedapprod | 4 St & nt1 22 2F S| OK
genes and was located in the same chromosomal position. The plasticity zone term was used to
describe these hyper variable regions betwdénpyloristrains. As more completd. pylori
genomes and sguencing data becamavailable these plasticity zones were found to harbour
clusters of complete gene sets including type 1V secretion system genes (for pathogenicity) and
genesinvolved in DNprocessingKersulyte et al. 200Kersuyte etal. 2003. These plasticity
zones have since been reclassified as conjugative transposomgegyrating conjugative
elements and have been fad inH. pyloristrains worldwideg(Fischer et al. 201&Kersulyte et

al. 2009.

H. pyloriare known for their high level of genetic divers{tkopyanz et al. 1992 The high
diversity observed amongl. pyloriisoltes may e due to the genomic macrodiversity
recognised inhe lack of conserved gene orddiang et al. 1996 Horizontal gene transfer and
gene shuffling caused by plasmids, free recombinagiod a hi¢p mutation rate contribute to

the macrodiversity of these genomes and classify this genome as panmigtdlom mating
within a population leading to the genes at a particular locus being independent to that of others
(Bjorkholm et al. 2001Hofreuter and Haas 200&mith et al. 1993Suerbaum et al. 1998

Mutation frequency analysis, based ontip@B(i & dz0 dzy’ A ymeRa3egevb itH.pylisi €
asan indicator have provided various frequencies ranging from 3°>¢d@ x 1& per siteper
year(Bjorkholm et al. @01). Through genome wide analgof mutation events, mutation rates
of 2.5 x 16 per year and site and recombinati rates of 5.5 x 1Dper initiation site and year
have been established fét. pylori(Kennemann et al. 201 Recombination frequenayrops
when H. pyloriare not part of a mixed infectiorfKennemannret al. 201). The mutaion
frequency ofH. pyloris simiar to Neisseria meningitidisut higher thank coli, Streptococcus
pneumoniaeandBorrelia burgdorfetiSuerbaum 2000 These high mutation rates suggest that

H. pylorihas a high frequency of spontaneous mutas@Hanninen and Hannula 2007

1.3.1.4 Growthinthe Lab
Cells oHH. pyloriare slow growing and fastidioMarshall and Warren 1984 The bacterium

has displayed facultative acidophilic behaviour with growth irHargnge of 4.%0 6.0 with an
optimum pH of 5.5Kangatharalingam and Amy 1994t has also been established that this
bacterium is an obligate microaerophile pgring best with 810 % carbon dioxide levels and

being unable to grow in completely anaerobic conditior(§&oodwin et al. 1985a



Kangatharalingam and Amy 199Rollason et al. 1984 H. pylorihas an optimum growth
temperature of 37 °C, with a growth range of 837 °Q(Jiang and Doyle 1998nitial isolation

of the bacterids achieved using selective mediassugha{ { ANNR2 6 Q&4 2NJ 5Sy {iQ:
presence ofantibiotics thatH. pyloriare intrinsically resistant to such as vancomycin and

trimethoprimthat prevent the growth of other contaminan{dégraud 1997 Tee et al. 1991

Laboratory growth oH. pylorcan be achieved using both solid and liquid media. On solid media,
H. pylorirequires a nutrient rich media ataining blood or blood products such as Columbia
blood agar bae, MuelleHinton (MH)Agar base oBlood AgarBase supplemented with horse,
2E 2 NJ &K $B&hdeaid ardd tNed2ui 2012 iquid media such as Brain Heart Infusion
(BH) or Brucella broth supplemented with 10 % heaactivated foetal bovine serum or 7 %
horse serum may also besed to growH. pylori(Blanchard and Nedrud 221Jiang and Doyle
2000.

1.3.2 Epidemiology

Global infection ratesf H. pylorishow that infectiors arehighest in Africa, Latin America, the
Caribbean and AsiavhereasNorthern America and Oceartiavelow infection rategHooi et

al. 2017. Many of those affected by this pathogen acquire it during childhood and infection is
generally lifelongKuiperset al. 199%. The infection may lead to gastritis, peptic ulcers or gastric
cancer but the majority of infected individuals are asymptom@titattsson et al. 1998a
Patients with duodenal ulcers, gastriceis or norulcer dyspepsia who also carry the pylori
antibody have been shown to be infected with pylorin 85.7 %, 62.5 %nd 22.2 % oftases
respectively; showing the high correlation of gastric diseaseshuithylorilLee et al. 1993 In
2012, pproximately 15 % of cancer cases worildewere associated with infectious agents; of
these,H. pyloriwas the most prevant (Plummer et al. 2016 High global rates of infection
leading to gastric ulcers, dyspepsia and in some cases neoplasia, demonstrates the significance

of this pathogen to the healtand wellbeing of all individus.

1.3.2.1 Global Spread di. pylori
H. pylorihave inhabited the humartemach for thousands of years, with anatomically modem

humans being infected by the pathogen prior to migrations from Africa, and in turn globally
spreadingalong with its host(Linz et al. 20Q7Moodley et al. 2012 Due to the extreme
sequence diversity dfl. pylorj this bacterium has been ad as a reliable marker for human
migration(Moodley and Linz 2009Through MLST sequencedseven housekeeping gendd P
synthase, F1 alphaipA), elongationfactor EFP(efp), A/G-specific adenine glycosylagauty),
Inorganic pyrophosphatagppa),anthranilate isomerasérpQ), urease accessory proteure)

and GTPasé¢yphQ) and one virulence gengdcA), using STRUCTURE softwidrgyylorihave
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shown graupings based on their continent of origifgblel.1) (Achtman et al. 1999Falushet
al. 2003 Moodley and Linz 200Moodley et al. 2012Nell et al. 2018 Further analyis using
whole genome datehas provided insight into a number of different subpopulations due to

additional migrations bmodern humansTablel.1) (Thorell et al. 201)¢

Along with geographical groupings of simtarmpylorstrains, thee is also a distinctive difference

in the virulence factors from different geographic areas. Markedly, the difference between East
Asian and Western typeagpathogenicity itands ¢agPAl) hat are associated with pathogen
virulence and pathogenesis of &4l disease@Nguyen et al. 201 uan et al. 2037 It has been
suggested thaethe East Asian type are mowrulent due to an association with-B_.secretion

and gastric mucosal inflammatory cell infiltratiQviuan et al. 2027
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Tablel.1: Inferred population structure ofH. pyloriisdates based on MLST andhaele genome analysis.

Continent of origin Population Subpopulation Reference
Africa hpNEAfrica hspEastNEAfrica (Moodley et al 2012
hspCentralNEAfrica (Nell etal. 2013
hpAfrical hspSAfrica (Nell etal. 2013
hspWAfrica (Nell etal. 203)
hspCAfrica (Nell etal. 2018
hpAfrica2 hspNorhSan (Moodley et al. 201p
hspSouthSan (Moodley et al 2012
Europe hpEurope hspEuropeN (Thorell etal. 201y
hspEuropeS (Thorell etal. 201y
Africa/Europe hpAfrical/hpEurope hybric hspAfricalNAmerica (Thorell etal. 201y
hspAfricalNicaragua (Thordl etal. 201§
hspMiscAmerica (Thorell etal. 201y
hspEuropeColombia (Thorell etal. 201y
Asia hpEeastAsia hspAmerind (Falushetal. 2003
hspEAsia (Falush etal. 2003
hspMaori (Moodley et al. 2009
hpAsia2 hspLadakh (Tay etal. 2009
hsplindia (Tay et al. 2009
hpSahul hspAustralia (Moodley et al. 2009

hspNGuina (Moodley et al 2009

1.3.2.2 Natural Reservoirs

The natural environment dfl. pyloris not fully understood. The only known natural resé@rvo
of H. pyloriis the human stomackMarshall and Warren 198Warren and Marshall 1933
Recently, most research has focused on the oral cavity of humans as another resendoir for
pylori. However, there have lmn many other suggestionsifthe potential resevoirs of this
pathogenic bacterium, including sheep and natural water soufsntaz et al. 2014Sasaki

et al. 1999.

The human oral cavity has been the main fooug search into additional reservoirsdf pylori

with results being inconsistent. Within the oral cavity, dental plague and saliva have been the
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prominentsites whereH. pyori has been identifie@Desai et al1991 Gebara et al. 2004.iu et

al. 2009. H. pyloriare more frequently isolatedrdm patients presenting with periodontitis
(infection of the gums) and it is suggested that the periodontal pocketing and inflammation
caused by the disease harbotitspylori(Gebara et al. 200450uto and Colombo 2008 meda
etal. 2003. The preence d H. pylorin the oral cavity is associated with presence of bacterium
in the stomach and is suggested to be involved witinfection as oraH. pylorare not effected

by antibiotic treatment(Asgah et al. 20Q9Desai et al. 1991Liu et al. 200p Although many
studies have described the presencetbfpyori within the oral cavity anduggested it as a
permanent reservoir foH. pylorj other researchers have questioned this id8itva Rosshguiar

et al. (2009)were unable to idenfiy H. pyloriin the oral cavity of patients who had. pylori
present within the stomach and sugsgted thatH. pyloritransitions through the oral cavitys
opposed to residing within iDlivier et al. (2006)have also proposed that the oral cavity is not
a permanent reservoir foH. pylorias they were unale to detect the pathogen in dental
samples. Ta discrepancy observed between the various studies magueeto the various

methods of identification used and the various demographics studied.

Other potential natural reservoirs of the bacterium inclusieeep and natural water sources.
Through both &andard culturing and molecular identification methods, pylori has been
isolated and identified from sheep stomach and sheep (igre et al. 2001lMomtaz et al.
2014). It has been hypothesised that sheep are the ancestral hdstpylorand are responsible
for the original transmission to humagBore et al. 2000lMomtaz et al. 2014 In water sources
H. pylorDNA has ben identified in municipal water, wells, river and pond wdtdultén et al.
1996 Sasaki et al. 1999Biofiims may also play a role in the spread and survival of this
pathogenic bacterium in water sourceBiofims comprise of matrbenclosed bacterial
popuktions that are abled adhere to other bacteria, surfaces and interfa¢€ssterton et al.
1995. Cole et al. (2004have demonstrated that. pyloripossess number of genesirolved

in biofilm production that allows them to adhere tdxotic surfacesH. pylorbiofilms have been
identified in water distribution systems even after washiitackay et al. 1998ark et al. 2001
Watson et al. 2004 The presence ¢i. pyloriwithin biofilms allowghe bacterium to survive in
a stable ad potentially microaerophilic environmef&ido et al. 2008 Although hese studies
have demonstrated the presenceldf pylorin water samples, it is unknown whether water is
areservoir ottransmission route of the pathogen. This is likely due to the factkhatyloriare
believed to enter a VBNC state in the natural emvment, preventing them from multiplying
but allowing them to survive until they enter a suitable h@stams et al. 2003Azevedo et al.
2007. There are two main studies supporting the idea of water as a reservdit.fpylori

Goodman et al. (1996)ave demonstrated that Columbian children who swamners, streams,
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and swimming pools were at an increased risk of developirtg.gyylorinfection. Wrereas in
Peru, municipal drinking water was identified as theme for an increased risk of obtainikig
pylori (Klein et al. 1991 These other potential sources all require additionaleach to

complete the understandingf their role in natural reservoirs &f. pylori

1.3.2.3 Transmission
A route of transmission foH. pylori remains undefined. There are multiple routes of
transmission that have been proposed, with persorperson and watetborne transmission

being important fators.

Personperson transmission can be divided into two main categories: vertical transmiss
(within the same family) or horizontal transmission (outside of the same family). Vertical
transmission or intrafamilialransmission has been suggested as ofithe main routes offi.
pyloriinfection due to the identification of the same or simildrains ofH. pyloripresent within

the same familiegBamford et al1993 Kivi et al 2003 Raymond et al. 2004 Siblingto-sibling
transmission has been observed in Colombian children from older to younger sthlxigse
close in aggGoodman ad Correa 2000 Mother-child transmission is also recognised as a
major transmission route for the spread Bif pylori,as this pathogen isréquently acquired
during childhood, usually within the first five years of (i¢itchell et al. 1992 Rothenbacher et

al. 1999. Due to the infection of children in the first @wears of life, where the mberusualy
has the most contact, the spread of infection may occur duklt@yloribeing present in the
mouth of mothers and through the shedlcontact of spoons, pacifiers, feeding bottles and food
with the child, they becme infected(Escobar and Kawakami 20®bthenbacher et al. 1999
Horizontal transmidgen, transmis®n outside of the main family, may be due to an increased
amount of contact between children and ngrarental caretakeréSchwarz et al. 2008Person
person transmission routes also include gastral through vomitus, wherel. pylorihas been
isolated from the fresh vomitus of childrgheung et al. 1999 oraloral through ethnespecific
food practicessuch as leopstickcharing(Chow et al. 1995 and through faecabral routes, as

H. pylorihave been isolated from human faecéEhomas et al. 1992 Personrto-person
transmission, primarily within familiegs an important factor contributing to the spreaddf
pyloriinfections. However, this route is still not completely understood as a nignsmission

route is still yetto be defined.

In lower socioeconomic areas where clean water is not readilyladlaj waterbome
transmission oH. pyloris important to consider. As mentionathove Gction0), H. pylorDNA
has been isolated from a variety of water sources. Many studies indicate that access to clean

water and proper wastewater sanitation may reduce the risk of acquiHngylor (Baker and
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Hegarty 2001 Horiuchi et al. 2001Hultén et al. 1996Nurgaliesa et al. 2002 Travis et al. 2009
Although these studiebave identifiedH. pyloriDNA within water samples, it is unknown
whether it comes from viable cells, VBNC cells or dead cells. Studieddraoastrated that.
pyloriis able to convertinto a coccoid state when exposed to a natural environ(Aelams et

al. 2003 Azevedo et al. 200Queralt and Araujo 2007 However, there is conflicting evidence

on whether these coccoid forms of the bacteria are in a VBNC state or the manifestation of cell
death and whether tley are able to cage infection from transmission via water sources
(Boehnke et al. 201 7Celliniet al. 1994 Queralt and Araujo 2007Sen et al. 2011She et al.
2003. Overall, there is still atk of data to cofirm that viableH. pyloriare present within

water, and that they are able to cause infection if ingested.

It has also been suggested thitpylorimay be a foodbornegthogen as it has been identified

in a variety of foodstuffs. Primdy using molec@r-based methodsH. pylorihave been
identified in readyto-eat meals, mincegneat, hamburger meat, vegetables, salads and various
dairy products(Atapoor et al. 2014Berroteran et al. 2002Fujimura etal. 2002 Gilani et al.
2017 Hemmatinezhad et al. 2016 aeidi and Sheikhshahrokh 20¥&haghi et al. 2034 The
prevdence ofH. pylorin food is likely associated with a faecal transmission route through
poor hygiene conditionsf food handlers or througlecontamination of the food itself through
the utilisation of faeces as fertiliséBegue et al. 1998Hopkins et al. 1993 However, as nied

with waterborne transmission, there is a lack of direct evidence fopitesence ofH. pylorin

foods and the viability of these cells to cause infection in a human host.

A prominent factor discussed with transmission routes is the socioeconomiorfattthe
patients. Low socioeconomic status in both childhood and adalt i$if @sociated with an
increased risk of acquiring. pyloriand developing an infectiofMalaty and Graham 1994
Ozaydin et al. 2033 Lower age range males have also shown an increased prevaleHce of
pyloriinfection(de Martel and Parsonnet 200&raham et al. 1991Rowland et al. 2006 These
factors are mportant to consider when identifying and discussing the transmission of this

pathogenic bacterium.

1.3.2.4 Vectas
Housdlies Musca domesticghave been described as a potential vectoHofpylori Griibel et

al. (1997)show that viable Hpylorimay be found on the external surfaces of theusdly for

up to 12 hours, after initial exposure, and fouindhe gut of thehousely up to 30 hours after
initial digestion of pure cultures of. pylori However,Osato et al. (1998)describe that
houseflies are unable to obtaii. pylorifrom human faecal samples, therefore making them an

unlikely vetor of this pathogen. As well as houseflies, cockroacResglaneta fuliginoseghave
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been suggested as a podsilvector forH. pylorj once again due to their unsanitary living

environments and potential to contaminate food for human consumpfiomamura et al. 2003

1.3.3 Infection

Worldwide infection rate of H. pyloriA Y RA Ol 6 S GKFGX Ay wHampX Y2N
population were pogive for carryingH. pylori(Hooi et al. 201y Althoughmanyindividuals are

carriers ofH. pylorj mostwill not develop symptoms. Those thdo develop symptoms related

to H. pybriinfection will have varmng clinicaloutcomes Figurel.4) which are dependent on

both host and bacterial factofSuerbaum and Michetti 20p2Host factors associated with the

clinical outcome of infection include polymorphisms in genes encodinginpl@mmatory
cytokines, genes involved initiation ard upregulation of immune response and the secretor

status of the host(Dunne et al. 2014 Bacterial factors include antibiotic resistance and

virulence factorgUotaniet & 2015.
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Figurel.4: Development of arH. pyloriinfection. Imageretrieved from (Suerbaum and Michetti 2002

1.3.3.1 Clinical Outcomes

Clinical outcomesf anH. pylorinfectioninclude the development of gastritis, ulcer disegse

and in severe cases, gastric carcinoar@ mucosaassociated lymphoid tissue lymphoma
(MALTomajNomura et al. 1994 Parsonnet et al. 1991Veldhuyzen van Zanten and Sheman

1994. Many individualsvho carryH. pyloriwill remainsymptomless throughout their lifetime
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(Mungazietal. 2008 However, 10to 20 % wilevelop gastritis and/or peptic ulcer disease and
1to 2 % will develop gasteancergKusters et al. 20Q6Infection of normal gastric mucosa can
lead to @stritis (inflammation of the stomach liningwhichcan be either acute or chron{®ixon
etal. 1996. H. pylorassociated acute gastritis is characterised as an asymptomatic or mild self
limited dyspepsiaillness whick uisially not recognised by paties(Dixon et al. 1996Egan et

al. 2007 Sobala et al. 1991 Histologically, acute gastritis is characterised by neutrophilic
leukocytesnfiltrating the stomach{Feldman and Lee 20L&Jntreated acutgastritis will almost
always develop into active chronic gastritiigurel.5 B), however, it may also smtaneously
resolve(Jensen et al. 20)9H. pyloris recognised as the most common cause of active chronic
gastritis, a progressa; multistep, lifelong inflammatior{lhamauki et al. 1985Kuipers et al.
1995 Morgan and Crowe 2016Valle et al. 1996 Active dironic gastritis is histologically
characterised by the nesence of mononuclear cellgnostly lymphocytes), plasma cells and
macrophageg¢Kuipers et al. 1995Watari et al. 201} Thee are three main types of chronic
gastritis idenified: antralpredominant gastritis, nonatrophic pangastritis andorpus
predominant atrophic gastritisHigurel.4) (Suerbaum and Michetti 2002V atari et al. 20134
Clinical sequelae can lead active chronic gastritis into peptic uleghrer duodenal ulcers
(Figurel.5 C)or gastric ulcergFigurel.5 D), muccsal atrophy; and in severe cases gastric
carcinoma(Figurel.5 E)and gastricALTomgFigurel.5F)(Jensen et al. 20)9Peptic ulcers
may also be caused by nateroidal antiinflammatory drugs (SAIDS|Drini 2017. Use of these
drugs are the major cause difectionfree peptic ucers(Vergara et al. 2005 Interaction
between NSAIDs users aht pyloriinfectionsis unclear, with data suggestiky pylorimay
increase, decrease or have atfect on ulcer risk in NSAID ug€han et al. 2002Huang et al.
2002 Labenz et al. 200ZPapatheodoridis et al. 2006
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Figurel.5: Endoscopic images of healttgnd infected stomach linings. (A) Normal, healthy duodenum; (B)
gastitis infection; (C) duodenum ulcer; (D) stomach ulcer; (E) gastric adenocarcinoma and (F) gastric MALToma all
associated with arH. pyloriinfection. Images AD retrieved from https://www.laendo.net/endoscopic-
images/stomach/350gastriculcersrelated-to-hpylori, image E retrieved from
https://www.gastrointestinalatlas.com/english/gastric_cancer.htmland imageF retrieved from
https://www. gastrointestinalatlas.com/engjsh/gastric_lymphoma.html

1.3.3.2 Virulence
There are many contributing components towards the virulencel.opylori The virulence of
this pathogen leading to colonization in the host and infection can be viewed as atépur

process involving multiple virukee factas, summarised iRigurel.6.

- 5 Survival of host immune system Damage to hOSt
Enter host Colonization P
* Urease « Adhesion proteins « a-glucosylation of « CagA e DupA
« Flagella = BabA cholesterol « VacA o IceA
= SabA * VacA o HtrA « OipA
- OipA * CagA+T4SS * BabA
\ ) \ = Lewis antigens ) \- Flagella + LPS ) \ )

Figurel.6: Flow chart of major virulence factors involved ima. pyloriinfection. Image adafed from (Chang et
al. 2019. T4SS = type IV secretion system, LPS = lipopolysaceharid

These virulence factors can be broken down into four main categories: entry into host,
colonization, immune escape and diseasduction(Chang et al. 20}8All isolates express the
common virulence factors ureastagellaand adhesion proteingo aid in colonization and
survival within the humarstomach(Clyne et & 1995. Urease produced by the bacterium
hydrolyses urea present in the stomach to form ammonia and carbon dioxide, which act as a
buffer against the harmful gastric ac{€lyne et al. 1995 By neutralizing the pH of the gastric

environment, the viscoelasticity in the mucin gel is reduced and the bacterium is able to use its
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flagella to move freely into the mucus layafrthe stomach and attdcto the epihelial cells for
colonisation(Celli etal. 2009. Once established inside the epithelial cells, adhesion ensues
through different adhesion proteings without adhesion to gastric epithelial cédlspyloriwill

be wahed away through clearance systemsarfrthe host(Magalhdes and Reis 20161. pyori
adhesion proteins have been identified as outer membrane proteins (OMPs) and include: Bab
(blood group antige+binding adhesinbabA), thatattaches to Lewis b histblood graip that

are presentin the gastric masa(Boren et al. 1993lIver et al. 1998 SabA (sialic ackinding
adhesin sabA whidh bind to associated sialylated/fucosylated glycans (ealylated Lewis
antigens, L which arecrucial forH. pylorito develop chronicinfection in the ho§hspholm et

al. 2006 Mahdavi et al. 200Rand; OiA (outer inflammatory proteinoipA), which promote
adherence to gastric epithelia but to what specific ligands is stil to be determined
(Dossumbekova et al. 2008amaoka et al. 2000These adhesion factors atrain specific and
usually occur with other virulence factors to produce chronic infectiohénhost(Hennig et al.
2006 llver et al. 1998 Yamaoka eal. 2000. Adhesioncanallow for the efficient delivery of

other bacterial virulence factor&Gerhard et al1999.

Cells ofH. pyloriYdza it GKSy 2@SND2YS (KS Kz2adQa KINBK
response tdH. pylorincludes the develpment of specific antibodies such as immunoglobulin g

and a (IgG and IgA) that targdt pyloriantigens (e.g. membree proteins, urease, flagella and
lipopolysaccharidegMattsson et al. 1998bMattsson et al. 1999¢c AsH. pyloriare known for

their life-long chronic infections, host immune responses are either not suitatdestdicate the

bacteria or ths pathogen is able to overcome the response in avariety of ways.

To avoid phagocytosis by the host, pyloriuse h-glucosylation of cholesterol, from host
epithelial cells, to avoid T cell respong®¥gunder et al. 2006 This pathogen is also able to
modify T cd responses by altering the hosts CO4cell response to ahl. pyloriinfection
(Lundgren etal. 2003

The vacuolating toxin protein (VacAncoded bywacA is an important part ofH. pylof2 a
NBaAraildlyOS F3arAyald (0KS K2adQa AY YregiSethS aLl2y
immune response by inducing vaaation in the epithelial cells leading to apoptosis and

impeding the signalling pathway for T cell activati@ebert et al. 2003Yahiro etal. 2005

Thecytotoxin-associategrotein (CagA)encoded byagA is another important component of
Hopyloa FoAfAGe (2 YIAYyGrAy I OKNRYAO AyFSOGA
epithelial cells irough a type 1V secretion system (T4&R8)enbreit et al. 2000 This T4SS is
encoded by &0-kilo-base pair Kbp) pathogenicity island (PAfpund withincertain strains of

H. pyloriCensinietal. 19960nce CagA is in the epithelial cells it triggers cell scattering; actin
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cytoskeletal rearrangements dnproduction of interleukin 8 (IL8) that contributet®
inflammation(Brandt et al. 200b CagA also contributes to the blocking of T cells, further aiding

in thispathogens ability for chroniafection(Paziaks 2 YI Z2a 1| )SG Ff ® wnnn

Frommolecular markers within thél. pylorigenome clinical isolates can be divided antwo
broad groups, type | and typebbsed on the presence or absencecafjAandvacA Type |
isolates possess theagA gene to ode for CagA and VacA. Type Il isolates lackdlgégene
and therefore do not produce CagA or V@gfang et al. 1995ThecagPAl as mentione@bove,
encodes for a T4SS aiding in evading host immune responses; it is \adedin the
mutagenesis of gastric epithelial cells contributing to gastric adenocarcinoma and MALToma

(Sepulvedacetal. 201Wmehaa et al. 2008

Damage to the host is facilitated by a number of virulence factdigor virulence factors
include CagA, VacA, high temperature requirement genetiA), duodenal ulcer promoting
gene AdupA), induced by cotact with epithelium gene AiceA and GpA. Within the context

of damaging the host, cagA is an oncoprotein that is able to produce malignant neoplasms in
mammals through disrupting host signalling pathways and leading to gastric adenocarcinoma
and MALTma(Hatakeyama 2014hmuely et al. 200lUmehara ¢al. 2003. TheVacA protein

is also associated with development of gastric caneariation between strains produce
different toxin activity as not all. pyloristrains cause gastric carséLee et al. 2008McClain

et al. 2017. Allelic varieties containing s1, m1 onidcAalleles have ben associated with a
higher risk of gastric adenocarcinoma when @ared to those with the s2, m2 or i2 aitel
varieties(Miehlke et al. 2000Rhead et al. 20Q7HtrA, encoded byhtrA, is a protease secreted

by H. pylorithat is important for growth under stressful conditions and proteolytic activity
against Ecadherinsallowing thebacterium entry to intracellular space, and is also associated
with development of gastric adecarcinomgHoy et al. 2010Schmidt et al. 20t6Zarzeka et

al. 2019. DupA encoded bylupA isassoated with the development of duodenal ulcers and

is a marker for the increased risk of duodenal ulcer, but reduced risk of gastric ¢ancetral.

2005 Wang et al. 20150 Peptic ulcers, specifically duodenalans, have also been associated
with iceA presence, specifically the allelic varigneAl but the spedic mechanisnis still
unclear(Huang et al. 2016lPeek et al. 1998Shiota et al. 2012 As wellas adhergH. pylorito

host epithelial cells, OipA can also induce apoptotic cascade in host cells and is associated with
more severe clinical outcomes such as gastric caf8ega et al. 2019Teynournejad et al.

2017. This range of virulence factors make this pathogen a successful inhabitant of human hosts

and with extreme clinical outcomes such as gastanaer, make it important taontrol.
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1.3.4 Treatment

1.3.4.1 Diagnosis

Treatment ofH. pylorinfection firstinvolves positivielentification of the bacterium. Diagnostic
tests includeenzymelinked immunosorbent assafa(ISA, salivary antibody test, urea breath
test, biopsy, histology, and cultuf@¢iowden and Hunt 199). Within NZ patients presenting
with dyspepsia or peptic ulcers underfge calantigen testing as the primary way to test for the
presence oH. pyloriNew Zealand Guidelines Group 20@esophagaastro-duodenoscopy
may be used as an invasive method of testing asilgcting biopsy material for further testing

as wdl as monitoring treatment pragss(New Zealand Guidelines Group 200

1.3.4.2 Antibiotic Characteristics and Cellular Edsg
The original definition of an antibiotic waa substance thatis produced by one microorganism

that inhibits the growth of another microorganism(Russell 2004, p1%2 Through
advancements in synthetic techqies, the definition of an antibiotic has been updatedda
substance or similar substance produced hyiaroorganism or wholly or partly by chemical
synthesis, which in low concentrations can inhibit the growth of other microorgasifiRusssell
2004, p152 There are three main sources of antibiotics: microorganisms, chemicédlesymt

and semisynthesigRussell 2004

Treatmentof H. pylorinfectionsgenerally involve a PPI and two to three antibiotics that are
taken for one to two week&rowe D19. The most common PPI and antibiotics used to treat
an H. pylori infection are discussed belovwhe chemicastructures of the most common

antibiotics are presented iRigurel.7.

20



Figurel.7: Chemical structures ofommon antibiotics invdved in treatment ofH. pylori Amoxicillin(A),
tetracycline(B), metronidazole (C) levofloxacin(D), bismuth subsalicylatgE) clarithromycin (F), and rifabutin
(G). Imagegetrieved from https://www.drugbank.ca/.

ProtonPumplnhibitors

PPIs are widely used to treat gastrointestinal diseases and are therefore an important part of
the treatment of arH. pylorinfection. PPIs are used in gastric asated infections and diseases

as they increase the pH levelstire stomach(Huang and Hunt 1996Low pH levels can cause

H. pylorito enter their coccoid form, making them resistant to antibiotigsxon 1994
Antibiotics ugd in treatment rely on the bacteria to be in a viable, growing state for effective
eradicdion (Marcus et al. 2012 The PPIs sl therefore allowH. pylorito maintan a viable,
growing state and the antibiotics are able to eradicate the actively growing @dlisng and

Hunt 199§. Common PPIs used in treatments include omeprazole, lansoprazole, pantoprazole,

rabeprazole and esomeprazdidew Zealand Foralary 2020h Vergara et al. 2003

Clarithromycin
Clarithromycin falls under the macrolide clagsanotibiotics and is semisynthetic derivative of

erythromycin(Guay et al. 2001 Its chemicaltsucture includes a 4memebered lactone ring
with a methylated hydroxyl group in position 6, as seeRigurel.7 F. The methoxy group in
position 6 ncreases the lpiavailability of the antibiotic through decreased decomposition in
addic conditions such as the gastric environméfirst and Sides 1989The mechanism of

action of clarihromycin is the ame as other macrolides; it involves the reversible binding to
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domain V of the 23S rRNA component of the 50S ribosomal sufi{aribh and Rubin 2010
This binding causes the eamblease of peptidytRNA from the bosome, preventing elongation

and inhibiting protein synthes{8rissonNoél et al. 1988

Metronidazole

Metronidazolebelongs to the nitramidazole class of antibiotics and has a chemical structure of
1-i -hydroxyethyt2-methyl5-nitromidazole Figurel.7C). Itis a broad spectrum antibiotic, used

to treat anaerobic or microaeroplic, grampositive or gram negative bacteria and protozoa
(Edwards 1980 The mechanism of actiorf this pro-drug involves a foustep process. Firstly,

the antibiotic enters the cell through diffusion aceothe cell membranéings et al. 1974
Secondly, pyruvateferredoxin oxidoredutase reductively activates the nitrgroup of
metronidazo6 = Ol dzaAy3 |  OKIy3aS Ay (GKS RdibedQa
metronidazole causes a concentration gradient to form that increases the uptake of the drug
into the cell(Edwards 1986 Thirdly, the reduced intermediate particles exert sotgxic effect

2F GKS OSttf o0& AyidSNI QdiDNK Strandl hréakKage doBindidgiahd Q &
KStAE RS&GFIOAf A&l (A 2Y XTohdr &ind EdeadrdR BF). L astly 2the (| K S

cytotoxic intermediate products are broken down to their inactive end prod(@&tsddman et al.
1986. Specifically witin H. pyloricells, metronidazole reds with two nicotine adenine
dinucleotide phosphate (NADPH) nitroreductases, oxyigeansitive NAPDH nitroreductase
(RdxA) and NADPH flavinoxidoredwsetgFrxA), as well as pyruvégredoxin oxidoreductase
(PFOR)p catalyse the transformation of meinidazole into a bactericidal age(g&isson eal.
2002.

Amoxicillin

Amoxicillin belongs to the aminopenicillins subcategory of theiglin drug class. It is a broad
spectrum, semisynthetic, bactericidal antibiotic commonly uselddat chest, ear, throat, sinus
and dental infectionsas well @ H. pyloriinfections(Mutters and Meyle 2013New Zealand
Formulary 2020 Amoxicillin is extremely similar to ampicillin, the other antilwatiithin the
aminopencillins subcategory and the pioneer amireapcillin. The difference between the two

is the addition of a hydroxyl group to amoxicillin, thereby changing the physiochemical
properties of the molecule and its pharmacokinetics allowlmg tirug to be adminisred orally
(Figurel.7 A)(Mutters and Meyle 2013

0

The node of action for amoxicillin involves a similar mechanism observed in atiery A OA £ f A

andi -lactam antibiotics. Bactericidal activity is exerted onto the bacterial cell through the
inhibition of cell wall synthesi&Cho et al. 2014 Amoxicillin binds to the pacillin-binding
proteins (PBP) that crodisk two linear peptidoglycan chains, the lastgiof cell wall synthesis.
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Whenbinding to PBPs, thie-lactam ring of the antibiotic is opened and irreversibly acetylates
the Gterminal transpeptidasedomain, in@tivating the enzyme and causing cell ly{§iso et al.

2014 Mutters and Meyle 201,3Neu 1982.

Bismuh

Bismuth compounds have been used to treat gastrointestinal diseases for many years. Bismuth
is a natral compound, and bismuth salts are used in the treatmenitofpyloriand other
gastrointestinal diseasdg\lkim et al. 2017 Gorbach 1990 The specific compounds used in the
treatment of H. pyloriare bismuth subsalicylate, colloidaismuth subcitrate and ranitidine
bismuth citrate(Lambert and Midolo 1997 The chemical structure of bismuth subsalicylate is
shown inFigurel.7 E and is one of the most common bismuth compounds used to iteylori
(Bland et al. 2004 The mechanism of action for bismuth saltsténpyloriis gill not greatly
understood but they include the disruption of tlgycocalyx cell wallthat surrounds the cell,
and inhibition of urease activitythereby preventing the continued colonisation Bf pylori
(Marcuset al. 2015 Stratton et al. 1999Zhang et al. 2006

Tetracycline

Tetracycline is part of the tetracyclines class of antibiofitey ardoroad rangeantibioticsas
they exhibit actitiy against a wide range of both Gram positive and Graigative bactria, as
well as protozoan parasit§€hopra andRoberts 200l The structure of tetracyclines inclugle
a linear fused tetracycline nucleus where different functiograups may attactiChopra and
Roberts 200L Comnercially, tetracycline is marketed as achromycin which has a chemical
structure of G:H.4N,Og, as seen ifrigurel.7 B(Chopra and Roberts 200The mode of action
for tetracyclines is the inhibition of protein synthesis by blockimgelongaion stage(Chopra
and Roberts 2001 Tetracycline blocks the attachment of aminoatfyiNA to the ribosmal
acceptor (A) site, thereby inhibiting the addition of amamds to the developing polypeige
(Suarez and Nathans 1965

Levofloxacin

Levofloxacin belongsvithin the fluroquinolone class of antibiotics as a thgdneration
fluroquinolone. Itis another broagpectrum antibiotic exerting itsffect on both grarpositive

and gramnegative bacterigAndeson and Perry 2008Structurally, levofloxacin is the optically
active Lisomer of ofloxacirfFigurel.7 D) (Fish and Chow 1997Levofloxagf Q&4 Y2 RS 2 F
involveghe interaction with, and inhibition of, type Il topoisomerases such as DNA gyrase and
topoisomerase IV. These two topoisomerakase important roles in bacterial DNA replication.
DNA gyrase, encoded by thggrAandgyrBgenes supports the beginning othain elongation

by reducing the strain on the doubKtranded DNA as it is being unwound; topoisomerase IV is
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involved in the finhstages of DNA replication where it separates the topologically linked
chromosomegLevine et al. 1998 Levofloxacin binds to these two important enzymes in a way
that forms drug/enzyne/DNA complexes disrupting normal bacterial DNA replication and
resulting inbacterial death{Drlica 1999 Marians and Hiasa 1997Although both enzymes are
targets for levofloxacinDNA gyrase is the primary tgt for gramnegative bacteria and

topoisomerase |V is the primary target of graousitive bacterigHooper 1993

Rifabutin
Rifabutin is abroad-spedrum antibiotic belonging to the rifamycin class of antibiot{@ella

Bruna et al. 1983 It is a derivative of rifamycin and has a molecular formul&gi,N,Oy;
which is structurally similar to rifanain (Figure 1.7 G). It is primarily used to treat
Mycobacterium aviuncomplex (MAC) in patients witkllV infectiongNightingale et al. 1993
However, it las also been used as a secdime or salvage treatmenof H. pyloriinfections
(Gisbert et al. 20Q3Perri et al. 2000Van Der Poorten and Katelaris 2D0OThetarget of this
antibiotic is the DNAlependent RNAolymerase. Rifabutin inhibits this polymerase at the
subunit preventing transcriptionnitiation leading to inhibition of protein synthes{&unin
1996.

1.3.4.3 Treatment Regimens
There are many available treatments for infection with pylorj and these treatments are

continuously evolving. The correct treatment regimen for a patient must take into account
factors such as: the ¢@l antibiotic esistance patterns (if available), preus exposure to
antibiotics, allergies, side effects, cost and ease of administré@awe 2019 Due to these
varying factors there are many different therapies available worldwide, the most common are

summaised inTablel.2.
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Table1.2: Summary of treatment regimens fdd. pyloriinfection.

Therapy

Components

Dosing frequency

Duration

Reference

Triple therapies

PPt + amoxicillin (1
g) + clarithromycin
(500 mg)

PPt + amoxicillin (1
g) + metronidazole
(500 mg)

PP} +
metronidazole (500
mg) +
clarithromyadn (500
mg)

PPt} + levofloxacin
(500 mg) +
amoxicillin (1 g)

PPt + rifabutin (150
mg)+ amoxicillin (1
9)

BID

BID

BID

BID

BID

7 ¢ 14 days

7 ¢ 14 days

7 days

10 days

10 days

(Chey and Wong
2007

(McColl 201D

(Gisbert et al. 2006

(Gisbert et & 20®)

(Van Der Poorten
and Katelaris 2097

Bismuth quadruple
therapy

PPE + bismuth (120
¢ 300 mg) +
nitroimidazole&
(500 mg) +
tetracycline (500

mg)

BID (PPI) and QID

10¢ 14 days

(McColl 20D)

Concomitant
therapy

PP} +
clarithromycin (500
mg) + amoxicillin (1
g) + nitoimidazolé&
(500 mg)

BID

10¢ 14 days

(Gisbert and Calvet
2012

Sequential therapy

PPt + amoxicillin (1
0), followed by PPI
+ clarithromyan
(500 mg) +
nitroimidazole
(500 mg)

BID

5¢7 days
5¢7 days

(McColl 201D

Hybrid therapy

PPt + amoxicillin (1
g),followed by PPI +
amoxicillin (1 g) +
clarithromycin (500
mg) +
metronidazole (500
mg)

BID
BID

7 days
7 days

(Hauet al. 201}

Highdose dual
therapy

PP + amoxicilin (1
g or 750 mg)

TID or QID

14 days

(Chey and Wong
2007

1Dosage of PPI depends on type usttetronidazole or tinidazole, BID = twicaily, TID =Hree times daily, QID =

four times daily.

25



1.3.4.4 Firstline Treatments
Treatment ofH. pyloribegins with firstline treatment; the regimen that has the best chance of

eradication. This firsline treatment is usally a triple therapy that congs of a PPI and two
antibiotics (Chuah et al.2017. The particular antibiotics used dep&mn the antibiotic
NBaraildlyOS NriSa 2F (GKS &dzNNRBdzyRAy3 | NBIF |y
penicillin allergieCrowe 2019 The standardriple therapy regimen is PPl + amoxicillin +
clarithromycin, however, clarithromycin resistanceéagare growing rapidly and this treatment
AK2dzZ R y2i 06S dzaSR 6KSy (KS I NGr@hEeyahtl WoNgh (i K NP
2007 Malfertheiner etal. 2017Savoldi et al. 2038With previous exposur macrolides the
alternative triple therapy is PPl + amoxicillin + metronidatGleey and Wong 2007In the

instance of penicilin resistance, the alternative triple therapyPPIl + clarithromycin +

metronidazole

Because of increasing resistance and previous exptégsun@crolides other regimens have been
proposed. Bismuth quadruple therapy has been recommended as an alternative to increasing
clarithromycin resistancéRandel 2018Tursi et al. 2017 This therapy consists oPP+ bismuth

+ tetracycline + nitronidazole (either me&onidazole or tinidazole) taken faen days(Tursi et

al. 2017 Wang et al. 2017 Eradication rates of bisntlu quadruple therapy vs clarithromycin
triple therapy show 77.6 % and 68% respectively in randomized clinical trial (RCT) patients,
and bismuth quadruple therapy was not affected by metronidazole resistévieeerito et al.

2013.

Concomitat and sequential therapiesra also alternative firstine treatments. Sequential
therapy involves taking a PPl + amoxicilin for five to seven days, followed by a PPl +
clarithromycin and a nitroimidazole for another five to seven dgyalllo et al. 2018
Concanitant therapy contains the same antibiotics as sequential therapy but they are all taken
at once for ten to fourteen day®1cColl 2010Zullo et al. 2018 Cacomitant therapy is also an
alternative quadruple therapy that does not contain bismuth, as bisraéls are not available

in all countries, including NZ and Austrélidscher and Alberer 20181cll 201Q. Sequential

and concomitant therapy have equal rates of eradicationtbf pyori, with Korean and
Taiwanese patients having successful eradication at 92.3 % (sequential) and 93 % (concomitant);
and 75.6 % (sequemd) and 80.8 % (concomitgnfLim et al. 2013Wu et al. 201D The
eradication rates of sequential and concomitant therapy make it a suitable option as-knfirst

treatment therapy in areas of high clarithromgaiesistancéLim et al. 2018

The hybrid therapy is aombination of sequential and concomitant therapies; it involves a

standard dose of a PRIgomeprazolsuggesed) and 1 g amoxicillin, taken twice daily for seven
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days then for another seven days a standard dose of a PPI, 1 g amoxicillin, 500 g chacithrom
and 500 g metronidazole are taken twice ddilysu et al. 2011 Eadication rates of hybrid
therapies in Korea show an acceptable level of 85.9 % but also sh@igmificant difference
between sequential and concomitant therapy as a flirs¢ treatment therapy(He et al. 2015

Oh etal. 2014Song and Zhou 2016

As well as usip different combinations of antibiotics and acid suppressors, the duration of
treatmentis an inportant factor for sufficient eradication rates of firhe treatment therapies.
Triple therapy regimensontaining a PPI + amoxicillin and clarithromycinenakiown higher
eradication rates when taken for 14 days compared to seven @agmna et al. 201,6New

Zealand Formulary 202pb

1.3.4.5 Secondine Treatments

Failure dfirst-line treatments is usually due to resistance to one or more of the antibiotics used
in initial treatment, it is therefore recommended to not include antibiotics the patient has had
previous exposure to and to run an antibiotic susceptipiéstoy’ G KS LI ( Hyldli Q a
strain(Graham and Fischbach 20100 treat arH. pylorinfection, there should usually be two
treatment options that have an acceptable eradicatiorteran accordance with the local
antibiotic resistance rates. The treatment with the highest eradication rate should be used first
and if fails, the second besiption should be usedGraham and Calvet 2012Seconeline
therapies include an &rnative triple therapy or bismuth quadruple therapy than that used for
first-linetreatment(Gomollon et al. 1999McColl 201D

1.3.4.6 Salvage Treatments

When two treatment regimens have faile@lsdvage regimen is @xlasa last effort to eradicate

the infection. Fluroquinolones are not readily used in flisé treatments and thus have been
suggested as possible salvage treatments for failed eradicatidnmfloriusing the treatments
descibedabove(Randel 2018 Levofloxacin, triple therapy includes a PPI + amoxicillin (1 g) +
levofloxacin (500 mg) admistered twice a day for ten days and has an eradication rate of 66 %
when ued as a secordine or salvage therap{Gisbert et al. 2006 Comparing theypical
bismuth quadruple therapy and dday levofloxacirbased triple therapy as a salvage therapy,
showed that the levoflgacintriple therapy had less adverse side effects and was more effective
at treating H. pylorithan the bismuth quadruple therapySaad et al. 2006 However,
fluroquinolone resistance has baeateadily increasing globalisemilyan et al. 2013 locker et

al. 2007 Kim et al. 2005Mégraud et al. 2013 This increasingesistances of concern with

continued use of treatments containing this class of antibiotics.
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Clarithromycirbased concomitantherapy may be used as a salvage therapy but only when
patients have no previous macrolide exposure and no risk for macr@sistanceand where

local clarithromycin resistance rates are below 18%ey and Wong 200Crowe 2019 A high

dose dualtherapy is a suitabl@iion for salvage therapy, especially in countries where bismuth

is not avdable. This reigneninvolves a PPI + amoxicillin (1 g or 750; thg)PPI is administered
three times daily and amoxicillin is taken four times daily at a 750 mg dose and theeedanty

at 1 g for 14 day&Chey ad Wong 2007 Yang et al. 2039 This regimen is an important salvage
option in patients or areas of proven or suspected high resistance to clarithromycin, macrolides
and or fluroquinolonegCrowe 2019 Eradication rates of this therapy as a salvage treatngenti

89.3 % for botlintention-to-treat (ITT) andper protocolPP analysigYang et al. 2035

The final salvage therapy is the rifabublased therapy, commonly a modified triple therapy
involving rifabutin. Thisavage therapy consists of a PPI + amoxicillin (1 g) + rifetdG0 mg),
taken twice daily for 10 days has had an eradication rate as a salvage therapy of 72 % and 76 %

for ITT and PBnalysis respectivef)yan Der Poorten and Katelaris 2p07

As discussed above, there are many different treatment regimens available for treatidg an
pyloriinfection. It is important to remember that clinicians treating tlmgedion should be
aware of antibiotic resistance rates of the local area, as well as patient allergies and previous

exposures when deciding on an appropriate regimen, and not a global consensus.

1.3.5 Antibiotic Resistance

1.3.5.1 Resistance Rates

Antibiotic resistane isa worldwide issue affecting people from all socioeconomic backgrounds
due to the overuse and misuse of these dru@sxminarayan et al. 20L8n 2017, the WHO
published a priority list of antibiotic resistant bacteria bas@d®en criteria to assess where the
future direction d antibiotic development should foc 3 acconelli et al. 20}8The priority list

had three tiers; critial, high and medium priority, of which clarithromycin stantH. pylorivas

placed in the high category.

Ametaanalysis of WHO regions (Africa, Americas, Eastern Mediterranean, European, South East
Asia and Western Pacific), spanning ay&ar period 2006 ¢ 2016) showed a high level of
resistance to treatmentantibiotics (Savoldi et al. 2038 Overall resistance rates to
clarithromycin, metronidazolelevofloxacin, amoxicillin, tetracycline and a combinatioin
clarithromycin and metronidazole are as follows. Clarithromycin resistance was over 15 % in all
regiors exceptthe Americas at 14 % (95 % CI; 2986) The rang of resistance wiaem 15 %

in the Africa region (95 % CI, 640 %) to 34 % in the Wessh Pacific region (95 % ClI, 3038
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%). Metronidazole resistance was above 15 % in all regianging from 27 % in the America
region (95% ClI, 14 939 %) to 91 % in the Africa region (95 P08Z%- 94 %). Resistance to
levofloxacin ranged from 14 % the Africa (95% CI, 12928 %), Americas (95% CI, 12 28

%) and European regions (95% ClI, 1264%) to 25 % in the South East Asia region (95 % CI, 13
%- 28 %). Amoxicillin resistaneeas below 15 % for all regions except the Africa regionrevhe

it was 38 % (95% CI, 845 %). Tetracycline resistance was below 15 % in all regions. The
combinatia of clarithromycin and metronidazole had a resistance ratskph % in all regions,

except the Africaregion where no data was available.

Resistanc#o clarithromycin, metronidazole and levofloxacin by country can be viewéidure

1.8. For these three antibiotics, resistemrates vary greatly geagphically, it also shows one of
the limitations of this study where many countries were notincluded in the ragtalysis. Small
sample sizes from included countriessich as Africa, also poses a limitation of the analysis as
this may not be a fair represtation of the general populatio(Savoldi et al. 2008 A previous
metaanalysis study in 2010 also found an inceeasresstance to firstline antibiotics world
wide based on continental ared®e Francesco et al. 2010Clarithromycin resistance rates
ranged from 11 % in Europe to 29 % in Africa. Metronidazole resistanged from 17 % in
Europe to 92 % in Africa. Levofloxacin resistamas 11 % in Asia, 24 % in Europe and 0 % in
Africawith America having no available data. Tetracycline and amoxicillin resistance were under
10 % in Europe, Asia and America but 44 #6&6% in Africa respectively. Comparing these two
meta-analyses is soawhat challenging due to the different geographicayanisatiorusedbut

anoverallincrease in resistance can be seen in clarithromycin, metronidazole and levofloxacin.

Resistant ratestudies in NZ and lacking with onlyr¢e studies publicly availablerdm 1999,
2004 and 2013In the first study, onlyesistance towards clarithromycin and metronidazole
were testedFraseet al. 1999. This study identifiechetronidazole resistargtrains ofH. pylori

as the most prevalent, witB2 % of isolates testeshowing resistanceClarithromycin resistance
was much lower, with only 7 % of isolates showing resistéhaser et al. 1999 The second
study showed a drop in resistance for both metronidlezand clarithromycin, witl20 % and 0O

% of isolates showing resistance, respecti@iiimed et al. 2004 They also tested for
amoxicillin and tetracyclineesistance but did not identify any resistant strajgmedet al.
2004. Nine years lateHsiang et al. (2013howed an increase in metronidazotarithromycin

and amoxicillin resistance to 49.3%§.4 % and 5.5 %, respectively. Once again, no tetracycline
resistance was ideiited. This shows a general increase in metronidazole, clarithromycin and

amoxicillin resistance in NZ over a fourtegea period.
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Overall, esistanceatesvaryin differentregions all over the worldrhisreinforcesthe idea that
treatment ofH. pylorinfections must take in to account local resistance rates and not rely on a

global consensuwr effective eradication.
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Figurel.8: Resistance rates of clarithromycin (A), metronidazole (B) and levofloxacin (C) by countgge
retrieved from (Savoldi et al. 2018
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The increasing ate of resistance to firsine antibiotic has an adverse effect on the
performance of treatment regimenSavoldi et al. 2038 Eradication rates of iple therapies
have decreased below 90 % in some areas such as KGreat al. 200y Eradicaion rates of
treatment regimenst80 % have been proposed as unacceptable and an alternative regimen
must be found that has either a 95 9400 % eradication rate, or if this is unattainabla, a
eradicationrate of 90 % 95 %(Graham et al. 2007

1.3.56.2 Mechanisms of Antibiotic Resiata

Bacteria can be intrinsically resistant to andifics or they can acquire resistance through
chromosomal mutations or horizontal gene trans(Biair et al. 2014Hawkey 1998 Intrinsic
resistance occurs naturally and is species and genus specific. Comparatively, acquired or
developed resistace isonly presentn certain strain®f a specieshrough the acquisition of

plasmid DNA or mutatins(Hawkey 1998

There are four main mechanisms of antibiotic resistance, drug inactivéttimugh chemical
alteration or destruction of the antibiotjcchanges in target sitdrough targe protection o
modification of the target siteactive efflux and reduced membrane permeabillyigurel.9)
(Blair etal. 2014Hawkey 1998

Examples of mechanisms of antibiotic resistance
bacterial cell

e inactivation of Q@ 00
@ antibiotic drug by enzymes
R /cell wall

drug- mactwatmg
enzyme

Q9 - '
(*) 1 cytoplasm
activation of o / {j /

ffl
drug eMiocPEs chromosome - } /
Q9 /_\ - : oS
*e | ‘ modlﬂed drug target
{
efflux \ alteration of drug target
pump 0
LN modified cell $
wall protein &>
/ P
inhibition of o plasmid
drug uptakeA/\ o9
9 Q Q © 2012 Encyclopaedia Britannica, Inc.

Figurel.9: Mechanisms 6 antibiotic resistan®. Image retieved from
https://www.britannica.com/science/antibiotic -resistance

Within NZ, levofloxacirrifabutin, and bismuth are not utilised in the treatméof H. pylori
infections (New Zealand Formulary 2020bThus, the following antibiotics and associated

mechanisms of resistae discussed are only those associated Witlpylortreatmentin NZ.
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1.3.5.3 Clarithromycin Resistance
Decreased eradication rates to commip used triple therapiesis largely associated with the rise

in clarithromycin resistancéHoriki et al. 2009 The most wé documented mechanism of
resistance towards clarithromycin Iy, pyloriare mutations within domain V of the 23S rRNA
gene. These point mutations decrease the affinity of tireig to the ribosome, thereby
preventing itfrom interfering with protein syntbsis(Stone et al. 199A/ersalovic et al. 1996
Vesterand Douthwaite 2001 The first documented mutationsooferring clarithromycin
resistance were identified in 1996; an adenitteguanine transition at positions 2146 or 2147
(A2186G and A214G) of the 23S rRNA gerikaplel.3) (Versalovic etal. 1996lt is important

to note that previous studies of the point mutations riicleotides 2146 and 2147 have used
different position numberge.g. 2058, 2059, 2514, 2515 and 2143, 214B)youghrecent re
sequencig of the 23S rRNA gene the length of thepylai 26695 NC_00091bgene has been
re-evaluated and position2146 and2147 have been proposed as the correct nucleotide
numbers(Gong et al. 2020 Further studies have identified other mutations within domain V,
including adeningo-cytosine at positions 2146 and 2147 (A2146C, A2147C), and adinine
threonine at position 2146 (A2146T)4blel.3) (Khan et al. 2004Kim etal. 2002 van Doorn et

al. 200). Many studies have validated the presence of the A2147G, A2146G and A2146C
mutations, with more than 90%f clarithromycin resistanitl. pyloristrains having a comtation

of these mutations preser{Hansomburanat al. 2012Mégraud 2004Tamayo et al. 2031 %an
Doorn et al. 2001Versalovic et al. 1996 Other mutations present within the 23S rRNA gene
have been identifiedhowever, their direct association with clarithromycin resistance has not
been fully evalated (Tablel.3). Of particular interestis the threonirt®-cytosine transversion

at position 2186 (TA26). This mutation has been identified in clarithromycin resistant strains
and is believed to be associatedhwhigh levels of clarithromycin resistan@i€im et al.2002.
However,Burucoa et al. (2005have shown that T2186C is also present in clarithromycin
sensitive strains, suggesting that this mutation is not directly related widhitlromycin
resistance. Mutations havelso been identified outside of domain V in resistant strains. A
threonine-to-cytosne transition at position 2715 (T2715C) was identified in domain 1V of the
23S rRNA gene conferring a low level of resistédRoatana et al. 2002 These mutations may
arise from spontaneous mutation, at an estimated rate of 8 ¥°,10r through horizontal gene
transfer ata transformation frequency of 2.2 x 2(er viable cel(Taylor et & 1997 Wang et

al. 200).

Once again, the geographic spread of this bacterium has led tesgedic mutations with
differing MICs. Namely, the A2147G mutation has predominantly been found in European

countriesand Iran, whilehe A2146Gnutation iscommonly identified in Brazil but not identified
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at all in Korean isolatgg\gudo et al. 2010De Francesco et al. 2Q0Rargar etal. 2011Kim et

al. 2008h Ribeiro et al. 203, Wueppenhorst et al. 2009 The A2146G mutation has shown a
higher MIC than the A2147G when assessgedtro(De Francesco et al. 200%ersalovic et al.

1997 Versalovic et al. 1996 However, in therapeutipractice, eradication rates have been
much lower in patients witld. pyloristrains containing the A2147G mutation, showing contrary
results toin vitro studies(De Francesocet al. 2009 This difference in MIC and eradication rate

has been suggested as a more severe conformational change in the gene specific to the point
mutations observed inH. pylorior an overestimation of the MIC by the method used to
determine the MC(De Francesco et al. 20Q9%tone etal. 1997

Other genes asgiated with clarithromycin resistancenclude infB, encoding tanslation
initiation factor IF2, andrpl22 encodingibosomalprotein L22(Tablel.3) (Binh et al 2014. A

9 base pair lpp) insertion or 3 bp deletion withirthe rpl22 gene and a single point mutation
within theinfBgene causing a guanifte-adenine mutation at position 160 (G160A) have been
identified as being involved with increased resistarmgards clarithromycir{Binh et al. 2014

Both of these genesare associated with the large ribosomal subunit and have been identified as

conferring resstance to eythromycin inE. col(LaTeana etal. 2001Zaman etal. 2007

Smiley et al. (2013)ave identified several different OMPs with varying characteristics that were
differentially expressed in clarithromycin resistant strainsHofpylori. They suggested that
synergisticallythese OMPsay provide an agantage for clarithromycin resistahkt pylori The
identification and further characterisation of OMPs in antibiotic resistanee pyloris an area

that requires further study.

Efflux pumpsHefABC, HP1181, HP118ve been associatiewith clarithromycin resistance
and are discussed ftirerinSectioril.3.5.7(Falsafi et al. 2031Hirata et al. 201D
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Table1.3: Mechanisms of clarithrongcin resistance iH. pylori

Mechanism of resistance

Mutation associated with

antibiotic resistance

Reference

23S rRNA mutation

infB
rpl22

Efflux pumpgHefABC, HP1181
HP1184)

Outer membrane proteins

A2147G

A2146G

A2146C

A218T

G216A

T275BC

T21&6C

A218G

A2120G

A2119G

G21BA

C2B1G

G1A3A

T1946C

T223C

G22BA

C224T

T2131C

C219T

T228C

C26BA

G160A

9 bp insertion or 3 bp deletion

HefA (N177T)

NA

(Versalovic et al. 1996
(Versalovic et al. 1996
(van Doorn et al. 2001

(Toracchio et al. 2004Vang ad
Taylor 1998

(Kocazeybek etal. 2019

(Fontana et al. 2002Hao et al. 200
(Khan et al. 200&Kim et al. 200p
(Hansomburaa et al. 201p

(Hultén et al. 199y

(Hansomburana et al. 201%an Doorn
et al. 200)

(Hansomburana et al. 20)2
(Garrido and Toledo 2007
(Gariido and Toledo 2007
(Garrido and Toledo 2007
(Hao et al. 200¢

(Hao et al. 200¢

(Hao et al. 200¢

(Park et al. 2018

(Park et al. 2018
(Khademi et al. 2004
(Rimbara et al. @08h)
(Binh et al. 2014

(Binh et al. 2014

(Falsafi eall. 2016 Hirata et al. 201p

(Smiley et al. 2013

NA = not applicable.
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1.3.5.4 Metronidazole Resistance
In standard triple therapies, metronidazole resistance is a major contributorrémlieation

failure and is the leading resistance phenotype in NZ straind. pylori(Graham et al. 1992
Hsiang et al. 2013Viégraud 2000t There are four possible mechanisms of resistance described
for metronidazole resitant strains oH. pylori reduced activityf nitroreductases, reduction in
antibiotic uptake increased efflux, increased DNA repair activity and alteratiarthe oxygen

radical scavenger systeflba e al. 2017.

The natural occurrence of metronidazole resistance is due to&wovanutational inactivation

of the oxygeninsensitive NADPH nitroreductagelxA), RdxA responsible for the reduction of
hydroxylamine which damages the helical structwe DNA (Goodwin et al. 1998 The
inactivation ofNADPH flavin oxidoreductagigxA), encoded byrxA, in combination withRixA
inactivation has also shown metroniddeoesistancéMarais et al. 2008 Inactivation of these
genes through mutations renders these genes unable to encode the reductases required to
reduce the podrug metronidazole into its bactericidal agent through premature truncation
(Goodwinet al. 1998 Kwon et al. 01, Marais etal. 2003Tanih etal. 2011 The combination

of inactivation of the two reductasesincrease thdevel of resistance but inactivian of FixA

by itself does not cause metronidazole resistagimong et al. @0 Yang et al. 2004Truncated

FrxAhasbeen identified in metronidazole susceptiblelis with intactRixA(Yang et al. 2004

There are a number of different mutationgameshift, missensenonserse, insertions and
deletions,within rdxAand frxAhave been identified in metronidazole resistasitains ofH.
pylori(Jenks etal. 199Kwon et al2000¢ Marais et al. 2003Tanih et al. 2011 Mutations in
these genes leading to premature truncatiand amino acid substitutiorasre found in many
metronidazole resistant strainfChua et al. 20t9Tanih et al2011, Yang et al. 2004 TherdxA
mutations present in metronidazole resistant isolates differ. Some studies have identified a 200
bp deletion within the gengvhereas others have not fourttis mutation(Abdollahi et al. 2011
Kargar et al. 20)0Many other studes have identified a range afissense mutatins(Chua et
al. 2019 Mirzaei et al. 2014Tanih et al. 201). Insertion of transposable elementgthin or
adjacent to therdxA gene has also been linked with metronidazole resista(i@ebets
Ossenkopp et al999 Tankovic et al. 2000Due to the wide array of mutations within thidxA
geneand protein,it has been suggested that multiple mechanisms ofstasice may be present

in metronidazole resistarstrains(Chisholm and Ower0R3).

Other nitroreductases present inH. pylorj ferredoxin, flavodoxi, 2oxoglutarate
oxidoreductase and pyruvatexaoreductase, have been studied for their possible involvement

in metronidazole resistance but inactivation of the genes encoding tleelrtol cell deatt{Kwon
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etal 20003. Ferredoxirlike protein, encoded b§dxB(HP1508), is a nitroreductase that may
be involved in low rate metronidazole resistanceHnpylorithrough inactivation of the gene
but is not well characterise@Kwon et al. 2000a A single insertion located upst@m of the
ribosomal binding site, required for transcription or translation of tieAgene may be involved

in metronidazole restance where mutabns are not observed directly within the ge(oore

and Salama 2005Insertions and/or deletions or substitutions have also been identified in the

upstream regions ofrxAgenegHan et al. 200

Dueto this prodrug requiring a reductioof its nitro-group to exert its bactericidal effect, the
antimicrobial effectis only exerted on anaerobic or microaerophilic bac{&davards 1993
Alterations in the redox potential at the site of rection is an area of interest for mechanisms
of resistance H. pylorihave exhibited a loss of resistance towards metronidazole when
incubaed in strictly anaerobic conditior{f€ederbrant et al. 1995 mith and Edwards 1995The
enzyme, icotinamide adenine dinucleotidé b ! 51 0 2EARIF 48X A4 0StASO
sOF @Sy IS NE (0 K I lular dXxBeR wai3iSra crektiigiahited Setlox state and allowing
metronidazole to be reduce@mith andedwards 1997 Low levels of NADH oxigean enzyme

that reacts with oxygen to produce water or hydrogen peroxide) activity may reduce the exygen
scavenger system efficien(ymith andedwards 1997 The excess oxygen present at the site of
reduction may outcompete metronidazole from flavodoxins prewegthe reductive activation

of metronidazole(Jorgensen et al. 1998 mith and Edwards 1997

Mutations within thefur (ferric uptake regulatonegulatory gene can also have an efifen the
OSttQa NBR2E LRGESY(GAlIt S LGSy dA(Choietal 2idza A y 3
The superoxide dismutase (SOD) enzyme encoded bysad@gene is a virulence factor
associated withH. pylorithat protects he bacterium from superoxide attack byonverting
superoxide radicals to hydrogen peroxide or dioxy@eesci ad Pickett 199 This enzyme is
regulated by thedurgene(Tsugawa et al. 201)bThee main amino acid mutations have been
identified within thefurregulator gene of metronidazole resistaut pylorstrains, arginingo-
isoleucine aposition 3 (R3l), cysteinm-tyrosine at position 78 (C78Y) and proli®-serine at
position 114 (P113) (Albert et al. 2005 Tsugawa et al. 201}b These mutations stop the
repression of SOD and have been linked with the development of metronidazole resistance
(Tsugawa et al. 201)}bThe mutations described above have all been stughedtro and their

clinical releance isstill to be determined.

A less baracterised mechanism of metronidazole resistance is the increased activity of the DNA
repair mechanism RegA&ncoded byecA(Chang etal. 1997Thompson and Blaser 1995The

recAgene is found ubiquitously in bacteria and is involved in the bacterial SOS response for DNA
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repair and natural transformatio(Bergé et al. 2003Cox 1991 Gaasbeek et al. 20R9Within H.

pylori, mutations, tyrcsine-to-histidine at position 103 (Y103H) and serioeaspartic acid at
position 121 (S121D), in RdxA have been suggested as being involved in metronidazole
resistancg/Chang et al. 1997 Mutations leading to premature truncation of RecA have also
been associated with metronidazalesistant strains oH. pyloriThompson and Blaser 1995
However, other studies ha not reported that mutations withirecAdo not contribute to high

level metronidazole resistance at aDebetsOssenkopp et al. 1999 This mechanism of
resistance is still insufficiemttiescribed and further work is required to fully understand to role

of recAmutations in metronidazole resistance wittih pylori

Once again, the HefABC, HP1181, HP1d48ix pumpshave been suggested to be involved in
metronidazole resistance and adiscussed further isectionl.3.5.7(Falsafi et al. 201@Hirata

et al. 2010.

1.3.5.5 Amoxicillin Resistance

Amoxicillin resistance is low when compared ther antibiotics used in firsline treatment,

with resistant MICs ranging from&8 mg/L(De Francesco et al. 2011The reliance on this
antibiotic for the successful eradication of the pathogen is high, and thus, monitoring and
understanding itgesistance mechanisms is cruciechanisms of resistance involve target

alteration and decreased permeability.

Commonly, granmegative bacteria become resistanti -lactams through the acquisition and
productionofi -t QG I YI &S a K I-lacamd midsdf the agtibitSic/makirig dnabile

to exert its bactericidal effe¢Therrien and Levesque 2080 ¢ K S LINBGaS3s€sHl. 2 T |
pylori is not clear.Somestudies ndicate that there is no production of these enzymes in
amoxicillin resistant isolates, howevdiseng etal. (200% | @S aK2 gy (KS- LINBa
lactamase genélarzy, in a highlevel resistant strain o. pylori (Dore etal. 1999 Wu et al.

2000. As well as the identification dilarey: X~ 0 NB | (i ¥id&tgndasednhilitérs have shown

an improved eradication rate compared to amoxicillin on its ¢@jetti et al. 2004

Mutations in PBPs are also associated with amoxicillin resistance. As previously discussed,
amoxicillin binds to PBPs which are required for the biosynthesis of the peptidodhyeaid

the cell wall. There are nine putative PBPs identifield.ipylorj three highmolecularweight

and six lowmolecularweight(Harris et al. 2000 Within all nine of these putative PBPs are three
conserved domains: SXXK, SXN and KTG (X represents a variableidi{idarais et al. 200).
Amoxicillin resistant strains exhibit a reduced affinity to PBP 1, 2 §6& Bits et al. 2006Kwon

et al. 2003 Okamoto et al. 2002Rmbara et al. 200720089. Significant mutations confeng

amoxicillin resistance include amino acid substitutions within or adjawethe second and third
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conserved domains of PBRibp 1A (SXN40204 and KTG55557) reducing the affinity of PBP
(Gerrits et al. 2006 Thesenutations include substitutions, nonsense mutations, and insertions;
mutations hae also been identified in PBP2 and PBP&ble1.4) (Rimbara et al. 2008a
Multiple mutationsin PBPsre required to confeamoxicillin resistance Theserineto-arginine
substitution at position 414 (S414R) and an asparaga&/rosine substitution at position 562
(N562Y) are the most common mutations identified in amoxicillin resistant straids pylori
(Gerrits et al. 2006Kimand Kim 2013Rimbara et al. 2007 Mutationswithin PBPs only confer
low-level (MIC <8 3 k) drhoxicillin resistance; additional mechanisms are required for a
higherlevel of amoxicillin resistang€o and Schdr 2006 DeLoney and Schiller 2008 errits

et al. 2006 Kwon et al. 2008

Decreased meimrane permeability has been identified as an additional mechanism of
resistance towards amoxicilliikwon et al. 2008 H. pyloripossess five porin proteins: HopA to
HopHEDoig et al 1995. Of these si proteins, mutations within HopB and HopC are associated
with increased amoxicillin resistanf@o and Schiller 20p6These mutations includemino acid
changes within the 1160t201 region of thdvopBgene and a honsense mutation leading to a
stop codon at tle 211" position of thehopCgene [Tablel.4) (Co and Schiller 20p80ther OMPs
have alsobeen associated with increased amoxicillin resistance, these include: Omp25 and
Omp32 Tablel.4) (Godoy et al. 2007 Analysis of gene expression whidnpyloribecomes
exposed to amoxicilin showdean upregulation inomp25and a downrgulation inomp32
(Godoy et al. 2007 In other Gramnegative bacteria Omp25 has been suggested as a porin,
whereas Omp32 has been characterised as an as@active porin, suggesting théhese
proteins may be involved with increasing drug rele@Beigegrain et al. 2004-ontreras et al.
2003 Godoy etal. 20Q7Siroy et al. 2006

The HefABC efflux pump has beeninvolved in amoxicillin resistance andussdéurther in
Sectionl.3.5.7(Hirata etal. 201D
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Table1.4: Mechanisms ofamoxicillinresistance irH. pylori

Mechanism of resistance Mutation associated with Reference
antibiotic resistance

Mutations wihin PBP1 N562Y (nonsense mutation) (Kim and Kim 2023
A369T (Rimbara et al. 2009a
V374L (Rmbara et al. 2008n
S414R (Gerrits et al. 2006
L423F (Rimbaa et al. 2008a
V16l (Kim and Kim 2013
V45| (Kim and Kim 2013
T593A (Rimbara et al. 2009a
G595S (Kim and Kim 2013
A599T (Kim and Kim 2013
D535N (Rasheed et al. 2014
S543R (Rasheed et al. 204
464E (insertion) (Okamoto et al. 2002
Y637* (hnonsense mutation) (Matteo et al. 2008
T556S (Tseng et al. 2009
T593A (Kimand Kim 2018
Mutations within PBP2 A296V (Rimbara et al. 2009a
S494H (Rimbaraet al. 20083
A541M (Rimbara et al. 2083)
E572G (Rimbara et al. 2009a
Mutations within PBP3 A499V (Rimbara et al. @083
E536K (Rimbara et al. 2009a
Decreased membrane permeability HopB(amino acid substitutions (Co and Schiller 2006

within 116 to 201 region)

HopC(nonsense mutation at (Co and Schiller 2®)
position 211)

Efflux pump HefC(L378F and D131E) (Qureshi etal. 2014

Other OMPH{Omp25,0mp32) NA (Godoy et al. 2007

NA = notapplicable *= stop codon.
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1.3.5.6 Tetracycline Resistance
Tetracycline is an egntial part of quadruple treaent regimens. Tetracycline resistance is not

common and MICs of resistant strains agemg/L of tetracycline and mechanisms of resistance

involve target alteration ad efflux pumpgKwon et al. 2000p

The primary mechanism of resistance for tetracycline are mutations withirbithging site of

the 16S rRNA gene. Single mutations at binding site C of domamG@R96E067) confer
tetracycline resistance by reducitige antibiotic binding to the ribasme (Wu et al. 200k These
single mutations include adenir®-guanine at position 965 (A965G), adenimethymine at
position 965 (A965T), adenir®-cytosine at position 965 (A965C), adeniecytosine at
position 967 (A967C) and aden#@-thymine at position 967 (A967()Vu et al. 05. Another
sinde mutation has been identified in domain |, a guanteeadenine change at position 360
(G360A), however these were also associated with a triple mutation in positions %&/to
(Treber and Taylor 2002 This triple mutation, AGA to TTC at position 965 to 96&e
identified in tetracycline rsistant H. pyloristrains and were shown to induce tetracycline
resistance through transformation to a previously susceptible s{faieber and Tadgr 2002).

This triple mutation is associated with high levels of tetracyadlesistance and have been
identified in both copies of the 16S rR@&nepresentinH. pybri (Gerrits et al. 2003Ribeiro et

al. 2004. Finally, two deletions have also been observed in resistant strains, a guanine at
position 771 in domain Il and a guna at position 942 in doain Il. The deletiontds 942, within

the Tet4 binding site (domain Il) of the 30S ribosomal subunit may reduce the affinity of
tetracycline thereby aiding the strain in tetracycline resistance, although this is not believed to

bea main mechanisr{rrieber and Tagl 2003.

The HP1184 and HP1181 efflux pumps are suggested to be involietthcycline resistance
and are discussed further8ectiorl.3.5.7(Falsafi et al. 2016

1.3.5.7 Efflux Pumps
Efflux pumps aréound in both Grarrpositive and Granrmegative bacteria and are involved in

the extrusion of toxic compounds from within the cedlthe external environmeniPeason et

al. 1999 TruongBolduc et al. 2005 They are involved in bacterial virulence, resistance to
nonclinical toxic components such as heavy metals and organic solvents-cell signaling,
and mostimportantly, antibiotic resistan¢ieboom et al. 1998 ulathila etal. 2011Lin et al.
2003 Okusu et al. 199@earson et al. 1999 There are five main superfamilies of efflux pratein
(Figurel1.10), the major facilitator superfamily (MFS), the AGiRding cassette superfamily
(ABC), the small multidrug resistance family (SMR), the resistamdelationcell division

superfamily (RND), and theutti antimicrobial extrusion protein family (MATE)elmar et al.
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2014. These families are characterised based on transport function, substrate specificity,

energycoupling and sequence similar{tpaier 1998

|

Na*/H*

i
DOCX ]

|

POOO

ABC MFS SMR RND MATE

Figure1.10: Efflux pump superfamiliesATRbinding cassette superfamily (ABC), major facilitator superfamily
(MFS), small multidrug resistaecfamily (SMR), resistanerodulation-cell division superfamily, and multi
antimicrobial extrusion protein family (MATE). OM outer membrane, IM = innemembrane. Image retrieved

from (Delmar et al. 2013

Efflux pumps contribute to the antibiotic resistance of many clinically relevant Grasitive
and Gramnegative bacterigGibbons et al. 20030kusu et al. 1996 The RND superfamily of
efflux pumps are an imptant family that are associated with multidrug efflux in many Gram
negative bacteri@Chuanchuen et al. 200Rla et al. 1995Magnet et al. 2001l This superfamily
is unique from the others due to the association of gkemp protein (RND) with two other

protein classes, an OMP channatlea membrane fusion ptein (MFP;

Figurel.11). The most well characterised examples of this efflux family are the AboKBefflux
system fronE. cdi and the MexABoprM efflux system fronPseudomonas aeruginoéla et al.

1995 Okusu etal. 1996
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Figure1.11: Structure of RNBEype efflux pump,based on he AcrABToIC system fronk. coli Image retrieved
from (AlvarezOrtega et al. 2Q3).

Within H. pylorj four putative RNDefflux systems have been identified, HP 14891487,
HefABC(HP0605HR0607), HefFED (HP0969P0971) also known as CznABC; and HeflHG
(HP1326HP1327), also known as CzcA (HP1329), CzcB (HP1328) and CrdB (BiRa3a7al.
200Q Johnson and Church 1999The HefABC efflux pump isetimost well characterised of
these four efflux systemand is encoded by tlee geres,hefA hefB andhefC ThehefAgene
encodes a proteirhomologueof the TolC OMP (HefA), tHeefB gene encodes a protein
homologueof the membrane fusion protein AcrA (H&f and thehefCgene encodes a protein
homologueof the RND pump, AcrB (H&Bina et al. 2000 The other three systems, HP1489
HP 1487, EfFDEandHeflHGare putative OMP, RND pumps and MEBisia et al. 20000ohnson
and Church 1999van Amsterdam et al. 20p5Initially it was believed that these dik pumps
did not play a role in intrinsic resistance towards antibioticHinpylori(Bina et al. 200.
However, their involvement in antibiotic resistance has since sewwn(Liu et al. 2008van
Amsterdam et al. 2005

Clarithromycin, metronidazole and amoxicillin rearste have been associated with tHefABC
efflux system. The association aftABQGuvith clarithromycin resistance was sugge stedHinata

et al. (2010) who showed that messenger RNA (mRNA) from the efflux systermressnt in
resistant isolates; and the introduction of an efflux pumpibitor decreased the MIC of
clarithromycin. An asparagir®-threonine change at posito177 (N177T) in HefA has also
been linked to clarithromycin resistant isolates, however, thigation was not identified in all
resistant isolateglwamoto et al. 2014 HefA is directly involved in metronidazole resistance,
shown through the knockout of this gene inesistant strain leading to metronidazaensitivity
(Lee etal. 2018van Ansterdam et al. 2006 The presence of metronidazole has also shown to

increase the expression of Taf©@mologueHefA suggesting that exgsure to metronidazole
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leads to metronidazole resistan¢Mehrabadi et al. 2011 Tsugawa et al20113. Amuicillin
resistance has been linked with the following mutations in HefC aspartig¢@gjtltamic acid

at position 131 (D131E) and a leuciteephenylalanine change at position 378 (L37&preshi

et al. 2014. Strains with both mutations have shown a 16x increase in MIC towards amoxicillin,
whereas, strains with only the L378F tation have shown an 8x increase in M@ireshietal.
2014).

Twenty-three other putative outer membrane efflux proteins belonging to the ABC, MFS and
MATE superfamilies have been identifiedHinpylorisolates(van Amsterdam et al. 20D5The
hp1184 and hp1181 genes, encoding efflux pumps belonging toettMATE and MFS
superfamiles, respectively, have beenassociated with active efflux in multidrug resistant strains
of H. pylori(Falsafi et al. 2036 Thehp116 gene, encoding an MFS efflux pump is associated
with tetracycline resistancéLi and Dannelly 20060f the drug classes relevant to this study,
HP1184 and HRL181 have been associated with macrolide, nitroimidazole and tetracycline
resigance, however, they are also associated witle tactive efflux of other compounds and
antibiotics(Falsafi et al. 201&7zan Amsterdam et al. 20p5All of these efflux proteins have been
found in susceptible and resistant strains Igf pylorj suggesting thaposttranscriptional
regulation is involved in the expression of resistant pbigypes(Falsafi et al. 2016.i and
Dannelly 2006

1.3.5.8 Factors that can affect Antibiotic Resistance

In addition to antibiotic resistanamechanisms acquired or developed by the leaittm, there

are other contributing factors to the failing eradication rates of treatments. These other factors
fall under threemain categoriesbacterial strain related factors, host related factors and

envirommental factors.

Bacterial frain related fators aiding the bacterium in treatment survival have both been
previously discussed, biofilm formation and coccoid formati®@edion O and 1.3.1.1
respectively. Biofilm formation allowsl. pylorto from a protective Iger and this coupled with

a high colony density can aid in the survivaofibiotic treatment(Stak et al. 1999 However,

it has also been suggested that althoughpybri have the ability to form biofilms, they prefer
a planktonic state of growth in the presence of gastric muo@ale et al. 2004 Likewise,
coccoid formation allows the bacterium totera selfprotective state where they can survive
antibiotic treatment aml revert back to their helical forms when benefidBrenciaglia et al.
2000.

Host related factors include patient compliance, gene polymorphismsking age and gender.

Poor compliance from patients habown an association with a decreased eradication rate but
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isnot a sole rason as patients with good compliance have also shown a decreased eradication
rate (Wermeille etal. 2002 Factors that influace patient compliance with successfulpylori
eradication include: compkity of treatment, side effects of treatnm, treatment efficiency,
motivation of physician, patient information and therapy duratig@'Connor etal. 2009.
Genomic polymorphisms in patients such as the cytochrome P450 2C19 (CYP2C19) variant in
exons four and five of the gene can have an unfavouraticeon the efficiency of PPIs during
treatment due to the enzymatic pathway used to metaboligel$fKuo et al. 2014 Several
studies have shown smoking whiledargoing eradication therapy decreases the chances of a
successful eradicatiofCamargo et al. 2007tskovz et al. 2017Kamada et al. 199%Buzuki et

al. 200§. This is due to a variety o&dtors that include decreased blood flow in the gastric
mucosahindering the delivery of eradication drugs and an increased acidic environment that
encourages more noreplicative bacteria that eradication drugs cannot targkskoviz et al.
2017. Age and gender are also factors affecting successful eradicatibrpyfioriwith females

and patients undeb0 having a lower eradication ratéShang et al. 201Mamori et al. 201]

Environmental factors principally involve the occurrence of reinfection. After successful
compktion of the treatment plan, patients have a fowveek wai before confirmation of
eradication. Within this period reinfection may occur from previously mentiosedrces
(Section1.3.2.3 such as the patielfi2 aral @aviy or through contaminated water sources,
especially in regions where water sanitation and hygiene are laoitgjn et al. 1991
Nurgalieva et al. 200Z5ong and Li 2013

1.3.6 Gemomics

1.3.6.1 16SrRNA

For many years, the 16BNA gene has been used as an important tool for helping understand
the phylogeneticelationships between bacter{@v/oese and Fox 19Y.7This gene encodes the
RNA component of the 30S ribosomal subunit and is ubiquitously found in all bacterial species
in singular or multiple copiegWanget al. 2015%. Using the 16S rRNgeneas an accurate
chronometer is attributed to a variety of factors, includjnits functional consistency, its
ubiquity, its length, and the conserved and variable regions within the lohnson et al. 2019

Woese 1987Woese etal. 1975

As wellas helping understand bacterial phylogeny, the 16S rRNA gene has beeramedas
to identify and classify bacteria at a genus and speciesd, legpecially in th absence of defined
or recognised biochemical characterisations or rare isolaifdhe bacterigJohnson et al. 2019

Mignard and Flandrois 2008Voo et al. 2008 Accurate identification at the genus level is
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attainable in most instances, however accurate species identificatiorcossideredless
achievable and reliabl@Vooet al. 2003.

The use of the 16RNAgene in identification of bacteria is particularly useful in the clinical
laboratory setting. Through conventional methods, méagterial pathogens are able to be
identified from an isolated colony within 24 hourddowever, in the case of slow growing,
fastidious, and poorly identified isolates though conventional techniques, molecular

identification is a useful togPatel 200}

1.3.6.2 Sangefequencing

The Sanger sequence method was first described in 1977 as the-tdraimation or dideoxy
technique It compries of dideoxynucletoides (ddNTP) and a DNA polymerase that prevent
chain elongation withinn vitro DNA replication(Sanger et al. 1977 Since its discovery, the
technique has become more streamlined and economical. The modern medispdayedn
Figurel.12 first involvegolymerase chain reactiof?CRamplification of the target DNA; then
sequencindollows by incorporation of the amplified target DNA, primers, DNA polymerase,
deoxynudeotides (ANTP) andsmall amount of fluoresantly labelled ddNTP$he mixture then
undergoes another PCR; the sample is denatured, primers are annealed, and the chain
elongates. This process is repeatagmerous timesllowing the complementary addition of
dNTPs and fluoregntly labelled ddNTPs the template strand. Random incorporation of the
ddNTPs induces chain termination due to the lack of thay8iroxyl group preventing DNA
polymerase from binding another dNGiAto the growing chain; producing chains of varying
lengths(Sangeetal. 1977 Smith etal. 1986 Once this process is complete and there is ample
DNA at varying lerigs, it is separatedby size using capillary gel electrophoresis and the
fluorescently labelled ddNFIs are read by a laser and detector which is recorded by a computer
for sequence analysi¢Swerdlow and Gesteland 1990The produced sequence is the
complementary strand to the template DNA, with the saméend but differential 3 ends
depending on which ddTP was incorporatedt that position. Due to the fluorescently labelled

ddNTPs, this method is commonly referred to as-tlyeninator sequencing.
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Figurel.12: Outline of the modern process of Sanger sequenciilgage etrieved from
https:/iww.sigmaaldrich.com/technicaldocuments/articles/biology/sangerseque ncing. html

Sanger sequencing produces read lengths in a rangpmbximately 506800 bp(Mardis 2017
Morozova and Marra 2008/enter et al. 2001 The metlod is error prone within the first and
last 1545 nucleotides (nt) bthe sequences producing poor quality data due to primer binding
(Binladen et al. 20Q7EDbili et al. 201)¢ These factors make Sanger sequenamgdeal choice

for small sequence projects, such as the relatively short length gene, 16S rRNA.

1.3.6.3 Nextgeneraton Sequercing

For large scale sequencing projects, focus has shifted towards new sequencing technologies
known asnextgenerationsequencing (NG SThis new range of sequencing technologies was
established to reduce time and costs associated with Sangpreseingand other related first
generation sequencing techniquéSchuster 2008 Since its development, NGS has become a

widely utilised tool within the field of lifescience¢Schuster 2008

Pyrosequencing

The first NGS technology developed was an improved Pyrosequencing method, based on the
seqguencingby-synthesis principal, involving the denotedluion of a nucleotide by the release

of a pyrophosphate and subsequent generation of phoidiargulies et al2005 Ronaghi et al.

1999. Pyrosequeaqing found its place with its superior detection limit of 5%,king it the
preferred choice for short sequences, where Sanger sequencing struggids solving
ambiguities within Sanger sequendeétarrington et al. 2013 Even with these superiorities over
Sangersquencing, Roche closed its 4Bfrosequencinglatform in 2013 when it became nen
competitive against other NGS servi¢B® IT Wold 2013.
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[lluminaSequencing
lllumina sequencing is another sequeHogsynhesis approach; however, this technology

differs from 454Pyrosequecning in two main ways: the use of flow cells instead of microwells
with beads and it uses a dytermination agproach instead of pyrosequenglllumina2017).

The workflow of lllumina sequencing follows a basic three step process: library preparation,
amplification and sequencingrigurel.13). Libray preparation bgins with the fragmentabn

of the sample and then subsequent addition of adaptors onto both taa® 3 ends of the DNA
(Craig et al. 20Q8Hodkinson and Grice 2015The amplification or cluster generation step
involves the tagged lifary being placed onto a flow cell where oligonucleotides, complementary
to the ligated adaptors, hold the singlranded fragments in place. The fragments are
simultaneously amplified from a primer on théehd of the attached fragment via bridge PCR

to create groupings of singlstranded clonal fragmen{®entley et al. 2008 Fromthe clustered
clonal fragments, sequencing may beditumina sequencing uses a reversible terminator
method that is similar to S@er sequencing in principCanard and Sarfati 1998anger et al.
1977. Many fluorescently labelled nucleotides are simultaneously added to the flow cell
allowing onébase addibn before chain terminatiorExcess nucleotides are washed away, and
the flow cell is imaged. The terminators are reversed, cleaving the fluorescentlabel and blocker,
allowing chain elongation to continue and fluorescently labelled nucleotaesonce gain
added This cycle continuesniil sequencing is comple{@entley et al. 2008Canard and Sarfati
1994 Hodkinson and Grice 205
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L f f dzY Ay | quankifgPripducesiafarge number of seques)@pproximeely 1 gigabyte
(Gb), consisting of pagnd (PEyeadsupto 150 bpinlength f £ dzZYAy I | A{ Sl u
to 600 Gb of 150 bpEreads(Caporaso et al. 2012lumina 2020 Morozova and Marra 2008
Quiail et al. 2012 This technology has a low raswror rate of 0.8%its limitations lie within its
short sequence reads making it difficult to resolve shodgusence repeats and assemblidg
novosequences; and inaccuracies within GC rich aflasozova and Marra 2008uail et al.
2012 Wold and Myers 2008 However, due to the low cost and decreased time, this
sequencing method has become widely applied in tieéd§ of WGS and functional genomics
(Morozova and Marra 2008rohe and Thyagarajan 201t the scope of antibiotic resistance,
WGS has become a widely used tool to discover and monitor theptastd changes of
resistance due to the low cost, deep covgeaand potential ease of discovering resigta in
slow growingand fastidious microorganims(McDeamott et al. 2016 Schiirch and van Schaik
2017 Su etal. 2019

SOLiCsequencing

Sequencing by Oligonucleotidgiion and Detection (SOLiBequencing uses a sequeneing
by-ligation approach. This sequencing produces highly accurate read lengths afdredag 35

bp (Liu et al. 2012Mardis 2017 Margulies & al. 2005. Whie SOLID sequencing has found its

place within whole genome resequencing, targeted resequencing, transcriptome research and
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epigenome research, it has not reached the same levelioess as other NGS technologies
(Hodkinson and Grice 201biu et al. 2012

lonTorrent Sequencing

lon torrent sequencing is another sequencingsynthesis apprach. Library preparation is
similar to 454Pyrosequencing, where DNA fragments are attachectads within a microwell
(Hodkinson and Grice 2013Jnmodified nucleotides, arsequentially added to the microwells;
incorporation of a base to a growing DNAasid releases a proton which increases the
surrounding pH thatis detected laypH meter under the microwdiHodkinson and Grice 2015
Liu et al. 2012 lon torrent sequencing has aweerror rate of 1.71%, and hassues witlthe
accuracy ohomopolymer sequencgélodkinson and Grice 2013t can produce read lengths
approximately 200 bp in legth (Quail et al. 2012 Due to the low @st and fast runtime of this
segencing platform, it has become a popular choice for meduired projects such as

microbial genomes and microbiome reseaghilani et al. 2013 Rusk 2011

Pacific Biosciencg&quencing

Pacific A23O0ASy 0SaQ ot kmolechle reatiNgséqSehcing(SMRIT) tethnglogyt S
was the start of the third generatioof sequencing technolog§eid et al. 209). The method
differs significatly from the previously described methods. Library preparation involves the
fragmentation of the DNA into muiiibp pieces and end repair with A/T overhang or blunt SMRT
loop adaptor ligation(Travers et al. 2030 A major difference from other NG S technologies is
the absence of an amplification step, instead it moves straight ontosegng.Sequencing is
executed on a chip with zenmode waveguide (ZMW) wells; DNA polymerasééhed to the

ZMW wells and fluorescently labelled nucleotides are added. Incorporation of a nucleotide emits
light which is imaged in real time and with termination groups present, chain elongation is
continuoug(Eid etal. 2009

Initial release of this sequencing platform generated @mncround the high error rate. The
error rate hassincebeen improved with the incorporation of circular consensus sequencing
Thisallowsrepeated sequencing of fragmerttgerebyreducing the error rate to approximately
12.86 %, with errors throughout ¢hread and not localised towards tlends(Buermans and
den Dunnen 20134Hodkinson and Grice 2018ualil et al. 201

Anadvantage oPacBio sequencing is the lergad lengths, initial release of the platform saw
read lengths of 1500 hpvhereasipdated technology produces redengths of around 1Q 15
kbp (AllSeq 2020Quail et al. 2012 PacBio sequencing is a strong sequencing technolodg for
novoassembly of referencgenomes, especialfpr closing gas, for the sequencing of long

repetitive regions and the identification of mutatiofR®hoad and Au 2015 However, its high
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error rate and hip cost render this technology $tibut of reach for many researchers and
laboratoriegQuail etal. 201

Oxford Nanopor&quencing

Nanopore sequencing is another third generation sequencing approach that uses a single
molecule of DNA oribonucleic acid(RNA with no amplifcation step(Buermans and den
Dunnen 2014. Libary preparation involves the ligation of adaptors to the fragmented DNA or
complementary DNACDNA, usedto capture and load a processive enzyme at'teadof the
strand. Sequencing works by enzynuesvinding the DNA and passinghirough a pore witra
distinct current(Jain et al. 2076 Changes in ionic current due to a changing nucleotide in the
DNA strand are detecte@ain et al. 2006 This techology can produce reatkngths ranging
from 60 ¢ 300 kip (Jain et al. 20180xford Nanopore 2030 Error rates of this method have
recently droppedto & 10 %(Tyson etal. 2007 Application of this sequencing techngiphas
focused on smaller genomes swashbacteria, viruses and parasites commonly found in clinical
settings for fast identificatiorfGreninger et al. 201XKilianski et al. 2033Quick et al. 2016

1.3.6.4 Bioinformatics

Bioinformatics is the culmination of many disciplines, using compbésed analysis to
understand liological aestions. This fat-changing, computebased discipline aims to
efficiently and effectively store and understand the large amounts of data obtained from an
increasingly sequenced based futugBaxevanis 2001 Bioinformatcs use a workflovor
pipeline to elucidate he identification and function of genes, in a rapid timeframe when
compared to doing it by handLeipzig 2016 Overbeek et al. 2033 A basic pipeline of
bioinformatics follows three main analysis stages: primangiysis, involving the detection and
analysis of raw sequence data; secondary analysis, the alignment wéseg readsgainst a
reference genome ate novaassembly; and tertiary analysis, variant annotation, filtering, and
visualisation to provide contd and links between obtained data and phenotypic observations

(Pereiraetal. 2020

Primary Analgis: Analysis of Raw Reads

Initial analysis starts with assessing the quality and errors of the raw reads, denoted by the Phred
score as well as the trimming of the adapt@Pereira et al. 2020 As described above, each
sequencing tehnology differs in its type and amount of errors. It is therefore important to

search and analyse the raw reads for the common errors of that particular technology.

Analysis of raw reads is conducted to ensure that there is minimal contaminatid enoug
sequence coverage of the target template, as well as summary statistics for assessing the overall

quality of the sequencin(Pfeifer 201J. Quality of sequence data is primarily measured by a
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Phred score, where each nucleotide is given a probability of it being error({@oksilich et al.
2013 Ewing and Ggen 1998. This measurementis importantin lllumina sequencing where the
main error is miscalled basésloffmann et al. 2009 The trimming of adaptors, used during
library preparation, is an essential step to improve the alignment of raw reads against a

reference and reduce the chance of erroneous variant ¢Blisifer 2017.

Secondary Analysis: Genomic Assembly

As previously mentioned, once raw sequence reads have been obtained the next step involves
the assembly into a comple genome. lllumina sequencing produces reads approximately 150
bp in length. These raw reads are overlapped to form contiguous sequettceg)g) that form

a consensus sequence of DNA in that seditkiblom and Wolf 2034 There are many prognes
available for microbial genome assembly, however, those used in this thesis éodoas:
SPAdes, a bacterdd novaassemble(Bankevich et al. 20)2Unicycler, atool used to assemble
bacterial genomes fim both long and short reads, in conjunction with SPAdes, to produce
accurate assemblig®Vick et al. 201); Bandage, an interactive visualisation tool used to view
de novaassemblieg$Wick et al. 2015 and Nullarbor, a pipline designed for producing complete

publichealth microbiology report§Seemann etal. n.jl.

Nullarbor combines a number of programmes to assemble, annotate and andlysania
paired-end sequencing data to produce a final report including: sequence data, species
identification, MLST, resistome, virulome, assembly and annotation, core genome analgsis, cor
SNP phylogeny, pairwise core SNP distances, core SNP densitarargkmpomeanalysis

(Seemannetal. n.§l.A list of the inclded programmes is presentedTiiablel.5.
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Tablel.5: Programmes included in Nullarbor to produce the &hreport.

Programme

Reference

Clean reads
Trimmomatic
Specieddentification
Kraken + Centrifuge
De novoassembly
SPAdes

MegaHit

Annotation

Prokka

MLST

MLST $ubMLST

Resistome

Abricate Resfinder

Virulome

Abricate VFDB

Variants and core genom&NPS

Snippy + Snippgore

Infer core SNPhylogeny

IQTree + FastTree
Snpdist
Pan genome

Roary

(Bolgeretal. 2014

(Kim et al. 2016Wood and Salzberg 2014

(Bankevich et al. 20)2

(Liet al. D15

(Seemann 2014

(https://github.com/tseemann/mls})
(Jolley et & 2019

(https://github.com/tseemann/abricatg
(Zankari et al. 2092

(https://github.com/tseemann/abricatg
(Chen et al. 2016

(https://github.com/tseemann/snipy)

(Nguyen et al. 201rice et al. 2010

(https://github.com/tseemann/snpdists)

(Page et al. 20105

Italics indicate a database

Tertiary Analysis: Gene Prediction and Annotation

Gene predictio and annotation creates the link between the sequence and the biology of the

organism. Applying layers of analysis and interpretation to a DNA sequence provides biological

understanding and function to an otherwise arbitrary seque(ftein 200L. Characterisation

and analysis of genome structure may be understood at arange of levels; the overall nucleotide

53


https://github.com/tseemann/mlst
https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
https://github.com/tseemann/snippy
https://github.com/tseemann/snp-dists

structure at the DNA and gene lelyécluding relevant statistics; at the coding and theoretical
protein level; and at the nowoding and reglatory elements levgWei et al. 200R Application

of this technology can provide information on evolution, conserved regions, insertions and/or
deletions, tané@m repeats and singleucleotide polymorphismgRead et al. 20Q2Vei et al.
2002.

Using automated annotain pipdines has hastened the process of gene prediction and
annotation by usindiomologuebus genes from previously annotateldse-relative genomes
against the newly sequenced DNRchardson and Watson 2012This process can identify
protein-coding g@es, RMs, transfer RNAs (tRNA), small RNAs, insertion sequéi®es
transposons, mobile elements and other genomic features previously annotated in other
genomegqStein 2001 Tatusova et al. 2018 Limitations of this process are seen within the
contradiction of the use of a reference annotation and the aim of sequencing anew genome, to
find a difference between close relativéRichardson and Watson 22). Genes or other
genomic features not present in the reference genome may notshp in a new sequence

annotation and be labelled as a hypothetical prot@Richardson and Watson 2012

There are many tools available forrgeprediction and annotabn but in this study two main
programmes were usedRapid Annotations using Subsystems TechnalBf\ST{Aziz et al.

2008 and Prokk@Seemann 20)4RAST and Prokka have both been widely used in combination
with each other for gene prediction and annotation of bacterial genofdatelskovand Patel

2015 Busch et al. 20t ™Huang et al. 2016aMostafa et al. 2019Noda et al. 2018Yuki et al.

2017. RAST is an online, fully automated annotation service that can produce annotations for
completeor nearcomplete archaeal or bacterial genomies12¢ 24 hours(Aziz et al. 2008

This software uses a multistep pra=ethat utilises GLIMMERS for initial gene prediction
followed by subsequent basic local alignment search tool (BLAST) searches and similarity within
a growingdibrary of manually curated subsystems to predict genetsassign functionfAziz et

al. 2008 Overbeek et alk013. Prokkais a command lingerated software that is capable of
producing annotations for bacterial genomes in 10 minu{&gemann 204 Similar to RAST,
Prokka also uses a hierarchal, multistep process to identify genes and functions using BLAST+;
utilising smaller trustworthy databases before moving odtonain-specific databases such as
UniProt and RefSeq, with final searches within Hidden Markov Model (HMM) databases such as
Pfamand TIGRFAl8eemann20) L ¥ y2 YI GOKS& INB F2dzyR:Z (K
assignedKilianski et al. 2035
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1.3.7 Comparative Genomics

Comparative genomics is broadly defined as the comparison of genomic featatdstips
determine biological undetanding (Xia 2013 This branch of genomics aims to id&n
similarities and differences of compared genomes with the underlying assumption that the
genomes share a common ancestto understand how evolutionary forces govern genomic
changes, and to discern how this evatuitican help improve personal and emonmental health

and other worldly issueJretaVidal et al. 2003Xia 2013.

1.3.7.1 Ortholog Analysis

Orthologues ardhomologueous genes that are found in different species that encoded proteins
with biologically equivalent functions that derive from a common ancestral gene through a
spegation evert (Primrose and Twman 2009. Identifying and understanding these
homologueous genes is an important first step in comparative genomics used to accurately
describe similarities and differences and help disgehylogenyGabaldon 208, Gabaldén and
Koonin 2013 Sennblad and Lagergren 2009

Clusters of Orthologous Groups/Genes of proteins (COG) was a database that was designed to
classify proteins from hbizeria, archaea and eukaryotes based on the orthology concept of
phylogenyTatusov et al. 2000 The basic prinpal of the COG databaseiisany two proteins

from varying lineages fall within the same COG assignment, they are considered orthologs
(Tatusov et al. 20Q0ratusov et al. 1997 COGs were identified using anadlainstall sequence
compaison using a BLAST algorithm that encompasses botheslmiving and fasevolving
genes(Tatusov et al. 20Q0 TheCOG databases still a popular tool used in comparative
genomics, although the original databaséttps://www.ncbi.nlm.nih.gov/COG/ is not
maintained.Many tools have become available to classify newlyussced gene into COG
categories; of such tools the following have been used in this thesis: Kyto Encyclopaedia of
Genes and Genomes (KEGH&ps://www.kegg.jp/) and The evolutionary genealogy of genes:
Non-supervisedDrthologousGroupgeggNOG) v4.5. bitp://eggnogdb.embl.de}.

KEGG

The KEGG database is an integrated resource used for the biological interpretation of genomic
sequences and higthroughput data to help establish links frotollections of genes within a
genome to the functionality of the cell or organigifanehisa et al. 20150rthologous groups
(OG)are stored witlin the KEG Orthology (KO) database and can be viewed through KEGG
pathway maps, BRITE hierarchies and KieG@diiles; all manually curated databag&snehisa

et al. 2a5). The KEGG pathway database containsswellular networks that link genes to

gene produts and can be viewed as enzyme names or enzyme commission (EC) numbers
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(Kanehisa and Goto 20000ther annotation servers such as RAST incorporate the KEGG
database intdheir annotation outputs, however, this external database is not maintained and
can display inacracies from the original database when enzymes are updated or a¢flea

etal. 2008.

¢KS . flradyh![! 6Y9DD hNIK2ft23 |yR [AYyta !y,
based tml (https://www.kegg.jp/blastkoala) used to automatically annotate genomes by
assigning a KO number tharacterise genes and reconstruct KEGG pathgease hisa et al.
2019. The annotation is achieved through an initial BlASdarch of gery amino acid
sequences against a needundant, mngenome dataset (KEGG GENES database) at either the
family, genus or species level before KOgassient is performed using the KOALA algorithm
involving GFIT (Gene Function IdentificationlJto evaluaé sequence similarity scores, best

hit relations, potein domains and taxonomy groups for each ggKanehisa et al. 2013
Kanehisa et al. 201&Kanehisa et al. 2016 The annotated genome is able to be recons&dct

into KEGG pathway maps, BRITE hierarchies and KEGG muakdelson the assigned K
numbers of each gene using the KEGG Mapper Reconstrathwly tool
(https://www.kegg.jp/kegg/tool/map_pathvay.htm) to visualise and interpret higkevel

functions encded by the genoméanehisa et al. 2016

EggNOG

The eggNOG database is aaxtibn of orthologous relationships, gene evolutionary histories
and functional annotabns that are publicly available on a wéblbsed interface
(http://eggnogs.embl.d@ (Huerta-Cepas et al. 2018ensen et al. 2@). eggNOG v5.0.0is the
most recent update of the database with an upgraded core organism setnow consisting of 5,090
organisms (previasly 2,031)HuertaCepas et al. 20)8 The eggNOG database contains and
identifiesOGsestablshed from an alhgainstall approach using SmitWaterman alignments,

reciprocal best matches, and triangular linkage clustefd®nsen et al. 2008

eggNOGMVapper http://eggnog-mapper.embl.de) is an onlinetool used for the functional
annotation of sequences based on the precomputed ortholog clusters and phylogenies
determined in the eggNOG v5.0.0 databdbleiertaCepas et al. 201 HuertaCepas et al. 20)8
Proteinquery sequences are uploaded into the online interface and undergo a HMMER3 search
against the eggNOG v5.0.0 HMM database to provide anlioittaologous group match and
functional annotation. Functional annotation is completed by assigning the taxaafyni
closest ortholog and functional descriptions including: Gene Ontology (GO) t&ere
Ontology 201 KEGG pathwayKanehisa et al. 201&nd COG functionahtegoriegGalperin

etal. 201% HuertaCepas et al. 20}7
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1.3.7.2 WholeGenomeAnalysis

Mauve

Through genome evolution, recombination, horizomggahetransfer and deletions can all alter

the order and contents of genonse Mauve is a tool that issed to create multsequence
alignments to observe largscale evolutionary even{®arling et al. 2004 Mauve uses local
collinear blocks (LCB) to identiipgmologueous regions sharedby two or more genomes that

are being aligned that contain no genomic rearrangements. LCBs are defined by providing a
minimum weighta measure of confidence that the genome rearrangement is.tAleigher
minimum weighhasgreater confidenceout lower sensitivity and a lower minimum weighias

greater sensitivity but lower specificifiparling et al. 2004

The traditional Mauve algdhm uses a mulistep process to create an alignment, briefly
described as folls. First, anchors, multiple Maximal UnigM&atches (multipleMUMs), are
identified for a rapidalignment approach; the anchors may be rearranged to indicate potential
genomiaearrangements. Secondly, random anchors that are small and potentially spar®us
removed by defining the minimum weighdr LCBs. Thirdly, the parameters of the anchored

regions are defined, and Mauve completes the gapped global align(@aning et al. 2004

Advancements in the originallgorithm have led to the emergence of the progressiveMauve
algorithm(Darling et al. 20100 These improvemes focus around aligning larger numbers of
genomes and more divergent genomes as well as the default parametetshe overall
alignment being more accuratéarling et al. 2000 Other advancements have led to the
development othe Mauvecontig mover(MCM), an algorithm used to reorder contigs in draft

genomes against a reference geno(®essman et al. 2009

PhyloPhlAn2
To help taxonomically identify and discern evolutionasglationships, PhyloPhlAn was

developed to assign phylogeny and putative taxonomy for mictajgamomeqSegata et al.
2013. PhyloPhlAn2 is buiitff of the original software andiable to resolve both closely related
strains as well as deelpranching candidate divisiorisom 400 ubiquitous proteins, identified

and optimised from 3,737 gemaes(Segata et al. 203

Complete or draft genome assemblies may Isedifor input daa into the software. The input
data is searched for the 400 conserved proteins and the nuatad or amino acid sequences of
the proteins are concatenated and aligned usiNdlitple Sequence Comparison by Log
Expectation MUSCLHEdgar 2004 Phylogenetic trees are then builsimg an external tree
builder suctas RAXML or FastTréRrice et al. 201,0Segata et al. 201Ftamatakis 2006
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1.3.7.3 ldentification ofAntibiotic ResistanceDeterminants

CARD

The Comprehensive Antibiotic Resistance Database (CARD) is an online, yneumaddid
database on the molecular basis of antimicrobial resistahtgp$://card.mcmaster.ca/homg
(McArthur et & 2013. The Antibiotic Resistance Ontology (AR@3 weveloped by CARD to
classify integrated sequence and molecular data of antibiotic resisig@eegMcArthur etal.

2013. Entries are only recorded within CARD if the sequences are available in GenBank and are
associated with a peereviewed publicatbn. Molecular data entries include all annotations,
NCBI accession numbers, taxonomy identification numbers of pathogen hosts and associated
PubMed publications. The database is continuously updated and is widely to screen
bacterial genomes for weknown and characterised resistance determina(®dcock et al.

202Q Happel etal. 2020Kim et al. 2018

The Resistance Gene Identifier (RGlhimduilt tool within CARD used primarilyo annotate
guery genome sequences against data within CARPS://card.mcmaster.ca/analyze/ryj{Jia
etal. 2017. Antibiotic resistance gess and mutations are predicted query sequences using
ORFprediction using ProdiggHyadt et al. 2010 and sequence alignmenisingDouble index
alignment of nextgeneration sequencing datdIAMOND (Buchfink et al. 20050r BLAST
(Camabo et al. 2009 Currently, the RGIlis only able to detect rymonymous substitutions
Frameshift mutations, insertions and deletions are not identifidte RGiks therefore limited in

its ahlities (Alcock et al. 2020 Searches within the RGI may be conducted within three
paradigms: perfect, strict or loogdia et al.2017). Combining a loose search using RGI and
phenotypic screening may enhance the identification of novel antibiotic resistance (y&oask

et al. 2020. TheRGI has &en applied to pathogenic bacteria to understand their antibiotic
resistance geneChietal. 2020Ghash et al. 2020Grevskott et al. 2020

OrthoVenn2

OrthoVennis an online tool used to annotated, visualise and compare orthologous clusters
within different speciesHttps://orthovenn2.bioinfotoolkits.net/home (Wang et al. 2015d
OrthoVenn2 builds on the original version through an updatkdfprm, allowing comparison

of up to 12 species at once and is ten tifi@ster than theoriginalOrthoVenrsystem(Xu et al.
2019. OrthoVenn2 uses a modified OaklICL algorithm(Liet al. 2003 for orthology cluster
prediction Figurel.14). An allagainstall alignment is performed using DIAMORNEDIchfink et

al. 2015 to identify regions of similarity within query genomes; orthAgogdsi¢hen used to
identify presumptive orthologyXu et al. 2019 and the outputisvisualised in a cluster table or

Venn diagramKigurel.14). Afteridentification of an ortholog cluster, the putative function of
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the ortholog is determinethrough another DIAMON@Buchfink et al. 20)%earch through the
non-redundant protein database within UniPréthe UniProt Consortiurd014 and maybe
displayed as GO terms and a protein network for each cluster identfigdrel.14). OrthoVenn
has been used in comparative genomic studiesidentify orthologous protein clusters

potentially responsible for mltidrug resistance i\. baumanni{SiTuan et al. 2020

1.Genome gsm i
Genome Data /,\ @ Alignment 2
VA <
Pl s -
V' ~
Y
6. Protein Cluster 2.0Ortholog ldentification
Relationships I
A 3.Construct
5.Venn diagram Ortholog Network
Y
e :
4 _Clustering

Figurel.14: Workflow of OrthoVenn2.lmage etrieved from https://ort hovenn2.bioinfotoolkits.net/home.

1.3.8 Summary of Literature Review

Overall, this literatue review has discussedany aspects ahe human pathogertl. pylorj as
well as toolsusedfor genomic sequengand comparative analyses. It has highlighted the
major morphological and genomic characteristics that define this bacterium and aid in its
suwvival in its harsh environmenRequiements for growth have been described that will aid in
RQ one of this thesiSéctiorD). The vast global spread bf. pylorhas been presented as well
as the still unknown nature of theatural reservoirs and transmission thfe pathogen The
range of clinical outcomefsom anH. pyloriinfection underlines thgotential severity of this
bacteriumon human health These outcomesoupled with the rise of antibiotic resistance
exhibited waldwide by thispathogenis creating chllenges for clinicians to assign effective
treatmentregimens to eradicatél. pylori The lack of dataround NZH. pylorisolates as well
as resistance rates and mechanisms of resistance highlights the needbarftgsearch in this
area. Finallyanoverview of sequencing technigques and a range of carafve genomic tools
were described that will be used in this thesis. These tools will help ansvadwi@nd three

of this thesigSectiorD).
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Chapter 2Growth andAntibiotic usceptibility Testing ofH. pylori

2.1 Introduction

H. pyloriis an extremely fastidious and slow growing organismaitro. Initial culturing of this
bacterium from clinical biopsies utilises selective media due to thinsit resistance these
organisns showtowards certain antibiotics; including vancomycin, cefsulodin, sulphonamides
and trimethoprim(Blanchard and Nedrud 201Rlégraud 199Y. Primary culturing can take five

to seven days before small, round and trarglot colonies are observed on blodédsed agars
(Blanchard and Nedrud 201L2~or moreabundant growth of the bacterium, liquid media may
be used, which are usually supplemented with a serum such asihaetivated horse or foetal
bovine serum. Addition of serum has shown to incretieegrowth ofH. pylori however, this
bacterium has alsbeen observed to grow in liquid media without serum albeit less abundantly
(Shahamatetal. 1991

Antibiotic susceptibility testing is an important component of clinical microbiology used to
identify and confirm susceptibility and resistance levelstiosen antimicrobial agent&eller

et al. 2009. For such analyses, the inoculum size required is important; howeveH, foylori
antibiotic susceptibility testing, this parameter is not yedfthed. A McFarland standard is a
range of barium slphate or latex particle suspension standards that are used as a visual
reference test for the turbidity of bacterial suspensig@®urvalin and Sosy 199%. This visual
reference is often used to determine the inoculum size requirechbmurate identification of
antibiotic resistance, with e&cstandard correlating to an approximate cell densitgifle2.1)
(Dalynn Biologicals 2014A general standard of 0.5 McFarland hasibeaggested to achieve
semiconfluent growth for most bacteria; howevet, pylorinoculum sizes have ranged from
McFarland 0.5 to 4Christofilogiannis 20Q1Hartzen et al. 1997Heep et al. 2002Hombach et

al. 015).

Table2.1: McFarland standards and their approximate cell détysconversion (Dalynn Biologicals 2014).

McFarland standard 0.5 1 2 3 4 5

Approximate cell density

(x1G/mL) 15 3 6 9 12 15

The MIC ighe lowest antibiotic concentration that will inhibit bacterial growth and can help in
determining the breakpoint b an antibiotic, or the antibiotic concentration that defines

resistance and susceptibilifCarsonet al. 199%. Two antibiotic beakpoint guidelines are
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primarily used to establish the resistance in clinical bacterial isolates; the Clinical Laboratory
Standards Institute (CLSI) and the European Committee on Antimicrobial Susceptibility Testing
(EUCAY) guidelinegKassim et al. 2016 Phenotypic methods used for testing antibiotic
susceptibility include agar dilution or breakpoint susceptibility testitigg; diffusion and-Eest
stripsFigure2.1. The agar dilution method involves the incorporation of varying concentrations
of liquid antibiotic into molten agar before a known concentration of microbial inoculum is
spread across the surface of the platésglure2.1A). The plate where growth inhibition is
observed identifiesthe MIC for that antibiotic for that amount of inocul{Balouiri et al2016.

Agar dilution is consideretie gold standard method for establishiagtibiotic resistance aofl.

pylori however, it is not routinely used in clinical settings due to its high monetary and time
costs(Clinical and Laboratory Standards Institute 2015 cited in: Miftahussurur et &; 202
ValdivieseGarcia et al. 2009 Etest strips are also used to teymine the MICs oéntibiotics.
These strips have a pidefined gradient of antibiotic concentration from one end to the other,
and are placed in the centre of bacterial inoculum spreadhe surface of an agar medium
(Figure2.1B).The antibiotic diffuses from the strip into the agar, coming into contact with the
bacteria on the plate. Just before the point of the strip where colonies are algei@right up

G2 GKS aiNALIQa S RMiSahdssuruheRas302iMiffBHuSRuretal. 200K S a L /
These two methods used for deteiming MICs of antibiotics are comamly used in antibiotic
testingfor H. pyloriand have both achieved similar MICs for amoxicillin and clarithromycin
(Glupczynski et al. 20p2In contrast, analysis ofietronidazole has resulted in different MICs

for each method and are considered unrelialp@&lupczynski et al. 20p2Disc diffusion is a
simple and economic method for routine testing of antibiotic suscep#tdind is considered

the gold standrd method for confirmation of susceptibility for bacteifghan et al. 2019
Mégraud and Lehours 20D Disa consisting of a singétibiotic concentration are placed onto
inoculated agar plates=fgure2.1 C). Resistance or sensitivity is determined by the zone of
inhibition aroundthe disc; these zones differ iizefor each antibiotic and each concentration,
with the MIC being the disc with the lowest concentration that causes growth inhil{iDgata

et al. 201%. This metlod has been employed with antibiotic suscepiipitesting ofH. pylori

and is considered a costffective alternative to Hest methodgyMcNulty et al. 2002Mishra et

al. 2009.

Antibiotic resistance ilNZisolates oH. pybri has been understudied. Whileftirent strains of
H. pylorhave shown resistance to metronidazole and clarithromy&immed et al. 200Hsiang
etal. 2013, the exact resistance(s) of the isolates in New Zealand is not well established. The
aim of this part of the study was to establish antibiotic resistance phenotypes and MICs for

different New Zealand isolates bf. pyloriFigure2.2). Five isolates (&) were provided by Dr
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Susan Taylor (Middlemordospital, New Zealand) for analysis. These isolates were initially
retrieved from biopsies of patients undergoing gastroscopy and underwent routine antibiotic
susceptibility testing to four commonly used antibiotics in New Zealambdouse testing was
conducted to confirm these findings using a variety of media and different testing methods.
These data were then used to focus the genome analyses for molecular mechanisms of

resistance (Chapterséhd4).

A

64 pug/mL

Figure2.1: Different antibiotic susceptibility testing techniques. (A) Agar dilution, different concentrations of
antibiotics added to each agar plate examples shown; (B)-Eest strips, a gradient of antibiotics along a strip that
diffuse into the agar; ad (C) disc diffusion, a single concentration of antibiotic that diffuses into the agar. Grey
shading indicates bacterial growth, white areas indicate no growth.
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2.2 Methods andVaterials
2.2.1 Ethics

No ethics approval was needed for this project. The propokéhis project was sent to the
Health and Disabilitytkics Committee (HDEC) boardNiz, who deemed this project not within

their scope for ethics approval. It was then sent through Auckland University of Technology
Ethics Committee (AUTEC) who revieltids project and determined that it does not require

an ethics review due to the research containing no patient identifiable information and no

human tissue cells.

2.2.2 AcquisitionGrowth andStorage oflsolates

H. pyloriisolates (AE) were isolated from stmach biopsies and provided by Dr Susan Taylor
(Middlemore Hospital, Auckland, New Zealand). The isolates were stdrallamatoire de Santé
Publique du Québec (LSPQ) preservation mediati prepared for delivery. Faransfer to
Auckland University offechnology AUT), isolates were plated from LSPQ medium onto
supplemented Mueller Hinton (SMH) agar plsipplemented with 5 % sheep blood. Plates
were incubated at 387 °Cin microaerophilic conditions with campy &Raks (Fort Richard, NZ)

for three toseven days.

Isolates were received at AUT and subtured to both liquid and solid medias described by
Blanchard and Nedrud (201ZJhe BHI broth (Fort Richard, NZ) was prepdrfollowing the

YI ydzF I OG deitidhyIB.5 g df BHA powder was added to 500 mL a@frdsed water. The
solution was thoroughly mixed before dispensing 10 mL into individual test tubes and
autoclaving at 12FC for 30 minutes. Columbia Sheep Blogara(CSB) (Fort Richard, New
Zealand)was used as the solid medium. Several colonies warsfterred from the original
plates to the BHI broth and CSB agar before bamugbated in an anaerobic jar under
microaerophilic conditions with campy GasPakstRahard, NZ) at 3TC for seven tten days.

All isolates were incubated in these conditgfrom here on.

Df @OSNRf ait201a oSNB LINBLINBR FNBY GKS [/ {.
by adding 2 mL of 0.8 % saline to the plate and secppff the lawn of growth before biag
transferred into a 1.5 mL Eppendorf tube. A%0/olme per volume (v/v) glycerol stock was
prepared using 0.6 mL of 40 % glycerol and 0.6 mL-sfispended isolate in a 1.5 mL Eppendorf

tube for each isolate. Glycel stocks were stored aB0 °C untiuse.

A Gram stain was performed on each isolate f@liminary identification. From growth present

on CSB agar, a colony was taken, and heat fixed onto a clean glass slide. A primary stain of crystal
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violet was appéd for 30 seconds before the additiaf iodine for a further 30 seconds. The
slide was rined with water, 95 % ethanol was added and then rinsed off with water. Safranin
was added and left to sit for 30 seconds before being rinsed off. Slides were exanmiter

1000 x magnification.
2.2.3 Antibiatic SusceptibilityTesting

2.2.3.1 MiddlemoreHospitalTesting

Antibiotic resistance was initially determined by Middlemore Hospital. Their method involved
resuspending a 482-hour culture ofH. pylorj grown on SMH agar, iralne to a 3 McFarland
standard. Thenoculum was then spread over the surface of SMH agér %% sheep blood
(four plates per organism). Antibiotics tested included amoxicilin, clarithromycin,
metronidazole and tetracycline, all with a concentratioradjent ranging from 0.01€ 256

> HnL. One BRest strip was applied to each plate before uh@ating in microaerophilic
conditions at 35¢ 37 °C for 72 hours. Interpretations of MICs were determined against the
EUCAST Mlfzeakpointghttp://www.eucast.ord ).

2.2.3.2 In-houseTesting

In-house antibiotic testing wasoaducted in an attempt to confirm the results provided from
Middlemore Hospital. This testing was designed in two rounds with varying medias and
antibiotic concentations in an attemptto improve redsl(Table2.2); using a similar method to

that used by Middlemore hospital.

Isolates were prepared via spread plating with 20@lycerol stocks onto CSB and SMH EUCAST
Agar F with 5 % horse blood and 2@/inricotinamide adenine dinucleotid@NAD) (Fort Richard,
NZ).Plates were incubated as described3ection2.2.2 for seven days. From these plates,
isolates were resuspended in 0.8 % saline to a McFarland standarahaf Svabbed over the
surface of new plates of both C&88d SMH EUCAST Agar F with 5% horse blood and 20 mg/L
NAD (Fort Richard, NZ).
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Table2.2: Inrhouse antibiotic susceptibility testing experimental design.

Round 1 Round 2
Antibiotic CSB agar MH EUCAST Agamkth horse blood and
NAD

Disc or Hest strip  Concentration & 3 1 Disc or Best strip Concentration
Amoxicillin Disc 25 Disc 10> 3
Clarithromycin Disc 15 E-test strip 0.016¢ 256> 3 Kk Y
Metronidazde Disc 5 Disc 5> 3
Tetracycline Disc 30 Disc 30> 13
Vancomycin Disc 30 Disc 30> 13
Blank Filter disc - Filter disc -

Round one of testing involved CSB agar, a standard blood agar suitable for grovpniopri
Antibiotic discsof amoxicillin (25> 3 @larithromycin (15> 3 énetronidazole (5> 3 and
tetracycline (30> Iere used Sterile filter paper dipped in water Waised as a negative control
and vancomycin (3¢ Hwas used as a positive control for resistance; due to the natural
resistance exhibtowards this antibiotic byH. pylori (Table2.2) (Mégraud 199Y. Discs were
placed on plates in two patterns: all discs on oratgland one disc per plata total of seven
plates perisolateKigure2.3). All plates were incubated as describe&ttion2.2.2 Only one

technical replicate for eadsolate was pgormed in this round of testing.
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Figure2.3: Example of &c placement for round one on antibiotic susceptibility testing. All discs present on one
plate (A) and one disc per plate (B).

Although testing vas not completed for round two, the following method was developEable

2.2). Themedia used was changed to MH EUCAST Agar F with 5 % horse bl@0dag/L NAD.
Amoxicilin discs at a lower concentration were used ¥l as were an Hest strip for
clarithromycin (0.01&, 256> HnL) as the desired antibiotic concentration was not available as
a disc Table2.2). Three technical replications for each antibiotic per isolate were planned for
round two. All plates were incubated as describedattion2.2.2for seven to ten days until
growth was observed. Due to budget restraints, liquid antibiotics and/tesE strips for all

antibiotics were unable to be used to detrine MICs.

When visible growth was observed, plates weemnoved, and the zone of inhibition for
antibiotic discs was measured and recorded as the diameter of the zone around and across the
centre of the disc. FoH. pylorithere are no published agreedasdards for determining
resistance using disc diffusionu® to this, a literature search was conducted for previously
described inhibition zone sizes conferring resistance, these zone sizes were used to determine
resistance for this studyT@ble2.3). If testing with Hest strips was complete, MICs were
determined where the growth inhibition ellipse intersects with the MIC value indicated on the
strip; EUCAST MIC guidelines would have been usdédtermine the beakpoints conferring

resistancelittp://www.eucast.org/).
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Table2.3: Published diameters of inhibition zones inferring resistance for chosen antibiotics.

Antibiotic

Concetration (> 3 k RA & Inhibition zone diameters Reference

(mm)

Clarithromycin

Metronidazole

Amoxicillin

Tetracycline

15

10

25

30

No zone

A3B0

<10

(McNulty et al. 200p
(Mishra et al. 2006
(McNulty et al. 200p
(Mishra et al. 2006

(lovene et al. 1999
L&ivukene et al. 2002

(Mishra et al. 200p
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2.3 Results
2.3.1 Growth ofH. pylori

Three diffeent media were used in this study in an attempt to grow the fastidious, slow growing
organismH. pylorj BHI broth, CSB agar and MH BIST Agar F with 5 % horse blood and 20
mg/L NAD. As measured by visual identification of small, translucent coléhigdoridid not
grow using BHI broth but did grow on both types of adagre2.4).

Gram staning of isolates resulted in pink spirals, indicativéHofpylorifor all isolates (data not

shown). This provided prietinary confirmation of the isolates beiry pylori

2.3.2 AntibioticSusceptibilityTesting

Antibiotic resistance was initially determineg Middlemore Hospital using-tést strips. In
house antibiotic testing was conducted in an attempt to confirm the mrediresults, primarily

using the disc diffsion method.

2.3.2.1 Middlemore Hospitahntibiotic Testing

Using the Hest method, resistance prdéis were established for eath pylorisolate AE (Table

2.4). These resultsprovided by Dr Susan Taylor and her team at Middlemore Hospital,
established that isolate A is sensitive to all antibiotics testedalss B and E were both resistant
to both clarithromycin and metronidazole at a concentration abave ¢ = > \#whieYsplates C
and D were resistant to only clarithromycin at concentrations of>24 k &njd 1> 3k Y [
respectively. These results are similar to published resistance datd.fpyloriin NZ, with

clarithromycin and metronidazole resistance @ prominentHsiang et al. 2033

Table2.4: Antibiotic susceptibility testing results rom Dr Susan TayloMiddlemore Hospitalfor each isolate oH.

pylori.
Amoxicillin ~ R/S Clarithromycin ~ R/S Tetracycline R/S Metronidazole  R/S
(> #nL) (> #EnL) (> finL) (> #nL)
A <0.016 S <0.016 S 0.047 S 0.5 S
B 0.047 S >256 R 0.094 S >256 R
C 0.032 S 24 R 0.032 S 0.25 S
D 0.032 S 1 R 0.032 S 0.25 S
E 0.023 S >256 R 0.047 S >256 R

R = resistant, S = sensitive.
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2.3.2.2 In-houseAntibiotic Testing
A McFarland standard of only twwas achievable when isolates were grown on CSB. aga

Although the desired McFarland standard of threasmot achieved, confluent growth on the

plates was observedr{gure2.4).

Figure2.4: Example of antibiotic suseptibility testing on CSB agar. Dotted lines indiedtwhere zone of
inhibition starts. (A) Isolate @vith clarithromycin disc (15> 3 (B) isolate C with tetracycline disc (3031

Placement of antibiotic discs produced different results fehguse teting. The first round of
in-house testing was conduetl with all antibiotic discs on one plate, thisopguced no growth
(data not shown) and was likely due to the overpowering effect of all the antibiotics being

presentatonce. Using asingle disc pateyielded growth for some of the isolatekable2.5).

INK2dzaS GSaGAy3 FT2NI O2yFANNIGAZ2Y 2F aARRf SY?
results. Middlemore Hospital results show that one isolate is siesio all antibiotics tested
(isolate A, whereas tw isolates were resistant to just clarithromycin and metronidazole
(isolates B and E) and two isolates resistant to only clarithromycin (isolates C and D).
Unfortunately, attempts to revive isolate D froglycerol stocks for antibiotic suscdglity
testing were unsuccessful and the isolate was removed from progressing further through the
study. Isolates A and B did not grow on any of the plates making confirmation with Middlemore

| 2 &L G f Qhievahe dhziack &f gamyth oBservedthe two contol plates for these
isolates indicates that the cells were not viable and not a direct result of the antibiotic
concentrations being too high. In contrast, isolates C and E both produced growth omdhe t
control plates as well as some of thatibiotic gates. For isolate E, growth was observed on
both control plates (blank and vancomycin) as well as on plates containing clarithromycin and

metronidazole; however, results indicate that this isolate insgve to both clarithromycin and
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metronidazole dueto the large zone of inhibition. This is contradictory with Middlemore

| 2aLAGEHE Qa NBadzZf 6a GKFIG akKz2e¢g (GKAa Aaz2ftldSs
present on plates with amoxicillinnd tetracycline present for isolate Eiggesting thathe
concentration of these antibiotics may be too strong for this particular strain. Results from
Middlemore Hospital show that isolate E is sensitive to amoxicillin and tetracycline as it is only
ableto grow in concentrations of 0.023 3 L.and 0.047> 3 K, Yegpectively. Isolate C was the
only isolate to exhibit growth on all plates in round one of testing. Zones of inhibition around
the discs indicate that isolate is sensitive to all antibioticsddsThis result is in opposition Wit
Middlemore Hospital in relation to clarithromycin. However, it is important to note that smaller

zones of inhibition are noted for both clarithromycin and metronidazole than in isolate E.

Making a direct comparison beeen Middlemore Hospital results anmathouse testing results

is not possible due to difference in testing methods during this round of testing. However, using
the disc diffusion method shows that isolates C and E are sensitive to clarithromycin and
metronidazole at concentrations of 15 Znd 5> Fespectively. Sensitivity to amoxicillin and
tetracycline is common amongst isolates from NZ and worldwide resistance is still low when
compared to clarithromycin and metronidazqldsiang et al. 2013avoldi et al. 2018 The
second round of antibiotic susceptibility testing, with different media and reduced atitibio
concentrations was unable to be completed as none of the isolates could be revived from

glycerol stocks.

Table2.5: Antibiotic susceptibility of eact. pyloriisolate from in-house testing round 1.

L Growth or zone of inhibition for each isolate
Antibiotic disc

concentration & 3 0

A B C E
Clarithromycin (1b NG NG 40 mmz.o.i 60 mm z.0.i
Metronidazole (3 NG NG 20 mmz.o.i 70 mm z.0.i
Amoxicillin (2 NG NG 75 mmz.o.i NG
Tetracycline (3D NG NG 55 mmz.o.i NG
Vancomycin (3 NG NG l.o.g l.o.g
Blank NG NG l.o.g l.o.g

NG = no growth observed, z.s.zone of inhibition, I.0.g = lawn of growth.
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2.4 Discussion

Due to the understudied nature ¢i. pyloriantibiotic resistance in NZ, this part of the study
aimed to establish the resiance levels of fivél. pyloriisolates isolated form Auckland, NZ.
Antibiotic susceptibility testing is important for effectively treatingnpylorinfection as well

as monitoring the fastleveloping resistance of this spesiénitial results from DSusan Taylor
and herteam aMiddlemore Hospital showed that, of the fit pylorisolates provided, isolate

A was sensitive to all antibiotics tested, isolates B and E were resistant ta>>25%60f poth
clarithromycin and ratronidazole and isolateS and D were resistantto 2¢/mLand 1> 3 K Y [
of clarithromycin respectively. thouse testing attempted to confirm these results. Results for
in-house testing were incomplete but indicated that isolates C and E were suscdptihlle
clinical antibiotts tested, possibly due to ahibtic concentrations being too higRRevision of

the literature led to alterations in the concentrations tested for some of the antibiotics and a
second round of antibiotic susceptibility testing svgplanned; namely amoxiei and
clarithromycin Table2.2). Unfortunately, isolate D was lost before initial testing was done and
subsequently the otherisolates could not be revived from glycerol stoaksesuts were not
obtained forthe second round of testing. Discrepancies between the Middlemore Hospital
results, and irfhouse testing may have beenthe result of the different testing methods used and
lack of standardised breakpoints for disc diffusimethods discussed below. Howekét is
important to note that although replicates of testing are desired to increase confidence in
results, in clinical settings, antibiotic susceptibility testing is only performed QresesGarcia

et al 2018. Thus, the results from Middlemore Hospital are considered reliable.

In additionto different testing methods, disparity observed betweenhiause testing and
Middlemore Hospital may also be due to a loss or drop of resistance after storagev at |
temperatures.H. pylorihas shown a loss in resistance to amoxicillin and dual re sestaiter
long-term storage at-80 °C (Dore et al. 1999 Yakoob et al. 2001 However, the loss of
amoxicillin resistance was shown to be reversible as resistance returned followiing pitthe
organism onto agacontaining an increasing gradient of the antibiqioreet al. 1999. Lass of
antibiotic resistance has also been observeStaphylococcus aure agter storage at70 °C for
one year; resistance was either lost or the bacteri@ 1 2f SN yOS 41 & t 26 SN
and cephalothirfMayhall and Apollo 1980 The initial cacentrations of antibiotics in thigsdy

may have been too high for the isolates as an initial exposure after storag§é &t. Utilising
fresh cultures testablish resistance would be desired for repetition of this study to prevent any

loss of resistace.
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The rate of antibiotic resistandeom Middlemore Hospital was generally similar to published
studies, however the sample size of this study is smaiti&s in NZ on the amount &f. pylori
antibiotic resistance are limited, with only three studiaghicly available. These three stuglie

are dated, only sample the Auckland population and do not describe the level of resistance in
MICSAhmed ¢ al. 2004 Fraser et al. 199Hsiang et al. 2033 Therefore, a comparison of exact
levels of resistares cannot be made betwen results obtained by Middlemore Hosgitand

these larger studies within NZ. Nevertheless, these studies show an increase in the rate of
antibiotic resistance within NZ between 1999 and 20E8aser etal. 1999 Hsiang et al. 2C8).

Resistance to clarithromycin and metronidazole was expressed in results from Middlemore
Hospital. Hsiang et al. (2013have demonstrated that primary resistance Hf pylorito
clarithromycin and m#&onidazole has risen in NZ since 1999, with almost hatheif sample

size exhibiting resistance to metronidazole (49.3 %) and 16.4 % resistant targtasicin, with
previous rates being 32 % and 7 %, respectiffelgser ¢ al. 1999. A low prevalence of
amoxicillin esistance (5.5 %) was noted and no tetracycline resistamsgfaundHsiang et al.

2013. Dual resistace toantibioticshas beerfound in 12.7 % of isolates, ohich clarithromycin

and metronidazole dual resistance were the most common (5.8@e¢ne et al. 1999 These
NBadzZ 6a | NB &aAYAf Il Nlresubs withAdRdR feSistaBchIexhibitedatdJA G I f
clarithromycin an metronidazole (isolates B and E); however, clarithromycin resistance overall
was more common (isolates B, C and E) than metronidazole resistance (isolates B and E) and no

resistance was observddr amoxicillin.

Worldwide results are consistent with bokhiddlemore Hospital results and previous NZ based
studies, in that clarithromycin and metronidazole resistance are the most con{®avoldi et

al. 2018. Resistance to clarithromycin and metronidazole mfMiC of > 256 3 k iap been
noted in ChingWang et al. 2019 and resistance to clarithronain at an MIC of 24 3 k ap

been observed in Vietnaif@Quek et al. 2016 However, it is important to ote that levels of
resiseance vary greatly worldwide and local surveillance is required for accurate comparisons of
resistance MIC levels, an area that NZ is severeltynia in(Savoldi et al. 2018 Resisince to
amoxicillin is still comparatively low, bothNzand worldwide, with resistance to other first line
treatment antibiotics developing at greater ratégbisiang et al. 2013Savoldi et al. 2018
However, itis impatant to monitor this resistance as amoxicillin is a crucial componentto first

line treatment regimens.

Although the results obtained by Middlemore Hospital are concurrent with the published

literature, the small sample size of only five isolatsgd inthis study makes it unreliable in
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drawing a conclusion on the face of antibiotic resistinpyloriin the whole of NZ. Increasing

the sample size will aid in the representation of this issue in NZ as a whole.

The slow growth and fastidious natuoé H. pylorimade this a challenging organism to griow
vitro, as has been found by othé€psbdalsadeg et al. 201Rlarshall and Warren 198Misiewicz

et al. 1997. In this study both liquid broth and solid agaere tried to grow this meticulous
organism. Both have been used previously to cultdrepylori(Blanchard and Nedrud 2012
However, liquid media is usually supplemented with a serum, such as-imeativated foetal
bovine serum or horse serum, to increase growthtbfpylori(Blanchard and Nedrud 2012
Shahamat et all99]). The lack of a serum in the BHI broth used in this study may explain the
lack of growth observed when attepting to growH. pylori While growth oH. pylorhas been
observed in seruniree liquid media, this has been at lower abundance than in brothtaoang
serum(Shahamat eal. 199). There is a lack iresearch around how sera encourage the growth
of H. pylorj however it is suggested that they contain gtbwstimulating factors due to their
combined nutritional and toxin reducing effects for supporting gro{Rferikx et al. 200Hazell

and Graham 1990 The high cost of sera was a limiting factor in this study due to monetary
constraints and was therefore unable to be used during this study. There are several options for
serum eplacements for the growth dfi. pylori, namely (2,&li-methyl}H - cyclodextrin, starch

or charcoal; although growth with these alternatives is notidgatower(Albertson et al. 1998
Buck and Smith 198Murray et al. 2020 Olivieri et al. 1998 These alternatives may be of
further interestin future cultivation ofhis bacterium if large amounts of cells are requiee

there is ample time for slowegrowth.

Another associated issue with the growth of this teaiim is the loss of viability after longterm
storage. In this study isolate D was lost due to insufiitdggowth of the isolate from prepared
glycerol stocks early in the study; as well ataiss A, B, C and E that were unable to be revived
for the cond round of antibiotic susceptibility testing. Reviving isolates from long term storage
was also notedpDr Susan Taylor who originally attempted to revive tenisolates for this study
but wasonly successful with five (S. Taylomnail message, Marckd, 2019). Many studies on
the cryopreservation of these isolates have demonstrated-8®06 recovery ratafter long

term storage(Ansorg et al. 1991Shahamat et al. 1992Storage of isolates in refrigeran or
freezing temperatures have shown a conversion of the spiral form of the bacterium into the
coccoid form(Ohkusa et al. 2004 Conversion to the VBNC form (describe8Santion1.3.1.

of the bacteria may explain the difilty in reviving the isolates from lote mperature $orage
conditions. Performing a Gram stain would confirm the presence of coccoid forms of the
bacteria and may be a crucial step aflew temperature storage of this species. Issues have

also been notedvith strain differentiation leading to different ietractions and responses with
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the longterm storage in lowtemperaturegShahamat et al. 1992Tte difficulty associated with
culturing this bacterium is an egoingissue in research settings. Further understanding of the
F R y il 3S Q salterratNds providdipramstiNg the growth of this species may help
elucidate a more cost and time efftive option for cultivation of this bacterium. As well as

identifying a specific longerm storage medium for the increased revival rate of this bacterium.

There are many diérent medias used for antibiotic susceptibility testing. Agpylori, antibiotic
susceptibility testing is generally performed on solid mediurhiclv is employed routinely in
clinical laboratories rather than liquid mediu(@oudron and Stratton 1995Végraud and
Lehours 200y In this study, two types of solid media were used to gkbwpylori CSB agar and
MH EUCAST Agar F with 5 % horse blood and 20 mg/L NAD. For initial testing CS8Buesgat wa
an adequateblood-based agar suitable for growird pylori (Blanchard and Nedrud 2012
Columbia agar is commonly used with supplementation®16% defibrinated sheep or horse
blood to grow H. pyloriand test antibiotic susceptibility (Blanchard and Bidrud 2012
Glupczynski et al. 1995 mith et al. 2014 During the second rouhof testingthat was not
completed, MH EUCAST Agar F with 5 % horse blood and 20 mg/L NAD was planned to be used.
This change was implemented to improve results and is sinbdathe media used by
Middlemore Hospital. MH agar has been commonly used asntedium of toice for all
antibiotic susceptibility testingThe European @nmittee on Animicrobial Susceptibility Testing
2020. MH medium contains beef extract and casein hydrolysate, providing nutrients for the
bacteria to grow, and the addition of starch absorbs toxic compo@Atisan et al. 2020 The
addition of 5 % horse blood agar a@d mg/L MD allows this medium to be used with many
fastidious organisms, includirtdy pyloriMatuschek et al. 2004 MHagar is considered the go

to medium as it is a specialised medium &mtibiotic susceptibility testing and most guidelines
use this nethod; however, CSB agar is considered an acceptable alternative for telsfiytpri
(McNulty etal. 200 Although a direct comparison between different agars usedmbibiotic
susceptibility testing could not be made in this stusyjtching to the more widely used and

specialised MH based media magve improved growth and results for identifying resistance.

The disparity of inoculum size required for antibiotic ssility testing ofH. pylorj briefly
discussed irgection 2.1, contributes to the lack of defined standards and procedures around
antibiotic susceptibility testing for this defiant bacterium. The McFarland standard metliesi re

on the user making an accurate visual comparison of theibatispension against a recently
vortexed set of standards and is, thus, subjecf{idembach et al. 2035 The inability to reach

the desired McFarland standard in this study could be the result of the variability observed when
making a visual compaon. In addibn, the confluent growth observed on the plates, despite a

lower McFarland standard, may have been due to the discrepancies observed between
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McFarland standards and colony forming units (CFU) per millilit&tzen & al. (1997)
evaluaeda 3 McFarland sindard forH. pylori5 x 160 CFU/mL as well as 1 X 10OFU/mL were
both counted, showing a variation in potential inoculum size. Issues with inoculum si¢, for
pylori, and resulting MICs, usually relate to andnlum that is too small, 2&CFU/spotand is
unable to grow(Hartzeret al. 1997. Whenlovene etal. (1999ncreased the inoculum size of
H. pylorifrom 10 to 1 CFU/mLno changes in MIC were observed using beth$f and disc
diffusion methods, however, full results are not givencontrast, the increase of inalum size
from 1C to 10 CFU/spot resulted in an increase in MICsHorpyloriisolates utilising agar
dilution methodgBerger et al. 1993artzen et al. 1997 For other Granmegative bacteria such
askE. colandP. aeruginosaan increase in inoculum size has been shown to resultin an increase
in final MIC(Bulitta et al. 201pFerran et al. 20Q7Tilton et al. 1978 In spite of the use of
McFarland standards beirgubjective, they are still routinely used in antibiotic susceptibility
testing practicegThe European Committee on Antimicrobial Susceptibility Testing) 20Be
inocdum effect is an important factor to consider when trying to accurately determine MICs.
This effect does not appear to be well studiedHn pyloriand is an area of further interest to
improve the standards around antibiotic susceptibility tagtofH. pylorito reduce the chance

of inaccurate MICs.

There is currently no global standard meth for the delivery of antibiotics in antibiotic
susceptibility testing oH. pylorithat is easily applicable to routine testing. All three methods
agar diution, Etest, and disc diffusiorhave been usedto test antibiotic susceptibilityinpylori
isolates(Ogata et al. 2005 CLSI have defined agar dilutiontlas gold standard method fai.
pylori, which is used as theference to check the validity of other methoiSlinical and
Laboratory Standards Institute 2018ed in: Miftahussurur et al. 2090 However, this method
is not routinely used in clinical laboratory settings due to its high labawe and monetary
costs(Valdiveso-Garcia et al. 2009 As a result of the high costs associatedwiitis reference
standard, other methods have emerged. Researchers have agreed that-tést Eethod
produces simdr results to agar dilution with few discrepancies and is currentyshperior
method for initial recognition of resistance féevofloxaa, tetracycline, and clarithromycin
(Miftahussurur et al. 20200gata et al. 2015Shakir et al. 2018 Metronidazole resistance is
often overestimated when using the-test method and often has to be +ested with other
methods for confirmationGlupczynski et al. 2002Hachem et al. 1996Miftahussurur et al.
202Q Osato et al. 2001 Due to the low pevalence of amoxicillin resistance identifiedHn
pylori, establishing resistance usingdst stripshas low sensitivityMiftahussurur et al. 2020
The other available diffusion method is disc diffusion, the simplest method useddtne

antibiotic susceptibility testingMégraud and Lehours 2007The use of this method witH.
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pyloriis somewhat controversialet to its difficulties with fastidious and slow growing bacteria,
its qualitative interpretation and its inaccuraes (King 2001 Mégraud and Lehours 200@gata

et al. 201%. Comparability of the disdiffusion mehod with other methods is controversial,
with some studies presenting similar results between methods and others showing wide
discrepancies and erro(Mishra et al. 20060gata et al. 2015Tang et al. 2090 Noretheless,

this method $ economically beneficial, easy to perform for routine analysis and is currently used
in H. pylorresearch(Akhtereeva et al. 201&larcénMillan et al. 2016 Ogata et al. 2005 While

initial tests were done with Hest strips, this method could not be employ®dth in-house
confirmatory testing. De to monetary restraints the more economical option of disc diffusion

was used.

Issues with the delivery of antibiotics are intrinsically linkethe breakpoints associated with
each method. A lack in defined or stamdised breakpoints to determine restance are another
limitation of antibiotic susceptibility testing fdf. pylori. MICbreakpoints used to distinguish
resistance and susceptityl in H. pyloriare only defined for clarithromycin; with them being
suscepible < 0.25> 3 k, Yhfermediate 5¢m > 3IK Y[ I | Y R NElmidakand y i
Laboratory Standards Institute, 2015 cited in: Arsddal. 201Y. For other antibiotics there are

no standadisedbreakpoints defined and MICs are chosen from published guidelines or from
other literature (Ogata et al. 2015 The use of previously defined breakpis from literature

and EUCAST guidelines, have provided similar resistance rates for clarithromycin, metronidazole
and tetracycline; but different rates were observed for amoxidifilarcén et al. 201)7 As well

as producing similar results to agar dilution methods$e&t strips are a quantitative method
allowing for direct expression of MIQsdhhave been well adapted to slow growing e due

to their slow release of antibiotiosithstanding the incubation times required for slow growing
organisms, such ad. pylori(Cederbrant et al. 1993 This method has also shown good inter
and intralaboratory correlations of results for clarithromycincaamoxicillin(Glupczynski etla
2002. A disadvantage of these strips is thgthcost when compared to discs and the issofes

resolving resistance for amoxicillin and metronidad®déshra et al. 2006Reller et al. 2009

Disc difusion isa qualitative method for determining resistan(@gata et al. 2005 This method
also has no international standardisation of breakpoints and has re#rbvalidated for most
clinical antibiotics, except for maciés in FrancéGrignon et al. 2002Mégraud ad Lehours
2007). The lack of standards around brealis for determining resistance makes it difficult for
comparisons to be made between methods and for the accudstermination of resistance
and therefore, standardised and clinically validated Wga@ints are required for antibiotic

susceptibility testig ofH. pylori

77



The lack of replication and confirmation of antibiotic resistance poses a limitation to thig stud
Antibiotic susceptibility testing is often performed after treatment failure towalthe clinician

to establish a more efficient course aftion(Miwa et al. 2008 This testing can be expensive
and time consuming depending on the method employktascellino et al. 2007 Therefore,
typical antibiotic susceptibility testing performed in clinical settings is only performed once;
however to reduce the chance of §al diagnosis technical replicates should be increased to at
least three(VesesGarcia et al. 2098 This was unable to bempleted in this study however,

as previously stated, the results retrieved from Middlemore Hospital are congicereurate

based on current clinical practices.

This chaptehighlights the lack of approved and validated standards for antibiotic susdéyptibi
testing ofH. pylori Research studies and clinical guidelines do not have agreed standards for
antibiotic sisceptibility testing foH. pylorj disparity in media usedjoculum size and delivery

of antibiotics makes it difficult for direct comparis®between studies. More defined standards

are needed to make this process streamlined and consistent acrossisatiodies and clinical

practices.

The four isolates descrilodn this chapte(A, B, C, and B)ere selected for further analysis due

to their resistance profiles to key antibiotics used in filse treatment regimens for treating.
pyloriinfections;one of these (isolate A) was sensitive to all antibiotested while isolates B,

C and E showed arange of resistances. Isolate D watunli¢d any further as it did not survive

the experimental process. While the imuse testing proved inconsistewith the results from
Middlemore Hospital, this was mostdily due tovaryingantibiotic testing methodologies and
reduced viability from cotinual subculturing of H. pylori Although technical replicates are
desired to increase confidence in results, especially for metronidazole resistance, current clinical
testing is only performed once and thus the results provided by Middlemore Hospital w
considered reliable. These iat¢és were analysed further for potential resistance mechanisms

to these antibiotics. Initial genome analyses of these isolates are desnilizdthpter 3.
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Chapter 3Phylogenetic Relationship df pylorisolates

3.1 Introduction

There is a strong association betweantibiotic resistance and treatment failure éf. pylori
infections(Savoldi et al. 20)8To begin to understand the underlying mechanisms of resistance
and how they arosea phylogenetic method can be employed. Performing a phylogenetic
analysis can help discern tpatterns and processed evolution, as well as help identify closest
relatives that can be used for comparative analy@¢dlister et al. 201550ltis and Soltis 20p3

In Chapter 2 the antibiotic resistance phenotypes of isdad\, B, C, D and E were established.
Isolates B and ®ere resistant to > 256 AnL of clarithromycin and metronidazqlésolate C
was resistant to 24 > HnL of clarithromycin while isolate Aisolate was susceptible to all
antibiotics testedSince isolate D did not survive the experimental process it was not studied
further. Undersanding the phylogenetic relationships of these isolates isguortant first step

for evaluating the underlying mechaniswisesistance for isolates A, B, C and E.

In clinical settings, itis importantto determine the pathogen responsible for a patidise ase

or infection to help generate an accurate treatmeptan (Berteli and Greub 20)3
Identification of cliniclly relevant bacterial pathogens is traditionally done using standard
culture-based techniques such as Gram stainifgpchemical tests, growth time and
morphology(Woo et al. 2008 However, these techniques are unusable for bacteria that have
undefined or complex biochemical characteristics or are fastidious and/or slow growing
(Bosshard et al. 2003Srinivasan eal. 2015 Woo et al. 2008 For the clinical identification of

H. pyloricurrent guidelinesecommend invasive (gastric biopsy, histology and bacterial culture)
and noninvasive tests (tea breath test, stool antigen assay and serology); with each method
having different sensitivitie§Chey and Wong 200Malfertheiner etal. 201y Although these
methods provide the identification of. pylorj they do not provide any information on the
antibiotic resistance phenotymeof the strains. To overcome the challenges of traditional
culture-basedechniques and the lack of information about antibiotic résice, genomic based
techniques may be utilised. Molecular based techniques have been utilised in clinical settings
for identifying and typing bacteria into closely related groups; this maydbéeaed using 16S
rRNA sequencing, MLST and WES8ightet al. 2000Patel 2001Salipante et al. 20)5WGS is
more commonly used in resedr settings due to its high costs, making it too costly for routine
clinical analysis. However, utilising this approach can greatly increase thenaofonformation
obtained for a single isolate, which may be used for surveillance of antibiotic resistanc
identification of novel resistance mechanisms and the creation of novel antib{@ink et al.
2015 Chewapreecha et al. 201Boostparast Torshizi and Wang 218
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The ubiquity of the 16S rRNA gene aigst bateria, as well as areas of high and low
conservation within this gene, have characterised it as a useful tool for taxonomic and
phylogenetic classification of bacter{@oese 1987 Woese andFox 197). As previouygl
discussed$ectionl.3.6.], the 16S rRNA gene is a valuable tool in clinical settings for fast and
accurate idetification of pathogens at the genusand potentially, speciesind strainlevel
(Johnson et al. 2019Patel200]). In clinical settings, this method of identification has been
employed withH. pylorfor identification from stomach biopsies and stool sam{lésamleyet

al. 1999 Szynczak et al. 2090

As well as identifying the bacterial pathogen, typing the bacterium is also an important step.
Typing identifies different strains or sequencedg (ST) within apeciegSabat et al2013.
Identifying specific strains or STs is an important tool used in epidemiological studies to identify
epidemically important strainand to help track and control outbreaddammerum et al. 2015

Ye et al. 2001 There are many different typing methods available, with original methods
focusing on phenotypic differences and more recent methods$ing on molecular diffenees
(Destro etal. 1996Kapperud et al. 199MMaidenetal. 1998 Sgrensen and Larsen 1986

MLST is a molecular typing method used to systematically identify and classify strainteaéb
for molecular epidemiology. It is commonly used in clinisattings to identify and track
infectious strains(Bougnoux et al. 2002Maiden et al. 1998 Nukui et al. 2020 For MLST
analysis, seven or eighbusekeeping gene loci are used and the allelic profiles of internal gene
fragments are determined based on their nucleoticysencegMaiden et al. 1998 Unique
allele sequencesare assigned a number and coatioins of these allele profiles and associated
numbers (from each gene) create an overall ST f@@aate(Maiden et al. 1998 New numbers
are assigned to each new allele that is discovered. The clear natutieeo$tandardised
nomenclature, as well as the reproduciyiliand ability br worldwide comparisons using
internet-based databases makesthis a desirable method for molecular based (ifarden et

al. 1998. As e scriked in theSectionl.3.2.1 MLST analysofH. pyloruses seven housekeeping
genesatpA, efp, trpC, ppa, mutY, yphCandurel, as well as sometimes using the virulence gene
vacA(Achtmaret al. 1999. MLST analysis has primarilyelmeused irH. pylorias a tool to track
human migrations and to help understand the phylogeography of this expansive orgairizm
et al. 2007 Montano etal. 201k

Understanding the phylogeny of bacteaad ther genes is important to help observe their
evolution. This chapter focusses on the second research guresf this study Figure3.1),

intending to understand the phylogeny of the isolates from this study, comghdceother
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publishedH. pylorisolates, as well as identifying the closest relatives of isolates Ayigl, Efor

further comparative analyses for antibiotic resistance mechanisms.
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3.2 Methods and Materials

3.2.1 16SrRNAgene sequencing

3.2.1.1 DNAExtraction

GenanicDNA(gDNA)wvas prepared by reverse spread plating one plate of each isoldte
pylorifrom CSB agdFort Richard, New Zealand) with 2 mL sterile wdtdlowed byboilingat
100 °C for 10 minutes usiag Allsheng Incubator MinI00 heating lock(Zhejiang, Chinale
coliwas grown in nutrient broth for 24 hours before the gDN#s extracted at theame time

to be used as the positive control in the PCR.

3.2.1.2 PCRReaction

Amplification of the 16S rRNA gene region of eldcipyloriisolate was performd using the
universalo F OGSNAFf F2NBIFINR LINAYSNI wtC o6pQ! DI D¢¢
reverse NA YS NI mndpHw 6pQ/ DD¢¢! // ¢¢D¢¢! / Dleactioho QU @
wereMH®p >[ D2¢llj DNBSYy al aiSN efmE >t NEOCS3 v
MA >a wmMndgewil G&NLIE[ GS | YR vy ExdgDVAde® tisedath& T NB !
positive control. Nucleas& NB5 S g G4 SNJ 6 H ®p faDNA templite fozthéSrie A Y &
template control (NTC).

PCRwerecarried oubn a BchneT@p mH DNJI RASY U ¢KSNXIFf / & 0f SNJ
England) using the following conditigrisitial denaturationof 5 minutes at 95 °C30 cycles
consistingof 30 seconds at 95 °C (denaturation), 30 seconds at 51 °C (annealing) and 2 minutes

at 72 °C (extensionjollowed byl0 minutes at 72 °C for final extension.

3.2.1.3 Agarosd>elHectrophoresis
Todetermine the size of the PCR product, a 1 % agarose/1-Bdmage TA (TBE) gel, stained

g AU K nwpng/mlethiduf bromide, waelectrophoresedat 70 V for 50 minutes. Each
fryS O02yiFAYySR p >[ 2F t/w LNRBRdzOG 2N nom >
Gels were viewed and photographed unddtraviolet (UV) light usingan Alphalmager® HP

(Alpha Innotech, California, USA).

3.2.1.4 SangefSequencing
Sanger sequencingf the PCR producisas performed by Macrogen Inc. (Seoul, South Korea)

using theuniversal7F and 1492R primer pair. Forward and reverse sequsaneee trimmed
and aligned to create a consensus sequence. Consensus sequences were used to search
GerBank on NCBI using BLASThttps://blast.ncbi.nim.nih.gov/Blast.cyi Preliminary

identificationof isolates was based on the top kiith the lowest Evalue.
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3.2.2 WholeGenomeSequencing

3.2.2.1 Genomic DNAExtraction

CTAHExtraction

GenomidNA was extractefitom isolates A, B, C anduBing amethodpreviously describeby
Minas et al. (2011)Isolates vere grown for seven days on six plates of CSB (&gat Richard,
New Zealand) per isolat€ells were collectebly reverse spread plate methd&ection2.2.9
with 2 mL of 0.85 % salin€ellswerewashed twicavith 20 mLof pH 7.2 phosphatéuffered
saline (PB37 mM NacCl, 2.7 mM KCI, 10 mMNRQ, 1.8 mM KEPQ, pH 7.2and centrifuged

at room temperature at /745 xgravity @) (Eppendorf 5430R Centrifuge, New South Wales,
Australia) for 10 minutes. The sematantwas discarded, and the cell pellet resusgesshin 270

> 2F t . {®

After washing the cells, the samples were prepared for DNA extraction. Two mefitroct|
lysis were compared, bead beating and boiling. For bead beatiegesuspended cell peit
was transferred to a tube containing 1 g of O.inrsilicazirconia beads and homogenised at 4
meters per second (m/dpr 10 seconds using the FastPrep®(MP Biomedicals, Ohio, USA).
For the boiling method, the resuspended cell pellet was heated @ Cdor 10 minutes using

an Allsheng Incubator Miit100 heating block (Zhejiang, ChinAjter cell lysisH T 1 >

sodium dodecyl sulphate (SDS) buffE3@ mM NaCl, 500 mM Tris pH 8.0, 10 % SDS) was added

to each tubeand samples were centrifuged at 19,099 for 3 minutes at room temperature.

RNase A100 mg/mL)nd proteinase K20 mg/mL)were initially added at the recommended
@2t dzY S pér €nzywne pef tube (EXTable3.1). However, to increase the quality of the

extraction and to ass&s the effect of RNase A and proteinase K on the samples, the mixture and

volume of these enzymes was adjusted in a presence/absence experimeng EXZZTable
3.1). Tubes werethen mixed by inversion before being left to sit for 10 minutes at room
temperature.

Table3.1: Addition of RNase A100 mg/mL)and proteinase K20 mg/mL)in CTAB extraction protaa for
improved quality of gDNA

EX1 EX 2 EX3 EX 4 EX5 EX 6 EX7
RNase A 1> f 0> f§ 1> f 0> ¢ 0> ¢ 2> f 2> f
Proteinase K 1> f n >t 0> ¢ 1> f H >f 0> € 2> 1

EX = experiment.
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I G230 f of2elyltrimgthylammonium bromidepolyvinylpyrrolidone (CTAB) extraction
buffer (100 mM TidHCI, 1.4 M NaCl, 20 mM EDTA, 2% CTAB, 1% polyvinylpyrralabdd%

i -mecaptoethanol) was added to each sample and incubated at 60 °C wittle @6itions per

minute (rpm) in a SF300R Shaking Incubator (GMI, Minnesota, USA) for 30 minutes. Samples
werethencentrifugedat 19,090 § F 2 NJ M Y A y dzii S crdo®ferthiédamyd aicohol> [ 2
(241) was added. Samples were then mixed by inversion before beingfogeitiagain at

19,090 xg for 5 minutes at room temperature. The upper agueous layer was transferred to a
YS6 YAONROSYUGNRTdAdAS (ldaifddm:isoshiyl alcoyick (24KL1OMES goided;, > [
mixed by inversion and centrifuged at 19,09@ for 5 mirutes. The upper aqueous layer was
transferred to a new microcentrifuge tube and 10 M ammonium acetate was added for a final
concentration of 2.5 M. Samplegere mixed by inversion and centrifuged at 19,090. Xhe

upper aqueous layer transferred to a néube and 0.54 samplevolume of isopropyl alcohol

was added. The samples were mixed by inversion before being stor@® &€ for 48 hours.
Samples were¢hen centrifuged at 19,090 g for 10 minutesat 4 °C. The supernatant was
removed, and the DNA petlerashed with 1 mL of 70 % ethanol and centrifuged at 19,080 x

for 10 minutes at 4 °C. The ethanol was removed usir@@ncentrator plus (Eppendorf,
Hamhurg, Germany) at 60 °C for 4 minutes at 18,5@6 ¥e DNA pellet was resuspended in 30

>[ & GN&deSrde Wates (ThermoFisher Scientific, Massachusetts, USA) and ste28d@t

until required.

CommerciaKit Extraction

ThecommerciaDNeasy Blood ahTissue Kit (Qiagen, Hilden, Germany) was usextact

gDNA following the manufactuhgihstructons. Isolates were grown dbSEgar for one week
beforecollecting the cells using threverse spread platingethod(Section2.2.2 with 2 mL of

0.85 % salineSuspended calwere thertransferred to a microcentrifuge tube for centrifuging

at 5000 xgfor 10 minutes at room temperature. The supernatant was discardedtlrangellet
NBadzaLISYRSR Ay wmyn >proteina® KFvadladded. [The lsaynBles were > [
vortexed thoroughly and incubated at 56 °C using\llsheng Incubator MinfL00 heating block
(Zhejiang, China) for 1 hour with periodic mixing. Samplegth& F R n >[ 2F wbl &$§
added and were incubated at room temperature for 2 minutes. The samples were vortexed for

Mp a4S02yR&a 0SF¥2NB | RRAGAZY 2 F-1000% etharfol a®iT . dz
thoroughly vortexed again. The solution waartsferred to the DNeasy Mini spin column and
collection tube and centrifuggat 6000 xg for 1 minute at room temperature. The column was

GNF YAFSNNBR (2 | yS¢g O02tftSOilGA2y (G(dzoS YR pn
6000 xgforiminuteat2 2 Y GSYLISN} GdzNBEd ! ySg 02ttt SOGAZ2Y

AW2 was added and centrifuged at 20,0@pfer 3 minutes at room temperaturd-or collection
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of the extracted DNA, user provided microcentrifuge tubes were used; these were washed in
100 % bleach100 %ethanol and miliQ water to remove any DNases presant were dried
beforeuse. Columns were placed in the cleaned microcentrifuge tubes and elutegwith > [ 2 F
Buffer AEThe samples were incubated at room temperature for three minuiefore being
centrifuged at 6,000 g for 1 minute at room temperatureA second elution was carried out

using anothep 1 >[ 2 Fincubdei®rfabrdam tetperature for three minutes and afinal

centrifugationat 6,000 >g for 1 minute at room tempeature.

ThegDNAwas ethanol precipitated by adding.1 xsamplevolume of 3 M sodium acetat&M
NaOAc pH 5.nd 2x samplevolume of ice cold 100 % ethanol. Samples were vortexed before

placing at20 °C fom minimum of24 hours until required.

3.2.2.2 Qualty andQuantity of gDN/AExtractions

Quality of gDNA samples were assessed by measusiaibs, and Asd/Azzgratios ona GE
bly2+dzS aLISOINRLIK2(G2YSGSNI 6D9 . A2a0ASyo0Sazx |
of Millipore water as a blank. Qualignd contamination were also measured by electrophoresis

witha 0.8 % agaro¢er - ¢ . 9 IS I Lailid mg/ryflStidiudg hronfidearn7®\s for>

60 minutes All gelsincludedp >[ ¢ 2ldkbpwnolecular weight marker (Sigma Aldrich,
aldazdz2NAz !'{!0 YR p >[ 2 gtonc@rirhtionwhifaldmeaswed>[ 2 F
using the Qubit® 2.6luorometer (ThermoFistr Scientific, Massachusetts, USA) by following

0KS YIydzFlF OlGmgNBENDa Ay adNHzOGA 2

3.2.2.3 GelPFurification
Followingthe CTAB extraction of gDNA, gel purification was performed using the GebelJE

Extraction Kit (ThermoFisher Scientific, Massachusetts, gBA)was electrophoresed and
visualised as previously describgiction3.2.2.3. The gDNA band was excised using a sterile
scalpel. The gel slice was placed in a clean tube and a 1:1 volume of binding buffer was added
before inculation at 60 °Gor 10 minutes with periodic inversions until the gel was dissolved

and a yellow colour was seen. The solution was vortexed, and water was added at a 1:1 ratio
with the solutionbefore being thoroughly vortexealyain. The solution was theransferred to
aGeneJET purification column and centrifuged at 12,000Eppendorf 5430R Centrifuge, New

South Wales, Australia) for 1 minute at room temperaturee fow-through was discarded, 100

>[ 2F OAYRAY3 0dzF TS addthe sblutibonRvBsS&ifugea at IR 9O 2 £ dzY
for 1 minute at room temperaturelhe fow-through was discardeaaint nn >[ 2 F g a K
was added to the column and then ceifaiged at 12,000 gfor 1 minute at room temperature.

The fow-through was removed and the column sapun again at 12,0 g for 1 minute at

room temperature to remove excess wash buffer. The column was transferred to a fresh
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O2ftt SO0 A 2y ofieldior®uflenivis addpd ard[centrifuged at 12,0a9frr 1 minute

at room temperature. The puréd gDNA was stored &0 °C until used.

The purified gDNA was checked by running a 0.8 % agarddeXgéBEs described previously
(Sectior8.2.220 91 OK flyS KFER SAGKSNIp >[ 2F LIzNRATA
¢ 21 kbp molecular weight marker (Sigma Aldrich, Missouri, USA). The gelegaephoresed

at 70 V for 60ninutes.

3.2.2.4 GenomeSequencing

gDNA was sequenced by GeneWiz (Shuz@baina) using lllumina sequencing on an lllumina

| A{Sljn wpnn &SljdzSyOSNW» ¢KS DSyYyS2Al 62NJ Ff?
02y aiiNHzOG SR dzaAy 3 GKS b9 folfuida® (Nevi EndlehdBiokbls,! [ A
MA, USA), following the manufO (G dZNBE ND & Ay adNHzOGA2yad 9F OK &
randomly fragmented into §00 bp by sonication using the S220 (Covaris, MA, USA). Fragments
were treated with End Prep Enzyme Miax end repairing, 5' phosphorylation and dailing in

one reacion; followed by a-A ligation to add adaptors to both ends. Adaptgated DNA then
underwent size selection using AxyPrep Mag PCR QleéAxygen, NY, USA), and fragmehts
approximatdy 410 bp (with an insert size of approximately 350 bp) were re@ Each sample

was then amplified using PCR for eight cycles using P5 and P7 primers, with both primers
consisting of sequences that can anneal with floalls to perform bridge PCRheprimer P7

also carries a sikase indexo allow for multiplexingThe PCR products were then cleaned up

using AxyPrep Mag PCR Clegn(Axygen, NY, USA), validated usimggilent 2100 Bioanalyzer

(Agilent Technologies, CA, USA), and quantified usindp@®)2.0 Fluorometer (Invitrogen, CA,

USA). Libraries with varibindexes were multiplexed before being loaded onto an Illumina

| A{Slun wHpnn Ay aiheNddY 5ozt I ORi2dENIR2NERSY IA Y & G NHzO G A 2y
Sequencing was performed usingxal®0 PE configuratiorand mage analysis and base calling
werecompktedusingthe HiSeq Control Software (HCRetal Time AnalysiRTA 2.7 (lllumina,

CA, USA) on the HiSeqinstrument.

Quality control of raw reads waschievedoy demultiplexing using bdi2stq 2.17 conversion
software (lllumina, CA, USA) and discardiegds if they met the following criterjiareads
contaminatedwith adaptersequencs, reads with an N base content of more than 10 %, and
reads where the ratio of low quality bases<€Q0) was more than 0.5. Additionaimming of

raw reads wasompleted n-houseusing AdapterRemoval v2.3(@chubert et al. 20)6to

remove known adapr sequences frorREeads.
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3.2.3 Genome Assembly

Genome assembly wasmpleted irhouseby assembling théiltered reads into contigs using
SPAdes v3.13.@Bankevich et al. 20)2and Unicycler v0.4.8Nick et al. 201y using default
settings Assembled genomes were visualisesing BandagéWick et al. 201p Single, circular
contigs, identified after assembly and presumed to be plasmids, were searched using the NCBI
BLASTN suité(tps://blast.ncbi.nim.nih.gov/Blast.cpio identify any similarity to other known

H. pyloriplasmids.

Nullarborv2.0.20191013 was used as an aincompassing software on the raw reads to trim
reads, idetify the species, perform @e novoassembly annotate and construct an MLST
resistome, virulome and variance classification for each is¢a&=mann et al. n.jl.Speciic
progranmes used for each process are listedablel.5. This software was utilised to create a

full report of the items discussed above for each isolate and compared to traditional analysis.
Within this chaptey only the assembly, annotation and MST analysis are discussed; the

resistome and virulome are discussed in Chapter4.

3.2.4 Phylogeneti@nalysis

3.2.4.1 DNASequenceDatasets

16S rRNA@aset
A phylogenetic tree based on the 16S rRNA gene sequence was used foinamglige oty pic

identification of the fourH. pylorisolates.For isolates A, B, and C the consensus sequences of
the 16S rRNA genes from Sanger sequencing were used in the dataset; the lengths of each is
given inTable3.2. For isolate E only the last 1,079 bp were used in the dataset due to poor
sequencing from the forward primeA search within the Ribosomal Database Project (RDP)
v11.5 (qttp://rd p.cme.msu.eduy for H. pyori 16S RNA sequences revealed 18 distinct
sequences used in this studZole et al. 2014 Helicobacter acinonychand Helicobacter
cetorumwere used as the tev outgroups for this datat. The dataset can be viewedTable

3.3
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Table3.2: Length of 16S rRNA gene for each isolate from Sasgguencing used in phylogeneticete

construction.
Isolate Length of 16S rRNA from Sanger senciag (bp)
A 1,320
B 1,356
C 1,356
E 1,079
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Table3.3: Dataset for Sanger 16S rRNA phylogeny from R2P.

Strain name Accession number Refererce

Isolate A SAMN17734761 This study

Isolate B SAMNL1773478 This study

Isolate C SAMN17734763 This study

Isolate E SAMN17734764 This study

H. pyloriBHHPSKP 69 KC525432 Unpublished (Patel, S. K., Nath, G
and Jain, A. K.)

H. pyloriRIGLD HPD22 JNL62414 Unpublished (Yadegar, A.,
Alebouyeh, M., Zali, M. RNazem
Alhosseini, E., Mirzaei, T. and
Shokrzadeh, L.

H. pylorio021 EF217410 Unpublished (Ye, S.)

H. pylori85D08 u00679 (Drazek et al. 1994

H. pyloriATCC 49396 AF348617 Unpublished (Dewhirst, F. E.,
Paster, B. J. and Fox, J. G.)

H. pyloriDM68A DQ2@380 (Khan et al. 2008

H. pyloriDM5A DQ202378 (Khan et al. 2008

H. pyloriDM20B10 DQ202382 (Khan et al. 2008

H. pyloriATCC4936 AF363064 Unpublished (Melito, P. L., Munro,
C. K., Chipman, P. R., Woodward,
L., Booth, T. F. ariflodgers, F. G.)

H. pyloriDH195 DQ202375 (Khan et al. 2008

H. pyloriSIM180 CP002073 Unpublished (Kersulyte, D.,
Velapatino, B., Gilman, R. H. and
Berg, D. E.)

H. pylori0035 EF217412 Unpublished (Ye, S.)

H. pyloriLit69 AF535196 (Dailidiene et al. 2002

H. pyloriG27 CP001173 (Baltrus et al. 2009

H.pyloriBM012S CP006889 (Linz et al. 2018

H. pyloriBM012A CP0G8388 (Linz et al. 2013

H. cetorumMIT 995656 AF292378 (Harper et al. 2000

H. acinonychi Eaton 90119-3 M88148 Unpublished (Eaton, K. A., Radin,

M. J., Albradt, K. G., Paster, B. J.,
Dewhirst, F. E., Krakowa, S. and
Morgan, D. R.)

* = NCBI accession number
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Whole GenomeSequenceDataset
To identify the whole genome relationships betweeolages A, B, C and E othEr pylori

isolates, a dataset was createaltsisting of completél. pylorigenomesA search of the NCBI
genome databasehftps://www.ncbi.nlm.nih.gov/genomé for completeH. pyori genomes
returned 176 entries. From this li21 duplicate sequeses were identified by PhyloPhlAn2 and
were subsequently removed, reducing the dataset to 155 compietpylorigenomesThese
genomes were used for comparison with isolated8, C an& and the complete genome bt
acinonychistrain SheebaYC_008229) was used athe outgroup for this datast. Thedataset

may be viewed i\ppendix AWhole Genome Sequence Data Set

3.2.5 16S rRNRhylogeneticlree Construction

Maximum likelihood analysis of 16S rRNA sequences witiadly carried out using the 16S
rRNA sequences generated by Sanger sequencing as descristtion3.2.1 A second
analysis was done using 16S rRNAusege extracted from the whole genome lllumina
sequencing of isolate&, B, C and E describedSaction3.2.2 A conparison of data from the
Sanger sequencing and Illlumina sequencing was carried out to ensure the sequenoceacfrom
isolate was consistent in both methods. The full length 16S rB&h%® was identied and
extracted from the lllumina sequencing dataough annotation of the genomes (describedin
Sectiont.2.9.

3.2.5.1 MaximumLikelihoodAnalyss of 16S rRN8equences
A multiple sequence alignmeiwtf the datasetsequencesvas performed using thénbuilt
MUSCLE algorithmv3.8.425 (Edgar 208) integrated within Geneious v2020.0.4

(https://www.geneious.con). Default parameters werselected.

A model test was performedusing the inbuilt function within the MEGAX softwar#0.0.5
(Kumar et al. 2018to establish themost appropriate modeld apply to the phylogenetic
analy®s. Forthe Sanger sequence dataset, this model wakl#s®gawa, Kishino and Yano 1985
(HKY85) modeWwhile for the lllumina sequence dataset, it was tkenura, 80 K80) model. This
was based otheir having the lowesBayesian information criterion (BIC) scerd 2362.11and
10865.19 respectively.As most. pylorisolates carry multiple copies of the 16S rRAq
which are usually identical, only one representative 16S rRNA gene forsedate ifrom the

lllumina sequence dataset was included in this analysis.

From the alignmentsnaximum likelihood tree werecalculatedusing the PhyM[Guindon et
al. 2010 v2.2.4 plugin for Geneious v20210with either the HKY85 or K80 modek
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appropriate. Statisticalanalysis of the trees was carried ousinig 1000 and 500 bootstrap

replicationsfor the Sanger and lllumina data, respectively.

3.2.6 MultilocusSequenceTyping

As described abovesection3.2.3, part of the report Nullarbor produces is an MLST analysis.
This analysis was completea Nullarbor using MLSTHtps://github.com/tseemann/mis} and

the pubMLST databagéolley et al. 2008 Isoldes A, B, C, and E wers@run manually through
the H. pyloriMLST databasédttps://pubmist.org/helicobacter), which is part of the pubMLST
databasdJolley et al. 2013 by uploadinghe DNA FASTA files of each genome for comparison

aganst the database.

A phylogenetic tree was created based on the MLST al{@&® synthase, F1 alphatgA),
elongation facbr EFP (efp), A/G-specific adenine glycosylas€mutY), Inorganic
pyrophosphagse (ppa), anthranilate isomerasgtrpC), urease accesory protein(urel) and
GTPasé¢yphQ and vacuolating toxinv@cA)) and visualised using the Interactive Tree of Life
(iTOLplugin integrated within the pubMLST databddelley et al. 2018 etunic and Bork 20)6
Concatenated amhaligned nucleotide sequences of the MLST alleles from 834 published isolates
and the fourisolates from this study were inckdi(Breurec et & 2011 Falush et al. 20Q3.iao

et al. 2009 Linz et al. 20Q7Panayotopoulou et al. 201@Virth et al. 2004. The final tree was
viewed and edited on the iTOL websitgtps://itol.embl.de/) where the continent osolaiion

for each isolate was overlaid.

3.2.7 PhyloPhlAA

The whole genome datasetdescribed inSection3.2.4.1 and Appendix A:Whole Genome
Sequence Data Sevasanalysed usin@hyloPhlAn2Segata et al. 20)3o create phylogenetic
treesbased orthe derived sequences db0 consevedproteinsand their genesP?hyloPhlAn2
v0.40 was used with thesupermatrix (concatenation) approag¥ith rapid bootstragpingfor
both nucleotide and amino acittees. The GTRCAT model 100 bootstrap replicates were
used for the nucleotide tregvhile the PROTCATLG moddgth 500 bootstrap replicaswas
used for theprotein sequencdree. Both trees were constructed using RAXML v8.2.12 and

edited in FigTree v1.4.4 to produce the fifigures.
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3.3 Results
3.3.1 16S rRNA PG®nplification

Preliminary genomic &htification of the newH. pylorisolates waslone using PCR and partial
sequencing of the 16S rRNA gene. The expected product of the 16S rRNA, approximately 1,500
bp long, was amplified for each isolate; an example of an agarosshgeling the expected
productis shown ifrigure3.2. The positive controkE coli produced three bands, two of which

are faint at approximately 2,008nd 900 bpThese two faint bands are likely a result of non
specific binding due tthe large amount of DNA within the sample. Thigldle and brightest of

the three bands has amplified at the greatest efficiency and is the desired product size,
suggestinghis is the 16S rRNA gene. The NTC had no bands present indicating no contamination
was presentin the reaction. Isolate C, shawfigure3.2, has twobands present, one around

1500 bp and the other around 1000 bihne latter likely also due nonspecific binding.

100 bp
ladder IsolateC  E. coli NTC

1500 bp =—>

Figure3.2: Example of 1 % agese gel for 16S rRNA PCR.colused as positive control, NI = no template
control used as negative control.

3.3.2 Genomic DNA Extraction

3.3.2.1 CTAB Extraction

In order to determine the best conditions for the gDNAragtion, two different preparation
methods andive different concentrations of RNase and proteinase K westetd (Table3.1,
Figure3.3). The comparison of cell lysis metts (boiling vs bead beating) showed thatad
beating was the appropriate preparation method for the CTAB extraction as gDNA was observed
on the gel Figure3.3 A). Boiling appeared to degradee DNA completelygDNA extraction

from each isolate (AC and E) usg bead beating followed by the CTAB methaith 1> 2 T
RNaseAanti>[ LINEZ G S A TableB.§ shéwed ®higivriolecular weight substance just

under the top of the wells, that is likely protein contamination, followed by a band of gDNA, and
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subsequently deg@ed DNA (smearing) leading to a large amount of degraded RNA and small
DNA at the bottom of the gelRigure3.3 B). This indicated that the gDNA extraction conditions

were not optimal for lllumina sequencing.

Usinghe six otter enzyme conditions, outlined iable3.1, did not improve the quality of the

gDNA extractionsFigure3.3/ YR 50® S5AFTFSNBYyld O2YoAy[l GA2Y
proteinase KKigure3.3 C) were tested to determine if one or the other was contributing to the

poor gDNA quality observed iRigure3.3 B. The gDNA quality was not improved by any
combination, indeed without either of these enzymes, no gDNA was obseE»&} (ncreasing

0KS ljdztqy yGAGe 2F wblFrasS ! FyR LINPGSAY!Il BigreY (2
3.3 D). In addition to the gDNA, some smearing of the DNA was observed, as were bands that
were likely to be 23S/16S rRNA and 5S rRNA/tRNA withadagglided DNA and RNA. In a final
attempt to improve the quaty of the CTAB gDNA extraction, gel purification was te $tiylire

3.3 E shows the gDNA ait CTAB extraction, prior to gel extraction. The band containing the
gDNA is faintly apparent at the upper end of the géth large amounts of degraded DNA and

RNA towards the lower end of the gel. After gel purification no gDNA was seen (data not shown)
indicating that gel purification did not improve the quality of gDNA. This was likely due to an
insufficient starting quatity of gDNA.
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A Bead B C

100 bp Boil beating Experiment # 2 3 4 1

ladder prep prep 100 bp RNase A (1ul) - + - +
ladder A B C E

EDNA Proteinase K (1ul) - - + +

gDNA

D E
Experiment # 2 6 5 7
RNase A (2ul - + - + 5
. 0-12-21 Extracted gDNA
Proteinase K (2pl) - - + + kbp ladder

gDNA

gDNA

Figure3.3: Example 0.8% agarose gels for various CTAB extraction methods. (A) Boiling vs bead beating for

preparation of DNA for CTAB extraction. (B) CTAB protocol using bead beating DIdaraten and 1> [ 2 T

RNase A and 2 [proteinase K. (C) Presence (+)/abseneg ( 3 St dzaAy3a m >[ 2F wbl as !

Presence (+)/absencef 3ISf dzaAy3d w >[ wblF&$S ! |yR LNRGSAYlI&aS Yo
Experiment # =RNase A and Proteinase K combinatidinem Table3.1.

3.3.2.2 Commercial Kit Extraction
In order to improve the quality and quantity of the extracted gDNA, a silica colesed

commercial kit wassed as described Becton3.2.2.1 The commercial kit extraction of gDNA
foreach isolate is shown kigure3.4. This gel shows a distinct gDNA band for each isolate above
the 21 kbp molecular marker. Sligemearing, degradation of DNA, is also present butis notas
severe as seen forthe CTAB extracted glbig(e3.3B). From visual inspection of the agarose

gels, the kit extraction has produced higher quality gDdtAll isolates.
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0.12-
21 kbp
ladder

Figure3.4: 0.8 % agarose gel of gDNA extraction of all four isolates using the Qiagen DNeasy Blood and Tissue Kit.

3.3.2.3 Quality and Quantity of gDNA

The quantity and quality of the gDNA exttiaa for both extraction methods, CTAB and the
commercial kit, are shown imable3.4. Generally, the qualitgf gDNA, based on spectrometric
measurements, was similar between the two extraction methods. Both methgalve
comparablef;s/Asgoratio, of around 2 indicating the extractions had low protein contamination
as they were close to the desired ratio of 1TBe Asy/A.soratio, measuring other contaminants
such as salt and carbohydrates, was not measuredi®GTAB method. For isolates B and E,
this ratio was high at 4.490 and 4.582, respectively, indicating some potential contaminants
while the ration forisolates A and @ere 2.045 and 2.221, respectivetjoser to the desired
ratio range of 2.0 2.2. Theyield of gDNA was higher using the CTAB method compared to the
kit method. This was likely due to the larger number of cells used in the initied efdpe CTAB
method compared to the kit, as the kit extraction has a limit to the amount of materialddra

be applied to the column.

The gDNA extracted using the commercial kit gave superior quality and sufficient yield for

lllumina sequencing. Thusis was the method chosen for gDNA preparation.
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Table3.4: Quantity and quality of gDNA extracted from each isolate using the CTAB and kit extraction methods as
measured by spectrophotometry.

A B C E

CTAB extraction

Quantity of DNA (g) 2,640,000 1,548,000 6,300,000 1,704,000

Quality of DNA (&d/A2s0) 2.063 2.027 1.733 2.219

Kit extraction

Quantity of DNA (g) 411.32 704.34 2,184 345.8
Quality of DNA (£so/A280) 1.957 2.031 1.921 2.032
Quality of DNA (£so/A230) 2.045 4.490 2.221 4582

3.3.3 Genome Assembly

From lllumina higithroughput sequencing, approximely five milionPEreads were obtained
for eachH. pyloriisolate, with an average nucleotide coverage of around 1,000 times for each
isolate Table3.5). Raw reads were of good quality and had a low errag,rasseen irthe base

content and distribution analysis and Phred quality s¢@yependix B: Quality of Raw Reads

Table3.5: Coverage oH. pylorigenomes sequencedby lllumina sequencing.

Isolate Number of raw reads Average nucleotide coverage
A 5,672,487 1,039x
B 5,104,579 906x
C 4,905,426 942x
E 5,599,851 1,020x

Assembly of the raw sequence reads into contigs produced a number for each isolate, ranging
from 36 (imlate A) to 53 contigs (isolate Eable3.6). Multiple contigs suggest that regions of
the genome are missing, making this a draft and incomplete genome. The assembly programme

determined the optimal Kmer value @27 for each isolate. The N50 and L50 values ranged from
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65,734 (E) to 215,027 (B) andB) to 8 (E), respectively, indicating that the contigs produced
were of reasonable qualityfable3.6).

Table3.6: Assembly statistics of isolateassembled using SPAdes. Plasmid statistics are included in the total
assembly statistics for each isolate.

Assembly statistics A B C E
Kmer value used for assembly 127 127 127 127
Numbe of contigs 36 39 37 53
Number of contigs >500 bp 29 30 28 45
N50 136,419 215,027 145,451 65,734
L50 5 3 4 8
Longest contig (bp) 232,847 464,687 302,275 259,545

Visualisation of thele novaassemblies using Bandage showed an estimation of the caéonec

of contigs for each isolate and the presence of a singular, circular contig in isolates A, C and E,
suggesting the presence of a plasmid in edayre3.5). No plasmid was identified in isolate B.

A BLAST sezh of the plasmids indicated high similarity with other knoknpyloriplasmids
(Table3.7).

98



@

Figure3.5: Assemblies of sequenced genom@®\) A, (B) B, (C), C,)(B)visualisedwvith Bandage.lsolates A, C and
E have a singular circular contig suggesting the presence of a plasmid.

Table3.7: BLASTn results of plasmids from isolates A, C and E.

BLASTN resul

Plasmid Size Description Query cover Evalue Percentage Accession
(%) identity

Isolate A 2,993 H. pyloriHURB14 84 % 0.0 91.81 % CP003487.1
plasmid plasmid pHPB14
Isolate C 9,121 H. pyloristrain 100 % 0.0 97.86 % KM583818.1
plasmid UM171 plasmid

puM171
Isolae E 4,212 H.pylori strain 95 % 0.0 92.75 % KM583821.1
plasmid UM291 plasmid

puUM291

Part of the Nullarbor pipeline is to assemble the raw reads before carrying out further analysis.
A comparison of the two assembly methods, Unicycler and Nullarbor, e@eén inTable3.8.

Similar G+C contents were calculated by each assembly method, as well as having a similar
coverage for each nucleotide. The number of contigs assembiedhth isolate differs between

the asserbly methods, with Nullarbor producing a higher number for isolates A and C (50 and
59) but a lower number for isolates B and E (31 and 49), when compared with Unicycler. N50
values were lower for Nullarbor and L5@lwes were not produced in the report quit.

Although each programme produced slightly different assemblies, the Nullarbor assembly was
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used to produce the final Nullarbor report and the Unicycler assembly was used for further,

manual, genomic characteasons and comparisons for Chapters 3 @nd
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Table3.8: Comparison of genome assembli&® each isolateusing Nullarbor and Unicycler

Nullarbor Unicycler Nullarbor Unicycler Nullarbor Unicycler Nullarbor Unicycler
Reads assembled 11,344,974 11,344,974 10,209,158 10,209,158 9,810,852 9,810,852 11,199,702 11,199,702
G+C content 38.9 38.9 38.4 38.7 38.6 38.8 38.9 38.9
Depth 1,003x 1,039x 903x 906x 867x 942x 990x 1,020x
Contigs 50 36 31 39 59 37 49 53
bp 1,621,082 1(32229;';)9 1,669,367 1,669,418 1,550,668 ]'(fgigjg_)z 1,632,175 1(5592](_);)5
N50 59,296 136,419 136,576 215,027 52,145 145,451 55,257 65,734
Length of largest 198,671 232,817 413,152 464,687 142,816 302,275 169,862 259,545

contig

Numbers in brackets = length ofrcular contig, presumed to be a plasmid.



3.3.4 16S rRNA Sanger Phylogeny

The 16S rRNA gene was sequenced in both the forward and reverse directions for isolates A, B
and C using Sanger sequencing. For isolate E, onhgweesesequence (1,079 bpyas of an

acceptable quality and therefore was only used for future analysibl€3.2).

Utilising Sanger sequencing data for the 16S rRNA gene phylogeny showed that isolates A, B, C,
and E werdH. pylorilsolateA, B, C, and E we positioned within the same clade as othér

pylori 16S rRNA sequences with a bootstrap value of%5providing sequencetased
identification that these isolates and. pylori(Figure3.6). Ths tree suggests that isolates A, C

and E belongto the same clade, while isolate B has a different evolutionary history, forming its
own clade. However, within this clade the bootstragues were low, which indicates low
resolution between 16S rRNA seques ofH. pylorisolates and highlights the need for further

resolved phylogenetic tree analysis.

Helicobacter acinonychis Eaton 90-119-3 (M8&148)

Helicobacter cetorum MIT 99-5656 (AF292378)
Helicobacter pylori BHUHPSKP 69 (KC525432)

Helicobacter pylori RIGLD HPD22 (JN162414)
95

B
Helicobacter sp. 0021 (EF217410)

25
23| Helicobacter pylori SJM180 (CPO02073) 1

Helicobacter pylori G27 (CPO01173) 1
Helicobacter pylori Lit69 (AF535196)

sg| Helicobacter pylori BM012S (CP006883) 1
Helicobacter pylori BMO12A (CP006888) 1
Helicobacter pylori DM5A (DQ202378)

L Helicobacter pylori DM20B10 (DQ202382)
& Helicobacter pylori DME8A (DQ202380)
42 BS Helicobacter pylori 85008 (U00679)
Helicobacter pylori ATCC49396 (AF363064)
40| Helicobacter pylori ATCC 49396 (AF348617)

Helicobacter pylori DH195 (DQ202375)

0.003

Figure3.6: Maximum likelihood tree baed on 16S rRNA Sanger sequencing of the kewyloriisolates and S
sequences from the RDP. Isolates (A, B, C and E) from this study are coloured red. Only the reverse sequence of
isolate E was used in this phylogenetic analySsale indicates numbeof substitutions per site.



3.3.5 Comparison of Sanger and lllumina 188AS ene Sequences

Due to delays in obtaining gDNA for lllumina sequencing, confirmation that the same isolates
were sequenced using both Sanger and lllumina sequencing methods was pedform
Comparison of 16S rRNA sequences showed that each isolate sit@réd identity between

both sequencing methods, suggesting that the same isolates were sequenced using both
sequencing methoddfgure3.7). BLASTn results show similar lengths of 16S rRNA genes from

lllumina sequening with otheH. pyloriisolates (data not shown).
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Figure3.7: MUSCLE alignmenf dllumina and Sanger sequences thie four isolates16S rRNA genessolate E 16S rRNA Sanger is only represeritgdhe reverse sequencel(079bp).



3.3.6 lllumina 16S rRNA Tree

The phylogenetic tree presentedhigure3.8is based on the Illlumina sequenced, fulllength 16S
rRNA genes of the isolates andligés the dataset created for whole genome analySisction

3.2.4.1 Appendix AWhole Genome Sequence Data)S&he larger dataset was used to increase

the resolution of the 16S rRNAeke, and to make direct comparisons with tRéyloPhlAn2
phylogenetic trees$ectior3.3.8. From this rooted tree, it can be seen that all kndwpylori

and isolates A, B, C, and E group into one claddirnting the identifcation of the isolates as
belonging to this species. One 16S rRNA gBli2,017063, appears to be basal to all other 16S
rRNA genesincluded in this dataset; this has not been found in previous 16S rRNA phylogenetic
studies orH. pyloriln contrast to thel6S rRNA tree shown iigure3.6, each isolate from this

study is positioned within a different clade. The 16S rRNA sequencdatéifmppears to have

the same sequence as the last common ancestor from allréth@ylorin the dataset, except
forthat of NC_017063. The 16S rRNA sequence from isolate A appears to be the same as that of
NC_014560 butis poorly supported with a bsioap value of 42%. The 16S rRNA sequence from
isolates C and B are both withow supported clades with bootstrap values of 32 % and 31 %,
respectively. These isolates are also observed on their own branches, showing distinction from
other isolates in heir respective cladesThe spread of these isolates throughout the tree

indicatedthat these isolates (AC and E) are from different sources.

Overall, this tree is not well supported or resolved since the bootstrap values are low and there
is evidence of polytomy. While this might suggest rapid radiatioi.opyloristrains, this is
generally not desirable as it does not allow for accurate d@fined relationships to be inferred.
However, this tree does indicate that the isolates are distinct and from different sources. Using
more than one gene to accurately and reliable understaredghylogeny of théd. pylorisolates

may improve the qualitpf the trees.
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Figure3.8: Maximum likelihood phylogenetic tree of full length 16S rRNA genes fidmpylori Isolates from this
study are highighted in red.Scale indicates number of substitutions per &it
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3.3.7 MLSTAnalysis

MLST analysis assesses relationships between the sequences sfi@e89. MLST profiles

for each isolate were established using bttte pubMLST database and Nullarbor, with both

methods showing identical results. MLST profiles for each isolate are preseitau@3.9 and

indicate that each isolate from this study is a new strain or SH.giylori. Isolates A, B and C

contain alleles for some loci that are similar to those within the MLST database; however, for

some loci they also all possess alleles that are not currently vitieinlatabase and therefore

not observed before. Contrary to thiisolate E possesses allnew alleles for the genes currently
within the MLST database.

Table3.9: MLST profiles of each isolate (A, B, C andr@h Nullarbor and theH. pyloripubMLST database.

Isolate
MLST gene
A B C E
atpA New 1618 New New
efp 1454 1454 New New
mutY New New New New
ppa New New New New
trpC 1434 New New New
urel 2788 New New New
yphC New New 1376 New
vacA New New New New

Numbers (gré 0 NBf I G S

not within the database.

ALISOAFAO SyidNe

GAOKAY GKS

Lidzo a[ { ¢

The MLST data was used to create a neighjpoiming tree to visualise the potential source

continent of the isolategFigure3.9). This analysis sugsgs that isolate C came from Asia while

isolates A, B and E are all within clades that share isolates ftooorinents. This further

supports the earlier finding from the 16S tre8dction3.3.9 that these isolates are from

differing sources. This tree highlihgts the variatiortHofpylorisolates based on their continent

of isolation and demonstrates that. pyloriisolated in NZkely originated from a variety of

different continental origins.
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Figure3.9: Neighbourjoining tree of concatenated MLST data of 884 pyloriisolates and the four isolates from
this study (A, B, C and E}olours around the outside of the tree represent the continent of isolation metadata
obtained from pubMLST and correspond to the branches within the Neighbpmiming tree. Isolates A, B, C, and E

do not have continent of isolation metadata and are repgented by a white space.

3.3.8 PhyloPhlAn2

3.3.8.1 Nucleotide Tree
The constructed nucleotide tree based 400 conserved genes from whole genome data is

presented irFigure3.10. This figure has had minor clades collapsed to create an easier to read
image, the full image may be viewed Appendix C: PhyloPhlAn Tred$hese have been
collapsed as they did not contain any isolates from this study. This analysis shows plyadri

is made up of two major clades, one with only three sequences (yellow box from NZ_8870114
NC 017361 ad NC_022139) and the other consimg of all otheH. pylorisequences in the

dataset, including the isolates from this study.

The isolates from this study (A, B, C and E) all fit within one large clade with a supporting

bootstrap value of 986(grey boxFigure3.10); in support of the previous analyses, each isolate

1 Since this analysis was completed NC_022180been removed from the RefSdgtabase.
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is in a different clade. However, the clades they are in are different from those observed for the
16s rRNA analysilsohte A is graped with fourother isolates, NZ_CP032908, NZ_CP032907,
NZ_CP032096 and NZ_CP032478, albeit with a low bootstrap valuéwofr2the lllumina 16S
rRNA tree Figure3.8), isolate A was grouped with NC_014560. The subcladedtitgndiin blue

in Figure3.10 contains isolate B and is well ugrted with a bootstrap value of 108 Within

this clade are four otheH. pyloriisolates, NZ_CP006820, NZ_CP006824, NZ_CP006827 and
NZ_CP006821. Slari to the 16S rRNA tree, isolate E forms its own reasonably well supported
clade (bootstrap value of 7%); however for this tree, it does not appear to be ancestral to
almost otherH.pyloristrains (green boxtigure3.10). The clade highlighted in orangeigure

3.10) is the most recent subclade to emerge aoatains isolate C; this clade has a high support

value of 100
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Figure3.10: PhyloPhlAn2 tree of nucleotide sequences of 185pylori complete genomes and four newd. pylori
isolates. Red arrows indicate isolates from this study. Coloured blocks indicate major cladésed circles
indicate major nodes Scale initates number of substitutions per site.
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3.3.8.2 Protein Sequence Tree
To identify any new or different relationships of thh& pyloriisolates, based on the more

conserved protein sequences, a phylogenetic tree was constructed in PhyloPhlAn2 using the
amino acidsequences of the 400 proteins encoded by the genes used for the nuclectide analysis
describe aboveRigure3.11). As with the nucleotide treabove Figure3.10), minor clads and
subclades, without isolates from this study, have been collapsed and a fullimage may be viewed
in Appendix C: PhyloPhlAn Tre&smilar to the nucleotide tree is the first basal lineage of three
isolates, higlighted in yellow. This clade consists of the same iselatethe nucleotide tree
(NZ_CP011486, NC_017361 and NC_022130) and is in a similar position relative to all other

isolates in the dataset.

All isolates from this study, once again, fit within alwgeipported clade (bootstrap value of 98

%), highlightedn grey. Within this large clade, there are a number of bifurcations with low
support values. This is similar to the nucleotide tree; however, in this tree, many have a support
value below 1®owhereas in the nucleotide tree many were below#0This sugggs that the

protein sequence is not well conserved and are undergoing rapid radiation.

Within the protein sequence tree, the isolates from this study are grouped with diffefent
pyloriisolatesand are positioned differently within the tree when compdrt the nucleotide

tree. Isolates B and E are grouped together indicating these protein sequences share a recent
common ancestor, but this has a low support value of 48 % (blue box). These katesswe
grouped with several othe. pylorisolates (NZCP006820, NZ_CP006821, NZ_CP006824 and
NZ_CP006827; blue box) into a larger clade with a support value of 66 %. The next isolate to
diverge is isolate A (purple clade). This isolate is groupgdndtit NZ_CP032907 and has a low

support value of 42.

Figure3.11 suggests that isolate C (orange box) appears to have emerged most recently. This
clade has good bootstrap support of 84 %; the only clade ingusdatates from this study to

have a bootstrap value above the set threshold o£&0rhis observation is the same as seenin

the nucleotide tree Figure3.10), with isolate C having the most recent emergence froothdr
isolates in this study. However, isolate C is grouped with NC_021215, NC_021216 and
NC_ 021882 in the protein sequence tree whereas in the nucleotide tree it is grouped only with
NZ_AP04712. The larger clade this subclade resides in (red box),lbassupport value of 41

%, but has the same isolates present in the orange clade of the nucleotideRigeré€3.10).

The low support of this red clade is similar to the other clades around it and the subclades
isdates A, B and E fall into but is lower than the support values of the nucleotide tree (orange

clade).
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3.4 Discussion

Phylogenetics is an important tool for the ansily and understanding of relationships and
evodution of genes and speci¢llartiny et al. 2013 To understand the relationships between
isolates A, B, C and E and between these isolates and other publicly avdilgiyllerisoktes,
phylogenetic analyses were employed.Sithapte describes analyses carried out to determine
and understand these relationships using a variety of phylogenetic approaches, as well as
identifying the closest relatives for isolates A, B, C and Euftrdr comparative analyses of

antibiotic resstance.

3.4.1 Genome Extraction

Both single and multiple gene phylogenies were createlddlp understandthe evolutionary
relationships betweenthe isolates B, C and Bnd otherH. pylorisolatesThe single 18 rRNA
gene was isolated using PCR amplifticatiwheeas the multiple genes used in the MLST and
PhyloPhlA@ analyses were identified from whole genome data. gDNA was isolegtm|d two
methods: a norcommercial, CTABasedmethod, and a commercial kit (i@gen DNeasBlood

and Tissue Kitp increase the qulty of the extracted gDNA used for sequencing

The CTAB extraction method has primarily been usedherextraction of DNA from plant
materials however, it has been adapted for bacterial DNA extrang(Minaset al. 201). The
main advantages of this method are the low cost of reagents when compared to coraimerci
kits, and its high yield of DNMinas et al. 2011 Unfatunately, sufficient quality gDNA was not
extracted fromisolatesA, B, C, and &sing this methd - an essetial component for down
stream analysis. After changes to tG& ABnethodin an attemptto improve the gDNA quality
were not successful, the commnmal kit was used. Extraction of gDNA frelnpyloriis primarily
achieved through commercial ki(Dallidiene et al. 2002wamoto et al. 2014Yari & al. 2016.
Limitations of the commercial kit used centre ara the yield of DNA extracted due to a
maximum cell density that is able passhrough the columngMinas et al. 201)] although this

limitation was not encountered in this study

It is also impornt to note he differences intime taken to complete the gDNA extractiéhs.
pylorimay take three to seven daysrfadequate growth using currently available methods
(Blanchard and Nedrud 2012The two extraction methods variegteatly in the time taken to
compete; the CTAB method took three days, compared to the commercial kit that only took a
few hours.The results from this study indicatdat the commercial kit is the superior method

for extracting gDNA frorHl. pyloriisolates, in termsf quality of DNA as well as time taken to
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complete the extractionThe CTAB method requires further adjustments to successfully work

with theseH. pylorisolates.

3.4.2 Genome Assembly

In this study, the four isolates A, B, C, and E were onlyafiarsequened, producing draft
genomes. lllumina HiSeq sequencing technology produces short read lengths of up to 150 bp
(Quail et al. 2012 As previously discusse8dction1.3.6.3, the short read lengths create
difficulties when resolving short sequence repeats and asse midimgpvagenomegMorozova

and Marra 2008Quail et al. 2012Wold and Myers 2008 Assembling the large amount data
produced through lllumina sequencing produced a number of contigs for each genome, ranging
from 36 - 53 (Table3.6), therefore, the presence of aitiple contigs have leftthese genomes in
draft form. Draft foms of genomes may be missing important data that is not included in
assembly(Ricker et al. 2092 To accrately complete these genomes a hybrid approach of
singlemolecule sequencing (e.g. PacBio or Oxford Nanopore), gmodlong read lengths of 10

- 15 kip, may be used along with Illumina sequengio produce a highly accurate genome
assembly(Mahmoud et al. 2019 The hybrid assembly uses the longengs-molecule
sequences aa scaffold for the lllumina sequences, as these shortqusaces have a lower
error rate and can be used as correctors for the longer sequedalsmoud et al2019 Quail

et al. 2012 Tyson et al. 201y

The assembled draft genomes of isolates A, B, C, and E were similar to other akWajtgidei
genomen the NCBI databashtfps://www.ncbi.nlm.nih.gov). Atthe time of this study there
were 1,665 publicly availabld. pylorigenomes on the NCBI website. The number of contigs
assembled in this study were withthe range of the number of contigs obtained for otlueaft
genomes oH. pylorj ranging from 1 to 3,766 contig&iannakis etal. 200 omb et al. 1997

The presence of a single circular contig was identified in three out of the four isolates, which are
assumed to belasmids.H. pyloriare common carriers of plasmids ranging in sizeatssn 2

and 100 Kip, with approximately 50 % of isolates carrying thé®enfold et al. 1988 The size

of the plasmids identified during assembly fit within the average size of plasmids identified in
other H. pyloriisolates and show high similarity to other knowh pylori plasmids. The
assembled germmes ranged in size froM544,892 bp to 1,66818 bp fitting within the range

of completeH. pylorigenome size<,494,183 bp (Kersulyte etal. 20350 1,726836 bp (Su et

al. 2019a. G+C contentwas also comparable with tieeuwly sequencedisolates averaging 38 %,
while completeH. pylorigenomes have a reported G+C content of 38 or 3RAvasthi et al.

2011 Duncan et al. 2033 Although the genomes from this study are in draft format, they are

still similar toother sequenced genomes Hif pylori.
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3.4.3 Phylogenetics and MLST

3.4.3.1 16S rRNA Phylogeny

Using small subunit rRNAs to understand and assign taxonomy and phylogeny to prokaryotic
organisms has become a gold standdfde ubiquitous 16S rRNA gene has becuigely used

in both identification and axonomicclassification of bacteria, as well as phylogenetic studies
(Watts et al. 2017 Yang et al. 2036 Since 1985the 16S rRNA gene has been used as a
phylogenetic marker due to its combination ofhly congrved and hypervariable regions; the
latter being useful for phylogenetic analysis and the former for universal primer attachment
(Lane et al. 1985Vang and Qian 2009Taxonomic clasgiftions using this gene t1a become

a populartool in clinical laboratories, espelgidbr fastidious or biochemically complex bacteria
(Sabat et al. 2037

Preliminary sequencelased identification of théour isolates from this study (A, B, &d E)

was achieved using an incomplete sequence of the 16S rRNA gene using the Sanger sequencing
platform. The 16S rRNA gene was spestlliy targeted using universal primers (27F and 1492R)
however, sequences wertrimmed due to low quality sequences observed around primer
attachment regions; a known limitation of this platforfBinladen et al. 2007 As well as an
incomplete sequence, only using thast 1,079 bpof isolate & & ™ ¢ {due Aoy quality
sequencing of the forwargrimer, highlightedanother limitation of theSangesequence data

from this study. However lignment with extracted 16S rRNA sequences fli@S data from

the lllumina sequencing platform provided confidertbat the 16S rRNA sequences were frue

as well as confirming the same isolates weeguencedn both extractions.

Phylogenetic analgs were completed with both the incomplete 16S rRNAgsences from
Sanger sequencing as well as the-lerfigth sequencesom lllumina sequences. The presence
of polytomy and low bootstrap values highligiitthe poor resolution of tlesephylogenetic
analyes peformed on this single gene. Previous studiege alsoquestioned the reliability of
using 16S rRNA sequences fpesieslevel identification of isolates within thélelicobacter

genus due to their high sequence similaritfgmndamme et al. 2000

The basis of utilising the 16S rRNA gene for identificaioth phylogeetic analysis is centred
around the hypervariable regions being speesgscific The specificity of these regiondased
onii K &mglexie K & LJ2 ihd gedea idvohzd in transcription or translation are less likely
to be transferred han housekeejmg genegAris-Brasou 2005Jain et al. 1999Although origina
thoughtsaboutsequence variation within these hypervariable regiares thought to be only

due to evolutionary banges, it has since been shown that horizontal gene transfer can occur
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within this gene, thuteading to potentially inaccurate assessmeaitevolution(Schouls et al.
2003 Tian etal. 2015Trieber and Taylor 2002 High frequencies of horizontal gene transferin
H. pylorihasled to polymorphisms withitvarying loci being in linkage equilibrium as well as
defining this bacterium aspanmictic (Salaiin et al. 1998Suerbaum et al. 1998 More
specifically, 16S rRNA genes witHimpylorisolates have demonstrate dcatural transformation
through the exchange of mutations conferring tetcycline resistand@rieber and Taylor 2002
Through the increased rate of genetic transfer and recombination within khepylori
population, as well as directly within the 16S rRNA gene, this may help explain the ifiability

phylogenetic reolution using this gene alone.

Dewhirst et al. (20053lemonstrated that usingite 16S rRNA gene for phylogenetic analysis is

not reliable for theHelicobactegenus de to horizontal gene transfer and mosaicism within the
gene. They concludihat using the 168RNA gene itself is not the limiting factor of this method

but the numberof informative bases within the gene. Increasing the number of informative
bases in a pylogenetic analysis may be achieved by choosing a larger gene such as the 23S rRNA
or increaang the number of genes in the analyddewhirst et al. 2005Gontcharov et al. 2004
Increasing the amber of genes within the phylogenetic analysis has shown to improve
phylogenetic resolution and support of previously low supported nodes in single gene analysis
(Gontcharov et al. 2004 Utilising a multi locus approach would improve understanding of the

relationships between isolates, B, C, and E and othérpylorisolates.

3.4.3.2 MLSTAnalysis

MLSTanalysis is ammonly used in clinical settings to identify and classdgterialstrains that

may be of epidemiological significan@ougnoux et al. 2002Valker et al. 2012 As previously
described, MLST dateas been widely used witH. pyloridata to track early human migration
and to define seven major population types of this bacterium in moderr{Balpsh et al. 2003
Linz et al. 2007/Moodley et al. 2009

Convenional MLST analysis involves PCR amplification of relevant housekeeping genes with
specific primers followed by sequencigMaiden et al. 1998 However, in this stug the genes

were identified fronthe annotatedvhole genome data. Utilising WGS dasthe source of the
sequences aalysed using MLST is becoming more comamlVGS becomesore accessible

for more laboratories(Deurenberg et al. 20}7 Extracting standard MLST data from complete,
incomplete or short sequence reads of bacterial genomedbasme a standrd part of MLST

databasegJolley etal. 2(8; Larsen etal. 2032

The isolates in this study being defined as new strains or STs based on the sequences available

in the H. pyloripubMLST databaseasnot an unexpected findingdd. pylorisknown for having
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a high amount ofenomesequence diversitgue to a high mutation rate and recombination
frequency with unrelated strains; much higher than other pathogenic bacteria sughcaéand

N. meningtidis (Falush et al. 20Q1Suerbaum et al. 1998Due to this high amount of sequence
diversity, ®me studieshaveindicated that each unrelated human ay host its own unigue
strain or multiple strains of the bactiim (Akopyanz et al. 1992.inz et al. 20Q7Taylor et al.
1995. Strains showing closer relationships to each othave been identified, but only within
families (mother and child) or people living closely tdgaiRaymond et al. 2004UnrelatedH.

pylori strains may arise fmm coinfection through transmission from anotheaumanhost or
through migration of other strains present in different areaslha# stomach{Ailloud et al. 2019
Isolates A, B, C, and E appear unrelated based on both the 16S rRNA and MLST analyses as they
are grouped in separate subclada®d are defined as separate STs. Genetic diversity observed
between diferent strains ofH. pyloriis attributed to a variety of factors. Migration events
betweenH. pyloritrains within different parts of the stomach and secondary infections increase
recombination between strain@illoud et al. 2019Bugaytsova et al. 201 MendozakElizalde et

al. 2019. As well as recombination, the lack of proofreading activity of DNA polymerase | also
contributes to genetic diversity by the accumulation of mutatig¢@sarciaOrtiz et al. 2011
These events all contribute to the genetic diversity observed between straismfloriand is

no different from the strains from this study. Hewer, it was not known whether isolates A, B,

C,and E were part of a mixed infection.

The phylogenetic method employed in the MLST analgdisatedthat isolates A, B, C, and E
originated in different continental locations. There wéveo major clade gvupings: Asia (red)
and Africa (yellow)and isahtes A, B, C, and E were each within different clades of the tree
(Figure3.9). This highlights the fadhat each isolate from this study is from a different source
andthat the isolates are not unique to NZ. Thieatsity in strains observed within NZ, from this
small sample size, may be related to the increasing amount of travel and migration to NZ from
international destinationgStats NZ Tatauranga Aotearoa 202nmigrant populations have
shown an increasepgrrevalence oH. pylorinfections compared to the rest of the popuiah in

a variety of countries. It has been reported that migratdscountries such as the United
Kingdom, Germany, the Netherlands and America, with a higher prevalente pfylori
infections, are usually from thirsvorld countries with lower socioeconam conditions
(Banatvala et al. 1994PerezPerez et al. 2005 Further, theseH. pyloriinfections show an
increase in metronidazole resistanckkely linked to anincreased use of nitroimidazole
antibiotics in their home countr{Banatvala et al. 199De Vries et alk008 PerezPerez et al.
2005 PorschOzcurimez et al. 2003
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The birthplace of immignts has shown to also be a contributing faatath H. pylorinfection,
as those born in lower socioeconomic areas are at a higher risk of becoming infectedl with
pylori (Chow et al. 1996 Although he route of transmission foH. pyloriis still not fully
understood, as discussed$ectionl.3.2.3 living in lower sooeconomic areas with untreated
water; an absence of garbage collection, sewerage system or indoor plgmdia living in
overcrowded areas, all increase the chances of acquitingyloriGoodman and Correa 2000
Mhaskar et al. 203 arente et al. 20Q6Ylcel et al. 2009 Migrants from lower sdoeconomic
regions thathave an increased risk Bif pylorinfectionsmayincrease theH. pyloripopulation
within NZ. This may result in greater diversity within the M.Zpyloripopulation due to
recombination with local strains as well as adaptatiom&w environments and ¢st diets.
Therefore, future studiesito the implications of migrarti. pyloraffecting the genetic diversity

of the local NZ population are required.

From the Out of Africa migration, to migrations from the Old World to the NewldVthe
expansion of bmans across the globe has led to seweodern day populations and a number
of subpopulations foH. pylori(Sectionl.3.2.) (Falush et al. 2003.inz et al. 20Q7Moodley et

al. 2009 Thorell et al. 201). Subpopulations have arisen from migrations to different gdac
exposingH. pybri to ethnically diverse hosts with varied diets and different stomach
environments foH. pylorito adapt to(Thorell etal. 201y. With madern populations travelling
and migrating, this will likely influence the genomic diversityhis species. A concern relating
to the high rate of recombination dfl. pylori,and increased migration of its hosts, is that the
genome may begin to reflect # evolutionary history of its local gene pool, rather than its
continent of origin, which wold make understanding evolutionary relationships harder to track
and observéThorelletal. 217). Understanding the evolution of the. pyloripopulationin NZ
and implications of travellers and migrants may help further understan this bacterium is

evolving and developing resistance to antibiotics.

Several phylogegtic studies ofH. pyloriare based on geographic locations and population
structures of the isolates, as this species has become an important tool for tracking human
migration patterns(Bie et al. 2019Duncan et al. 2012Falush et al. 2®) Lamichhane et al

2019 MufiozRamirez et al. 20)7 Population structures are primarily identified using
STRUCTURE software and MLST gérfalash et al. 2003Montano et al. 201p These
populationstructureshaveshown importancenot only for tracking human migrations but also

for the geographic spread of certayirulence genegSheh et al. 2093 Further analysis using
software such as STRUCTURE to identify the nmedi&y population structures of these isolates
may help to improve understandng ofthe origins and evolutionary history of these isolates

based on geographic location
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In the current study, MLSanalysis was performed based on MLS&IEle sequences and
as®ciated metadata submitted to the. pyloripubMLST dataase As ¢ June 2020, there were

over 2,600 isolates within thid. pylorpubMLST database. Analysis using the iTOL plugin within
the pubMLST database is limited to 2,000 records. Due to this lioritaall records within the
pubMLST database could nat Includedn the phylogenetic analysis. Only isolates associated
with a publication were included in the analysis so sufficient metadata could be included in the
analysis. The remaining isolates wiitthe database, not associated with a publication, direct
submissions into the database. Only including MLST data associated with a publication limited
the number of isolates included in the phylogenetic analysis that may help further understand

the relationships betweel. pylorisolates.

Utilising a mui locus gproach identified isolates A, B, C, and E as unique strains or STs within
the pubMLST database. Although a direct comparison cannot be made between the lllumina 16S
rRNA tree Figure3.8) and the MLST tee(Figure3.9), due to different datasets having been used

and varying methods, both trees suggesthdt isolates A, B, C, and E are different sequences
and aise from different sources. While MLST data are usiefubtentifying e pidemiologically
relevant strains of bacteria and discerning population structuredHopylorj it is limited by
sufficiert representation of whole genome phylogeny due to a lackindbrmative bases
retrieved from the internal fragmentsf housekeeping geng3sang et al. 2037 To further
understand the relationships of isolates A, B, C, and E with availablecanulete H. pylori

genomes, PhyloPhlAn2 was utilised.

3.4.3.3 PhyloPhlAn2
To improve the phylogenetic resolution in this study, PhyloPhlAn2 was us&dafjproach

utilises 400 genes, greatly increasing the numlfegenesused in the phylogenetic analysis. To
date, this is the first phylogenetic tree &f. pylorisolatesconstructed using 400 genasd 155
complete genomes. Overall, both the nucleotide and protein sequence PhyloPhlAn2 trees
showed similar patterns. Further, these trees were similar to the othesss suggesting rapid

radiation ofH. pyloristrains likely the result of high ratesicombination and mutation.

Increasing the number of genes included in the phylogenetic analysis was expected to increase
the resolution of the trees and provide greatinsight into the evolutionary histories and
interspecies relationships of isolatesB, C, and E with othét. pyloriisolates. However, low
bootstrap values were still observed in both the nucleotide and protein sequence tragesg

3.10 and Figure3.11). The low bootstrap values indicate rapid radiation has occurred at both
the nucleotide and protein level. This is likely due to thigh rates of mutation and

recombindion present within this species.
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High mutation rates withiil. pylorihave been associated with duration of infection. During the
initial, acutestages ofnfection, H. pylorishowsa high mutation rate of 6.& 8.4 x10* changes
per site per year, primdy observedn OMPgLinzet al. 2014. In longer, chronic infections, the
mutation frequency appears to decreaset@®8 x 16 to 2.5 x 1€ per site per yea(Didelot et

al. 2013 Kennemann etal. 20}1The changes observed in mutaticates suggest that during
initial infection the bacterium is adapting to the new host environmandl, once established
within the host, may surviv@Linz et al. 2014 Initial adaptation to aew host through mutations
primarily observed in OMPs contributes to the genetic difeeion of isolates within this

species and magontribute to the rapid radiation observed through the PhyloPhlAn2 trees.

Recombination may also contribute to the gdit diversity of this species. As previously
discussed irbection3.4.3.2coinfection with multiple unrelatedtrains ofH. pyloricanlead to
recombination and ineased genetic diversifpideot et al. 2013. While the genome of a single
strain infection appears to be remain stable, trecombination frequengin multiple strain
infectionshas been reported a$.5 x 1€ per initiation site per yea(Falu$ et al. 2001
Kennemann et al. 20)1ltis unknown whether the isolates from this study belongedto a mixed
or single infection. Identifyingnd understating the rate of mixdd. pylorinfectionsin NZ may

help understand the evolution of strains.

Although mutations and recombation with exogenous DNA cannot be excluded, PhyloPhlAn2
does notidentify where the variation is within the geneslgroteins analysed. Further analysis
would be required to identify the exact regions of diversity within th@ 4@nes and proteins

included in the phylogenetic analysis.

Without more data such as birthplace of the patient, date of isolation and outamimde ction,
there is a limit to the amount of data that can be extrapolated from the PhyloPhlAn2 trees.
Althoudh the ancestry of theseadates is unable to be accurately estimated using this method
the high bootstrap values observed at the tips of thmrches provides greater support for
identifying the closest relatives of these isolates. Based on the nucleseigleence, the closest
relatives forisolates A, B, C, and E have been identifield pglor23-A-EK1I(NZ_CP032908},
pyloriokil02 (NZ_CP@6820) H. pyloriML3(NZ_AP014712) ardl. pyloriJ182(NZ_CP024937

respectively.

The question still remains alit how these isolates df. pylordeveloped antibiotic resistance.
Although this phylogenetic analysis did not primarily focus on genesectltd antibiotic
resistance, determining the evolutionary histories of these isolates may have provided clues
about their acquisition of reistance. As described in Chapter 2, isolate A was sensitive to all

antibiotics tested, isolates B and E were remustto > 256> AnL of clarithromycin and
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metronidazole and isolate C was resistant2d > AnL clarithromycin While their positions in

the trees did not appear to correlate with antibiotic resistance, the PhyloPhlAn2 trees and the
positions of isolates A, B, C, andithin these trees, suggests that antibiotic resistance is nota
deeprooted trait and is instadlikely to have developed independently and through different
ways. Most antibiotic resistance mechanisms reported orpyloriare the result of gene
mutation (Section 1.3.5, likely as an adaptation to the changing environmétdpid convergent
evolution has been identified id. pyloriand is likely associated with miecraches within hosts,
geographic spread and differences teen hosts, such as diet and genpgy(Chattopadhyay

et al. 2018. It is unknown whether these single isolates (A, B, C, and E) have developed
resistance indepndently or if the clades they reside in have all developed similar resistance
phenotypes. Usingomparative genomics withthe resell A @S A a2ft I 1SQa Of 24
on the nucleotide tree, may help elucidate and increase our understanding of \ebaés the

resistance phenotypes and how this resistance develops. This analysis is descritsgutén &

To further increase theersolution of these trees and help resolve the ancestry of modiern
pyloripopulations, utilising a whole genome phylogemppeoach or increasing the number of
sequences may help. Employing a whole genome phylogeny asuahSNP tree, will greatly
increage the number of informative bases within the analysis and may provide greater
understanding of the evolutionary relationslsippmongst this diverse speciéShakya et al.
2020.

As the genomes fortheisolates A, B, C, andie in draft format, a wholegnome phylogenetic
approach was unable to hesed in the current study. To complete a whole genome phylogeny,
firstly, the draft genomes for isolates A, B, C, and E would need to be completed as described in
Sectin 3.4.2 Secodly, increasing the number of complete genesmay help further resolve

the ancestry of modenday isolates. In the last feyears,the number of completéd. pylai
genomeswithin the GenBank databases greatly increased. This is likely due to the reduce
cost of sequencing and the clinical impamte of this bacterium, especially in relation to
antibiotic resistancgSavoldi et al. 2008 As WGS becomes more accessible and more genomes
are compéted, incuding complete genomes frorHl. pylori strains isolated within NZ and
worldwide may help further our understaling of how theH. pyloripopulation within NZ is
changing. Further studies are required to fully understand the evolutionary histdty pylori
isolates, especially in NZ; completing the genomes from this study is the first step to create a

more robustand resolved phylogenetic tree.

This chapter highlights the significance of genomic diversity seen wittpglorigenomes. Due

to thisextreme dversity, probablyfroma combination ofecombinatiorand mutation using a
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single gene such as 16S rRNAfa#sdto resolve interspecies relationships sufficiently enough

to elucidate where isolates A, B, C, and E sit within the tuéigsing MLST imeased the number

of genes used, identified isolates A, B, C, and E as new strains and highlighted pylatiin

NZ did not originate form one source, but rather has had a range of continental origins. However,
due to the limited informativesequencesvithin the housekeeping genes selected it was not
used as a representation for whole genome phylogeny. Fauititreasing the number of genes
analysed to 400 in an attemptto increase the informative sequences, PhyloPhlAn2 was used to
improve theresolution of the phylogenetic trees. This analysis, consisting of 155 comiglete
pylori genomes and the four isolas from this study (A, B, C, and E) is, to date, the first
phylogenetic analysis using PhyloPhlAn2 of this sizélfpylori Although tle ancestryof the
isolates was not fully resolved using this method arierence could not be made directly about
antibiotic resistace, the closest relative for each NZ isolate were identified. To further
understand the mechanisms of resistance and hdwese mechaisms have developed,
comparative genomic analysis was perfird with the closest relative for each isolate based on

the PhyloPhlAn2 nucleotide tree; this analysis is described in Chapter 4.
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Chapter 4Genomic Characterisation and ComparisoH gfylor
Isolates

4.1 Introduction

Antibiotic resistance is a serious threat to public health, affecting individuals worldwide from all
socioeconomic backgroungdsaxminarayan et al. 2018Vorld Health Organization 20RCH.
pylori has been defined as &igh priority antibiotc resistant organism in need of new
therapeutic treatmentgTacconellietkh201§. Resistance rates to common fiite treatment
options forH. pylorivary worldwide but an increase towards clarithromycin and metronidazole
has been observed, especially in dAmed et al. 200Hsianget al. 2013Savoldi et al. 2038
Antibiotic resstance can have a negative effect on the treatment of an infection leading to
treatment failure(Savoldi et al. 2038 The slow growing and fastidiouatare of this organism,
coupled with the lack of agreed and defined standards for antibiotic susceptitabtyng
(Section2.4) calls for a fast and accurate diagis of resistance for an appropriate treatment
regimen to be seleted for eradication of the infection(Malfertheiner et al. 201}
Understanding the underlying, genomic features conferring antibiotic resistance will help in
developing fast and accuratests to understand the susceptibility pitefs of bacterigSu et al.
2019h. Determining the genomic features of resiste will also help track these mechanisms

and aid in the understanding of the evolution of antibiotic resistafitendriksen et al. 20)9

From the previous two chaptstisolates A, B, C, and E were characterised by their resstan
profiles, their evoltionary relationships with otheH. pylorisolates were analysed and their
respective closest relatives were identified. Allisolates were identified as new straifs an8

a high level of genomic diversity was observed througlioe phylogenetic tree produced. For

the isolates themselves, isolate A was sensitive to all antibiotics tested and its closest relative
was H. pylori strain 23-A-EK1. Isolate B and E werethoesistant to > 256> AnL of both
clarithromycin and metromiazole and theiclosest relatives wergl. pyloristrains okil02 and
J182, respectively. Finally, isolate C was resistant te #L of clarithromycin and its closest

relative wadH. pyloristrain ML3.

Comparative gnomics is an important tool used to Ipdurther our unaerstanding of biological
processes through the comparison of genomic featkés 2013 H. pylorivas the first bacteria

to have two complete genomes sequenced and was subject to the first comparative genomic
analysigAlm et al. 1999 This tool has been applied to multidrug resistant batesuch as\.

baumanniiandK. pneumonia¢o elucidate resistance mechanisms anebkitionary pattems
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(Fournier etal. 2006Kumar et al. 2011 This comparative method has not been performedon

H. pylorisolates from NZ.

A review of the known or suggested mechanisms of resistance towartHirigstreament
antibiotics forH. pyloriinfections was described Bectionl.3.5 As stated above, the isolates
from this study only showed resistance towards clarithromycin and metronidazole; belonging to
the macrolideand nitroimidazole drug classes, respectively. Thus, these two antibiotics and the
mechanisms associated with theesistance will be the focus of this chapter. The review in
Sectiors1.3.5.3and1.3.5.4highlighted a number of mutations within key genes associated with
clarithromycin and metronidazole resistaneespectivelyKey genes and associated mutations
include mutations within domain V of the 23S rRNA gene rajdtrclarihromycin resistance,

and amino acid substitutionsvithin RIxXA and FrxA, preventing metronidazole from being
reduced into its bactericidal component3enks et al. 999 Saranathan et al. 2020ran et al.

2019 Versalovic et al. 1997 Although many pantial mechanisms have been identified in
resistant strains, some causes of resistance are stitioyle¢ determined and define(Chang et

al. 1997 Smiley et al. @13. Conducting further studies to advance the knowledge around
resistance mechanisms withih pyloris crucial for the accurate diagnosis and development of
alternative treatment regimens as welb ainderstanding Wwat mechanisms of resistance are

presentwithinH. pylorisolates from NZ.

The aims of this chapter were to further our understanding of the antibiotic resistance
mechanisms withirH. pyloriisolates from NZ using comparative genomic t@ghes Eigure

4.1). Isolates A, B, C, and E underwent genomic characterisation and comparative genomic
analysis with the closest relatives identified from the nucleet®hyloPhlAn2 tree fro@hapter

3 Phylogenetic Relationship Bif pylorisolates
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4.2 Methods and Materials
4.2.1 Genomic DNA Extraction and Assembly

H. pyloriisolates were grown and gDNA was extracted following methods prelyidascribed
in Sections2.2.2 and 3.2.2.1 (commercial kit) respectively. Genomes were sequenced and

assembled as described$ectior3.2.2.4and3.2.3 respectively

4.2.2 GenePredication andAnnotation

Annotation of the genomewereconducted using three pipelines; RAST 24z et al. 2008
Prokka v1.13.3(Seemann 2014 and the previously mentioned Nullarboy2.0.20191013
(Seemann et al. n.3l.An overview of the workflow and use of output files may be viewed in
Figured.2. RAST annotation was performedigyloading eaclt. pylorgenome onto the RAST
server fttp://rast.nmpdr.org/). Prokka annotationvas completed irhouseusing standard
settings and parameterdlullarbor wa conducted iFhouse using standard parameteandH.
pylori26695 NC_00091pwas used as a reference.

Virulome

RAST ]—-[ GenBank file
Manual curation
of AR genes

Nullarbor

Genome
extraction and Raw reads ]—[ Contigs
sequencing

Functional
/\ annotation
Assembly Mauve
statistics

faa file eggNOG ]

OrthoVenn2

CRISPRCas finder

PHASTER

ISEScan

Figure4.2: Workflow of genomic extraction, sequencing and functional annotation of isolates A, Brd,E used
in this thesis. Programmes useditlv different file types are presented at end of workflow. Dotted line indicates
that the progressiveMauve alignment wassed with ISEScan as well. AR = antibiotic resistance.

4.2.3 Genomic Features

CRISPgIustered egularly interspaced short palindromic regegegions were identified using

the online tool, CRISPRCasFindwetpE://crisprcas.i2bc.parisaclay.fr). The *.fna file was
uploaded to the webpage arghalysed using default settings plus CASeggetection(Couvin

et al. 2018. Phage regions were identified using PHASTER (PHAge Search Tool Enhanced
Release)Https://phaster.cal). Once agin,the *.fna file was uploaded and analysed using the
default settings(Arndt et al. 2016 Zhou et al.2011). Proteins identified by PHASTER were
subsequently searched within InterPro v80.0 using InterProScathandgh a BLASTp search
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on the NCBI datzase to further identify conserved regions within hypothetical and phikge
proteins that may be invekd in antibiotic resistance. Genes surrounding this region were also
investigated for any points of potentiaiterest relating to antibiotic resistaec ISs were
identified through ISEScan, a pipeline used to identify both complete and partial ISs in
prokaryotic genome¢Xie and Tang 2017 The *.fna files and the sorted and concatenated
Mauve files were input into the pipeline and default parameteese seleted. A BLASTp search

was conducted through the NCBI database on the IS identified by ISEScan.

4.2.4 Mauve

The Mauve v1.1.1 plugin for Geneious was use@#orange the contigs and alighe newly
sequencedH. pylorigenomes against reference genomegmntified from the nucleotide
PhyloPhlAn2 tre (Section3.3.8.1 Table4.1). To reorder the contigs the MCM algorithm was
used and the respective closestrelative was chosen as the referenceoiie sequences were
concatenated and circularised. The progressiveMaalgorithm was then mi to align the
genomesThe match seed weight was adjusted tq tilmatch the approximate size of the
pylorigenomeg1.6 Mbp) and theminimum weight of theLCB was set as the default.

Table4.1: H. pyloi isolates from this study and their closest relative(s) identified from the nucleic acid
PhyloPhlan2 tree.

Isolate Closest relative NCBI accession number Reference
A H. pylori23-A-EK1 NZ_CP032908.1 (Ailloud et al. 201p
B H. pylorioki102 NZ_CP006820.1 (Satou et al. 2014
C H. pybri ML3 NZ_AP014712.1 (Wang efal. 20153
E H. pyloriJ182 NZ_CPR4947.1 (Suet al. 2019a

4.2.5 Whole Genome Analysis

4.2.5.1 Nullarbor

As previosly described inSections1.3.6.4 and 3.2.3 Nullarbor produces a public health
microbiology report using a range of different programmes. This report consists obpsiwvi
described analysesSéction3.2.3, as well asresistome, virulome andsingle nucleotide

polymorphism SNRanalyses. Features of this report were compared with other methods.
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4.25.2 Virulome

The virulence factor database (VFR8)9 fttp://www.mgc.ac.cn/VFBnain.htm) was used to
predict the virulome for isolates A, B, énd E(Liu et al. 2019 Utilising the VFanalyzer
(www.mgc.ac.cn/cgbin/VFs/v5/main.cgi?func=VFdgaer), the GenBank file for each
assembled draft genome, produced from RAST, was uploaded to thebesdd interfaceH.

pylori26695 was selected as the regsentative genome.

4.2.5.3 Metabolic Ptential

The metabolic potential of isolates A, B, C, and E wiesakined using the KEGG database. The
*faa files for each genome were uploaded to the BlastKkOALA webpage
(https://www.kegg.jp/blastkoalaj. The bacteria taxonomic group was selected and the
species_prokaryet KEGG GENES database was selected. The genomes were annotated and
genes were assigned KO numbers and uploaded to the KEGG MaRpeonstruct Pathway
webpage(https://www.kegg.jp/kegg/tool/map pathway.htm) to identify genes present within

the pathways within the KEGG pathways database.

4.2.5.4 Clusters of Orthologous Groufssignment

To assigi®G4go eachisolate genome (A, B, C, and E), the *.faa files were uploaded to eggNOG
Mapper http://eggnogmapper.embl.de). The default settings were selected before running
the analysifHuertaCepas et al. 201 HuertaCepas et al. 20)8The closest relative for each
isolate (Table4.1) was also analysed through eggN®@&pper for a comparison with each
isolate (A, BC, and E). The anratéd eggNOG files were imported into Excel v1908 and

normalised to create a bar graph wsualise th@OGsassignments.

4.2.6 ldentification of Potential Antibiotic Resistance Genes and Mutations

To identify genes or mutations that may Io¥olved in antibioticesistance within isolates A, B,

C, and E, multiple methods were used. As part of thdakhdr pipeline a resistome report is
produced from a search within CARD. A manual curation of genes and mutations from the
literature was also@nducted. AswellasRA NBE OG a S| NODK GKNRBdZAK /! w5
identify novel genes of interest sheat between resistant isolates that may be associated with

antibiotic resistance. Each of these methods are described below.

4.2.6.1 Manual Curation of Kawn Antibiotic Resistece Genes frorhl. pylori

From Section1.3.5 a number of genes or proteins and mutations were discussed that are
associated with antibiotic resistairt. pylori Genes associated with clarithromycin resiséanc
(Sectionl.3.5.3, 23S rRNAtranslation initiation factor 12 (infB) and ribosomal protein L22
(rpl22); proteins associated with metronidazole resista8ectionl.3.5.9, RAdxArdxA oxygen
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insensitive NADPH nitroductase, FrxA(frxA, NADPHfavin oxidoreductasgFur (fur, ferric
uptake regulatoyand RecArecA recombinase fwere extracted from the Genbank format fies
of isolates A, B, C, and E and from their respective closest relatierges Table4.1). Hlux
pumps HefABC(hefA outer membrane protein hefB membrane fusion protein hefG
cytoplasmic pump proteiy HRA184(hp1184 multidrug efflux MATE transportgand HPL181
(hp1181 multidrug efflux MFSransporter) werealsoextracted from the GenBank format files
of theirisolates and respective closest references. Hihgyloritype strain, 26695, was used as
a generalreference and all genes mentioned above were extracted from its GeribaB&dh
gene and/omredicted proteinsequence was analysed by multiplegsence alignment using

the MUSCLE algorithe8.8.425within Geneiouy2020.04.

4.2.6.2 Novel Antibiotic Resistance Determinants

CARD
CARD was used to identify potential antibiotic genekrough their online ool (RGI;

https://card.mcmaster.ca) and through NullarborThe RGI was used to identify potential
resistomes in each of the isolates from this study. The DNA sequence for isolates Aaig C, E
their respective lbsest relativesTable4.1) were uploaded through the RGI interface. The
selection criteria were initially chosen to only include perfect and strict hits, this returned few
results, so the deria were adjusted tinclude perfect, strict and loosethito increase the pool

of potential antibiotic resistance genes.

The RGI results were condensed to only include genes associated with the relevant classes of
antibiotics the isolates (A, B, C, altf) were tested agaittismacrolides, nitroimidazoles,
tetracyclines and penicilins. The RGI output of genes associated with macrolide and
nitroimidazoles was visualised using a heatmap. The percentage similarity of genes associated
with macrolides and nibimidazoles were inaporated into a heatmap using the htaap.2
function from gplots v3.0.4Warneset al. 201% in R v3.6.1R Core Team 201@nd visualised

using Rstudio v1.3.101&RStudio Team 2020

Protein predictions of the genes idenéfi were analysed through InterPro
(https://www.ebi.ac.uk/interpro/) and the NCBI BLASTp search tool
(https://blast.ncbi.nlm.nih.gov/Blast.cpio idenify and analyse predicted protein families,

conserved siteand domains and to observe similarity to other known protein sequences.

OrthoVvenn2
OrthoVenn2 was used to compare whalenome orthdogous clusters between the isolates

from this study. The *.fadiles for each isolate were uploaded to the wbhsed inteface
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(https://orthovenn2.bioinfotoolkits.net/home. Analysis was carriedut using the default

settings of an &alue of 1x16 and an irlation value of 1.5.

To identify orthologous protein clusts (OPC) that may be involved with antibiotic resistance a
number of comparisons were carried out. As isolate A was sensitivedatdliotics tested it

was used as a negative control for compan to the otherisolates. Isolate A was compared to
isoldes B, C and E individually and OPCs that were present only within all isolates B, C, and E
were collated. OPCs that were only presierthe resistant strains were also collated. As isolates

B andE share the same resistance phenotypes, OPCs shared lrebmbethese two isolates

were also collated.

The protein sequences for each identified cluster from the comparisons described weave
searched through InterPro and NCBI BLASTp search, advddsebectiod.2.6.2(CARD)

4.2.7 Presence/Absence of A2147G Mutation Associated with Antibiotic

Resistance

To observe the evolution of the known dpittic resistance mutation, A2147G from the 23S
rRNA, idetified in isolates B and C, these mutations were overlaid onto the nucleotide
PhyloPhlAn2 tree from Chapter Séction 3.3.8.). The 23S rRNA gene was identifiedhia
PhyloPhlAn2 datase®ppendix AWhole Genome Sequence Data)8atough the inbuilt BLAST
search tool within Geneioug2020.0.4 The sequences weatigned using the MUSCLE algorithm
within Geneious and the A2147Qumation was identified. The nucleotide PhyloPhlAn2 tree was
edited in Inkscape v0.92.4 to show the presence or absence of the suggested mutations

associated within clarithromycin and metrmlazole resistance.
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4.3 Results
4.3.1 Gene Prediction and Annotation

RASTRrokka and Nullarbor were used to predict and annotate genssmmary of the number
of coding genes, rRNAs and tRNAs each programme identified can be vieTaddieh2. Each
programme identified a varying numbef genes, with RAST calling the highest number.
Nullarbor was nable to identify any tRNA genes, therefore questioningétsigacy with gene

prediction.

As well as a different number of genes and proteins identified, the description of identified
proteins can differ between programmes. Nullarbdoes not produce a sechable file for
annotated genes, therefore, only Prokka and RAST gene calls were compared, as well as a
BLASTX search@DS zoding sequence.

Table 4.3. This tabledemongrates that both RAST and Prokka were able to call predicted
proteins, however, the description of these proteins differ@tiis highlights the importance of

using both programmes tpredict protein functions.
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Table4.2: Summary of genes and RNAs predicted for eachaiolA, B, C and E) utilising RAST, Prokka and Nullarbor.

A B C E
Nullarbor RAST Prokka Nullarbor RAST Prokka Nullarbor RAST Prokka Nullarbor RAST Prokka
CDS 1,509 1,629 1,519 1,571 1,689 1,570 1,467 1,584 1,473 1,542 1,679 1,547
rRNA 2 3 2 3 3 2 2 3 2 2 3 2
tRNA 0 48 36 0 48 36 0 49 36 0 48 36

CDS = coding sequence.
Table4.3: Comparison of gene annotations between RAST, Prokka and BL#&EXlate A.

BLASTX result

Prokka locus tag RAST description Prokka descrigbn
Description E-value Accession
- . \ - . N-6 DNA
INKADMOK_01020 Type lISrestriction enzyme M protein (mod, Restriction enzyme Bgcl subunit alpha methylase 0.0 WP_108576009.1
ABC
ABC transporter, ATBinding protein Methionine import ATFbinding protein transporter
INKADMOK_01028 HP 1465 MetN 2 ATPRbinding 0.0 WP_023526679.1
protein
glycolate
INKADMOK_01117 (S)2-hydroxyacid oxidase Putative FABlinked oxidoreductase oxidase subnit 0.0 WP_101005179.1
GlcD
Hop family

INKADMOK _01554 Outer membrane protén (omp27) Hypothetical protein adhesin HopQ 0.0

WP_128072307.1




4.3.2 Genomic Features

General genomic features of thé pylorigenomes are displayed ifable4.4. Genome sizes
ranged from 1.54 Mbp (isolat€) to 1.67 Mbp (isolate B). The average G+C content was
approximately 38 % for each genome. RAISMtified one copy of each rRNA gene (5S, 16S and
23S) in each isolate along with 34 (A anciBj 35 (C and E) tRNA genes in each respectve
genome. Isolate€ and E were found to have one and four CRISPR repeat regions, respectively,
and one phage regiowas identified in Isolate B. Both complete and partial ISs were identified

in all isolate geames.
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Table4.4: Genomic features of draft genomes of isolatés B, C and &nd three plasmidérom RAST.

Features A A plasmid B C C plasmid E E plasmid
Genome size (bp) 1,622,179 2,993 1,669161 1,544,892 9,121 1,629,055 4,212
GC content (%) 38.9 354 387 38.8 337 38.9 37.8
Number of contigs 35 1 39 36 1 53 1
Totd genes 1,682 3 1,760 1,631 11 1,737 6
Protein encoding 1,626 (96.67%) 3 (100 %) 1,689 (95.97%) 1,573 (96.44%) 11 (100 %) 1,673 (96.32%) 6 (100 %)

genes (%)

Hypothetical proteins
(% of CDS)

Genes assigned to
COGs (% of CDS)

Total RNA genes

rRNAgenes (5S, 16S,
23S rRNA)

tRNA genes
CRISPR repeats
Phage regioris

Insertion sequences

419 (25.77%)

1,345 (82.72%)

37

3(1,1,1)

34
0
0

2E

1 (33.33%)

1 (33.33%)

0

0

466 (27.59%)

1,372 (81.23%)

37

3(1,11)

34
0
1

3E

379 (24.09%)

1,333 (84.74%)

38

3(1,1,1)

35
0*
0

4E

4 (36.36%)

1 (9.09%)

0

0

461(27.56%)

1,382 (82.61%)

84

3(1,1,1)

35
O*
0

6E

4 (66.67 %)

1 (16.67 %)

0

0

1 = jdentified using CRISPRCas fintleridentified using PHASTER identified using ISEScan. * = incomplete CRISPR regions idéentifietal number of IS identified (both complete and partial).



4.3.2.1 CRISPR Regions
Onepotential CRISPR regiavas identified in isolate C and four potential CRISPR regieres

identified in isolate ETable4.5). All regions identifiedantained only two direct repeats (DR)
and one spacer, with an assigned evidence le¥ehe. This low evidence level, calculated by
the low number d DRs and spacers, indicates that these short arrays are unlikely to be true
CRISPRregio®s BLASTn sedrof these DR sequenceslicates that these regiaghave been
identified in otherH. pyloriisolates, including the cagA region, but not in any kn@®RISPR

regions No Cas regions were identified.

Table4.5: Identified potential CRISPR repeats in isolates C and E.

Isolate Length DR sequence DRsin Number Evidence
of DR CRISPR of spacers level
(bp) locus

C 23 ACTTGAGCGTAAATGGGCTCTTC 2 1 1

E 27 TTTTTTAAAAAAACCCTTGAGTGTTTT 2 1 1

E 23 GATGAGCCCATTTACGCTCAAGT 2 1 1

E 37 GTTTTTTTGAAATAATCTCTTCGGTAACGCT 2 1 1

E 26 CATE&GAGAAGTAGTGGTTCAAGAAC 2 1 1

DR =direct repeat.

4.3.2.2 Phage Analysis

One incomplete phge region was identified within contig 4 of isolate B. The region identified
was 30.8 Kbp long, consisting of 22 proteins (10 phage hit proteins and 12 hypothetical proteins),
a transposase igion and had a G+C content of 34.54Hg\(re4.3).
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Figure4.3: PHASTER genome viewer of phage region identified in contig 4 of isolafdt B.attachment site, Int=
integrase, PLP = phagike protein, Tra = transposase, Hyghypothetical protein Arrows indicate direction of
gene.

Analysis of the hypothetical proteins and phalge proteins identified by PHASTER did not
return any domains or hmologues to otherproteins related to antibiotic resistance previously
establishel (data not shown). The transposase region was identified as belonging to the
transposase KB7family, the phagdike protein peceding this region was also identified as a
transposase belongg to the 1S200/1S605family, specifically OrfBGenes surrounidg this
incomplete phage region were also analysed further for association with known antibiotic

resistance mechanisms. No genegwdrest were identified through this extended analysis.

4.3.2.3 Insertion Sequences

Both complete and partial 1Ss were identifiedall isolates Table4.6), primarily belonging to

the I1S21 and 1S200/605 families, with only one insertion sequence belonging to the 1S595 family
identified in E3. Complete sequences that were identified belonetthe 1S200/605 family.

Both the separate contigs and the rearranged concatenated genomeSéctiord.3.4 were
analysed using ISEScan to identify partial andplete ISs. Two additional ISs were identified in

the rearrangel and cocatenated genomes of isolates B and E that were not identified when
analysing the separate contigs of the respective isolates. Inisolate E, the IS E6 was located over
two contigs. Tis IS may be an artefact of the contig rearrangement in Mauwehasn cantigs

38 and 40 were placed next to each other different sequences were identified. Further
investigation is required to elucidate whether IS E6really exists. Within isolate B, 18sB2 w
identified in the Mauve genome rearrangement but not withimetsearb of the separate
contigs. Unlike isolate E, this extra IS is located within the middle of a contig, not overlapping
multiple contigs. Once again, further investigation is requiredtermine whether this is a true

IS. The IS identified withBection4.3.2.2was also identified through this analysis (B3).

The BLASTp searchaple4.6), conducted for both complete ahpartial 1Ss returned top hits
related to the movement and rejehtion of IS, except for E6. This analysis indicated that this

protein is an OMP belonging to the Hop family, aiding in adhesion of thefian to gastric
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tissue(Coppens et al. 20)8This suggesthat this may not be atrue IS and further investigation

into the sequence is required; however, this is beyondgbepe of this study.

The positions of the ISs in eattaft genome and surrounding genes were identified to establish

if they were near any antibiotic resistance determinants. Within the rearranged, draft genomes

of isolates A, B, and C, no antibioticistant genes of interst were identified based on theAST
annotation. However, within isolate E, IS E3, E4, E5, and E6 were located near the 23S rRNA and
16S rRNA genes, both of which are involved in clarithromycin and tetracycline resistance,

respectivey. Although these 1Sme located next to these antitilic resistance genes, they do

not appear to have caused any alterations to the genes.
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Table4.6: Insertion sequences identified from isolates A, B, C ahdnd BLASTp results.

Isolate IS IS Familyand Cluster Description Query cover Evalue % identity ~ Accessiomumber

Al 1S200/1S605_155 DNA methylaseH. pylari] 43% 0.00 96.79% EJB82799.1

A2 1S21_25% Chromosanal replication initiator protein DnaAH. pylori] 82% 0.00 99.31% WP_128044524.1
Bl 1S21_259 Chromosomal replication initiator protein DnaAd[pylori] 96% 0.00 99.12% WP_127945629.1
B2 1S200/1S68_155 Eco57I restrictionmodification methylase domainontaining protein H. pylori] 99% 0.00 98.37% WP_001170013.1
B3 1S200/1S605_155 Eco57I restrictiormodification methylase domainontaining protein H. pylori] 42% 0.00 96.11% WP_001170013.1
c1 1S2®@/1S605_96 TransposaseH. pylori] 92% 6.00E58  96.63% WP_120901692.1
C2 1S21_259 Chromosomal replication initiator protein DnaAd[pylori] 83% 0.00 99.56% WP_060759823.1
C3 1S200/1S605_430 1S200/1S605 famityansposaseH. pylori 99% 3.00E58  98.99% WP_162966965.1
C4 1S200/1S605_96 1S200/1S605 faily element transposase accessory protein TnigBoylori] 99% 0.00 99.30% WP_154569861.1
El 1S21_259 Chromosomal replication initiator protein DnaAd[pylori] 86% 0.00 99.34% WP_128039963.1
E2 1200/1S605_96 IS606 transposaséi] pylori] 91% 3.00E56 93.62% BAW74872.1

E3 1IS1595 238 1IS1595 family transposask.[pylori] 64% 0.00 99.41% WP_001969827.1
E4 1S200/1S605_440 1S200/1S605 family element transposase accessory protein 1 §ri] 74% 0.00 99.10% WP_108262961.1
E5 1S200/1S605_96 1S200/1S605 family element transposase accessory protein THpByfori] 99% 0.00 99.06% WP_108529583.1
E6 1S200/1S605_430 Hop family outer membrane protein HopJ/HogK pylori] 70% 0.00 95.83% WP_09568304.1

* = not identified in contig search. Number afterdamscore = IS clustét= Partial sequence.



4.3.3 COG Assignment

The categorisation of gen@go COGs for each isolate and associated reference can be seenin
Figure 4.4. Distribution of COG assignment is similar amongst all isolates and their respect
references. This provides further confirmation thia¢ isolates (A, B, C, and E) kkepylori The
COGs were classified into 22 out of 26 fumcal categories, of which the largest groups across
all isolates were function unknown (S), translatiobpgomal structure and biogenesis (J), and
cell wall/membrane/envelope biogenesis (M). No COGs were identified belonging to the general
function predction only (R), extracellular structures (W), nuclear structure (Y), and cytoskeleton

(2) categories.

COG Distrubtion Across Annotated Genomes

100% Not in COG database

M [7] Cytoskeleton

M [Y] Nuclear structure
90%
m [W] Extracellular structures
m [V] Defense mechanisms
80% M [U] Intracellular trafficking, secretion, and
vesicular transport
M [T] Signal transduction mechanisms
M [S] Function unknown

70%
M [R] General function prediction only

m [Q] Secondary metabolites biosynthesis,

transport and catabolism
60% [P] Inorganic ion transport and metabolism
[O] Posttranslational modification, protein
turnover, chaperones
m [N] Cell motility
50%
o [M] Cell wall/membrane/envelope biogenesis
M [L] Replication, recombination and repair
40% B [K] Transcription
m [1] Translation, ribosomal structure and
biogenesis
30% m [|] Lipid transport and metabolism
M [H] Coenzyme transport and metabolism
B [G] Carbohydrate transport and metabolism
20%
M [F] Nucleotide transport and metabolism
M [F] Amino acid transport and metabolism
10% [D] Cell cycle control, cell division,

chromosome partitioning
m [C] Energy production and conversion
I I I I I I I I M [B] Chromatin structure and dynamics
0%

Isolate A lsolate B Isolate C Isolate E 23-A-EK1 okil02 1182 B [A] RNA processing and modification

COG distribution across genome (%)

Bacterial genomes

Figure 4.4: COG distribution of isolates (A, B, C and E) and reference genome&-E3810ki102, ML3, J182).
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4.3.4 Mauve Analysis

Mauve was used to reorder and align the draft genomes from this study against dcemple
genomes of their respective closest relative idéatl from the nucleic acid PhyloPhlAn2 tree.
The alignments for each isolate atitkir identified closest relative are presentedHigure4.5.
Isolate A had a mimum LCB weight of 571 nt and this parameter proau2e LCBd~gure4.5

A). Nine inversions were identified in isolate A compared to its referene®R2RB1; however,
these were small regions of the genome. I$® hada larger minimum LCB weight of 177,250
nt, producing two LCBsF{gure4.5 B). The two LCBs indicate the presence of one large
homologous region (greemnd then one smaller homologous region (red). Wittia tmiddle

of the green LCB in isolate B, is a whitgio@, this indicates that isolate B is missing a number
of genes that the reference genome (0kil02) has within this genome section. These white
regions are also observed in the reference genome (okiit0Bpth the green and red LCBs but
are much smallefThis indicates that isolate B has additional genes that okil02 does not have
based on nucleotide sequence homology. The alignment of isolate Gagsiolosest relative
produced one LCB and therefome minimum LCB weighE{gure4.5 C). There are two large
white gaps observed in the reference gene (ML3) that indicate additional genes are present

in isolate C that are not presewithin H. pylorML3. Finallyisolate E had a minimum LCB weight
of 209 nt, produing 19 LCBdg-{gured.5 D). Six inversions were observed when compared to its
reference (J182). The gaps within the isolates (A, B, C, and E) may be duenmmthplete
nature of the genomes. However, these gapesrevexamined further, @ad no known antibiotic
resistant determinants were identified. Gaps present in the reference genomes, which are

complete, were also analysed further but no known antibiotic resisé genes were identified.
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Figure4.5: Mauve alignments for isolates A (A), B (B), C (C) and E (D) with their respective reference genomes.
Coloured blocks represent LCB (homologous regions). Blocks b&leviine of the isolate genomes indicate an
inverted sequence compared to their reference.

4.3.5 Virulome

The presence of potential virulence genes within the genomes each isolate (A, B, C, and E) was
assessed using both VBBnd Nullarbor analyses. The fullome report from Nullarbor and

the VFDB may be viewéd AppendiceAppendix D: Nullarbor Repoaind Appendix E: ¥DB
Output These two approaches identified different gemgth Nullarbor identifying 112 genes
across all isotas and the VFDB identifying 95 genes across all isolates; with 73 genes identified
in common. A summary of the most clinically relevairulence factors, foH. pylorj are
presented inTable4.7. All isolates pasess the genes for theagA vacA urease enzymes and
major OMPs. Nonef the isolates appearto possess the gelupA which is involved with the
development of duodenal ulce(3alebi Bezmin Abadiand Pe+eere2019. Isolates B, C, and

E all possess theeAgene; however, it was not identified isolate A by these analyses. Absence

of theiceAgene in isolate A was confirmed by a subsequent BLAST search within the genome.

These major virulence factors wereidtified using both methods.
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Table4.7: Summary of clinically relevant virulence factoiglentified in isolates A, B, C and E from the VFD and

Nullarbor.
i Presence/absence of gene in isolates
Virulence
Gene product
gene A B C E
cagA Gytotoxin-associated gene fCagA) V \% \% Vv
vacA Vacudating cytotoxin(VacA) \% \% \% \%
dupA Duodenal ulcer promotingiene(DupA) U U U U
iceA Induced by contact with epithelm gene AlceA) U \% \% \%
Urease .
Ureasealpha andbeta subunits (Urease) \% \% \% \%
(ureA ureB
Blood-group-antigenbinding adhesirfBabA)
OMPs(babA L )
] Salic-acid-binding adhesiiSabA)Outer \% \% \% \%
sabA oipA)

inflammatory protein AOQipA)

V = presentU= absent, OMP = outer membrane protein.

4.3.6 MetabolicPotential

4.3.6.1 Carbohydrate Metabolism

Pathway analysis indicates that the draft genomes fromHheylorisolates in this study each
possess an incomplete glycolysis pathw&ygured.6). This suggests that the isoéet are unable

to convert glucose into important metabolites using this metabolic pathway alone. These results
are consistent with previes studies ofH. pyloriglucose metabolisniDandekar et al. 1999
Mendz and Hazell 1991

All H. pyloriisolates appear to lack the standard genes regdito uptake extracellular -D
glucose. However, a putative glucose/galactose transpogie has been identified withithe

H. pylor26695 genoméTomb et al. 1997 Through a BLAST seaoflall four isolatesthis gene

was present suggesting that the isolates may use this channelto import extracellular glucose or

galactose.

Once DBglucose or galactose enters the cell, it may undergo phosphorylation gistakinase

(EC 2.7.1.2) to form-Blucose6P. A reverdale reaction usinglucose6-phosphate isomerase
(EC5.3.1.9) can then convergicose6P into Dfructose6P. However, allisolates lack two key
enzymes required to complete the conversion of glucose pyruvate 6-phosphofructokinase

(EC 2.7.1.11) amyruvate kinase (EC 2.7.1.40). This lack of enzymes would force the bacterium
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to utilise an alternative pathway such as the Entmaudoroff or nonoxidative pentose
phosphate pathway to complete the ba&down of glucose (green arrowbkigure4.7). D
glucose6P enters the Entneboudoroffpathway and is converted to-Blucononate6P. The
isolates would then use their enzymes capable of dehydrating and cleaxghgcBnate6P to
produce pyruvate: phosphogluconate deldratase (EC 4.2.1.12) and2-dehydro3
deoxyphosphogluconate aldolageC 41.2.14). Through the nonoxidative pentose phosphate
pathway (blue arrowskigure4.7), Dfructose-6P can potentially & converted into Eribose-5P

through a series of reversable reactionsrilbse-5P may then be used for the synthesis of
nucleic acids.
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Figure4.6: Glycolysis pathway for isolates A, B, C, and E. Greenuatbers indicate presece of the enzyme,
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Dashed arrows indicate that a substrate is either from or entering a different pathway. Red arrows indicate

missing genes that inbit pathway.

144



| PENTOSE PHOSPHATE PaTHWAY |

DGlucosarminate O

Pentose and glucuronate
11147 nteroerns d———— ~ | 2-Dehyedro-3-deoxy |
( D.Glucono- | | D-gludonzte u [12m3
oF 1134 1 5-lactome AT D-Glugorate  [42.139] . 41255 N I —>0—|2?|155}C-}12cmh-2p
_________ L qey
(’ B.D-Glucoss | 1135 = 42114) 41251 D ﬂﬁp = Gl T
11993
} _________ RPN [N ] RS Eupes DoudoreT ‘;
( D-Glucose [ 1132 [[ 1152 ] LDekrdro. e[ 111215 Pty
| g Pyrrate O— = = = — — = — = = = = = >
| [27113] [27112] [27145][2711%] .
|
2-Dehyriro-
} g e cp I
| i D2 o R |
[ 7ﬂ;D;Gll:cn_se;ﬁI:£ 1.1.1.49] o FET " _.Erl 41214 |aldeliyde-3P[ 1219 ] G eiahijz__/{
. e S Do ‘—'D_gmm_m; 41255 z‘u\ 121090 |
- y-lactope-0r o~ N e
—— - 623119 [N e I
7777777 % o—{ziiza}»S
t D-arabing-He D-Clucosaminate D-Clucosarinate 6P
53190 3-ulose-8P (extrace lular)
4P ¥ D-ylulpse-5P
e} 2211 O« 5131 |0t ———— | Pentost and glururonate
T~ D-Ribuloss- 5P
D-Erythrose-4P O
Gyeolysis 5316
— — D'mse'sp 27115 O D-Rib
- 2212 : -Ribose
B-D-Frustoss-1,6P2
D-Ribose-1P
41213 2211 o=
J{ | BRSO
56
oy - N FHTF B FENE
N w e L
O D-Xylulose-5P g Puine
| e tabolism
o I —
2-Deoxy-D-rbose b — — g Popimidine
| metsholism
O 5427 o]

2-Deoxy-D-rihose-5P

2-Deoxy-D-

| —_—
- I Histidine
ol D
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4.3.6.2 Citric acid cycle

The KEGG citriacid cycle (CAC) idefied in the isolates (A, B, C, and E) appears to differ from
0KS Wail yWiguredB).(Ihel absencedof theek enzyme succim@oA synthase (EC
6.2.1.5; red arrowsFigure4.8), required to convert succirfloA into succinate, makes this an

incomplete, noncyclic pathway. It has been suggested Ithgiyloripossess a branched CAC,

consisting of a dicarboxylic and tricarboxylic arm (green arréigsiye4.8), due to the absence

of this key enzyme. The isolates possess the genes encoding pyruvate ferredoxin oxidoreductase

alpha subunit (EC 1.2.7.1) aBabxoacid oxidoreductaséeC 1.2.7.11), to convert pyruvate

acetytcoenzyme ACoA). Through the tricarboxylic arm of the pathway, the isolates possess the

genes encoding enzymes required to convert oxaloacetate to citrate, isocitrate"and

1SG2 3¢t dzdi I NI { Setoglotéf3 S SKERYRBNR ISy a$

09/

-MPH PN

ketogutarate to succinylCoA was not identified in the iwtes; however, 2xoglutarate

synthase (EC 1.2.7.3) aRebxoacid oxidoreductasare present instead. Inhe dicarboxylic

branch of the pathway, mate synthase (EC 2.3.3.9) or malate dehydrogenasd (EC37,

orange arrowsjfigure4.8) are not present to convert oxaloacetate into malate. However,

activity of this engme has been observed in othidrpyloriisolates even though these enzymes

have not been identied in the genome of other isolatg®itson et al. 1999Tomb et al. 1997

It has been suggested that malate:quinone oxidoreductase (EC 1.1.1.54) is responsible for the
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malate dehydrogenase activity exhiditin H. pylori (Kather et al. 2000 Malate:quinone
oxidoreductase was identified in isolates A, B, C, affth&isolates do possess genes encoding
fumarase (EC 4.2.1.2) and furate reductase (EC 1.5.3.4) to convedlate into fumarate and
succinate, completing the dicarboxylic branch of the CAC. Overall, the potential CAC identified
in isolates A, B, C, and E is similar to that of otHemyloriisolates; however, further
invedigation is required to identify the enesencoding enzymes required to convert

oxaloacetate to malate.
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Figure4.8: Citric acid cycléor isolates A, B, &and E. Greef=C numbersndicate presence of the azyme white
EC numbersndicate enzynes were not identifiedwithin the genomes Green arrows indicate potential flow of
pathway. Dashed arrows indicate that a substrate is either from or entering a different pathway. Orange arrow
indicates gene is missirfgom genome however, activity has beeidentified in other H. pyloriisolates. Red arrow
indicates missing gene that inhibits pathway.

4.3.6.3 Nitrogen metabolism
Nitrogenis utilised itd. pylorto synthesise key components required for the formation of DNA,

proteins and other important moleculg®rice et al. 2002 In the gastric environent there are

two main sources of nitrogen fat. pylorito utilise: amino acids and ur@/eeks et al. 2000

Urea is present in small amats within the stomach of humar(¥Veeks et al. 2000 H. pylori

are able to take up this extracellular urea through an acid activated urea channel, encoded by
the urelgene. Accading to the KEGG annotation, only isolate B, C, amubEgss theirelgene;
however further analysidirough a BLAST search and annotation byB&RDws that all isolates
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(A, B, C, and E) possess this urea channel. ThBanasis is described abov&tion4.3.5.
All isolates also possess urease (EC 3.5.1.5), which isodbjerolyse urea to ammonia and

carbon dioxide, once inside the cell.

Amino acids are also present within the gastric environment and prdviggloriwith a source

of both nitrogen and carbofKomorowska et al. 1981 There are several amirazids that are
required for the growth ofH. pylori arginine, lstidine, isoleucine, leucine, methionine,
phenylalanine and valine; with some strains also requiring alanine and s@Riegnolds and

Penn 1994 Based on genomic data alone, the isolates from this study are unatyatbesise
arginine, histidine, isoleucine, leucine, methionine, phenylalanine, valine, alanine and serine; as
they aremissing key enzymes in the biosynthetic pathways. However, isolates A, B, C, and E
possess a number of genes that aid in the catabolgnsome amino acids that produce

ammonia as a byroduct (Table4.8).

Table4.8: Enzymes present irsolates A, B, C, and E that are involved in catabolism of amino acids.

Gene name Enzyme EC number Reaction

ald Alanine dehydrogenase 1411 Converts alanine to pyruvate +ammian

aspA Aspartateammonia lyase 431.1 Converts aspartate ttumarate + ammonia
ansB L-asparaginase Il 3511 Converts tasparagine to{aspartate + ammonia

wSOSNEAOGT S NB kétdghutargte +C

gdhA Glutamate dehydrogenase 1.41.4 ammoniato glutamate

glnA Glutamine synthetase 6.3.1.2 Converts glutamate + ammonia to glutamine
sdaA L-serine deaminase 4.3.1.17 Converts serine to pyruvate + ammonia
rocF Arginase 3531 Converts arginine to urea

amiF Formanidase 3.5.1.49 Converts formamidéo formate + ammonia
amiE Aliphaticamidase 3514 :é/ic;ril);srinsmocf) :i:lomhain amides to carboxylic
dadA D-amino acid dehydrogenase 1.4.5.1 Oxidation of Pamino acids
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4.3.7 Manual Curation of Known and Potential Antibiotic Resistance

Determhnants fomH. pylori

To asseswhether isolates A, B, C, and E possess any known mechanisms conferring antibiotic
resistance, a search of known resistance genes and mutations was conducted. As the isolates
were only phenotypically resistant to clarithromigcand netronidazole, only medmisms

associated with resistance to these drugs were included.

4.3.7.1 Clarithromycin Resistance

The mechanism of action for clarithromycin involves the reversible binding of the drug to
domain V of the 23S rRNKanohand Rubin 2010 Domain V of the 23S rRNA gene is therefore

of keen interestin resistance to this macrolide. Through alignment of the 23S rRNA genes, from
the isolates and their respective refaice genomes, the A2147G mutati(red boxFigure4.9)

was identified in isolates B and C, and reference genome&sR2RB1 and ML3. The A2146G
mutation was not identified in any of éhisolates; however, two other utations were identified

in domain V, T2186C (isolates Caii] ML3; green bo¥,igure4.9) and A2227G (isolates C and

E; orange boxgigure4.9).

Of the three mutations idetified, two of the isolates (C and E), had multiple mutasiavithin
domain V. Isolate C had three mutations, A2147G, T2186C and A2227G; and isolate E had two
mutations, T2186C and A2227G. These mutation combinations have bemified before;
however, the A2147G, T2186C and A227G combination has been assosatkeda

clarithromycin susceptible stra{firan etal. 2013

The G16A mutation within theinfB gene or the 9 bp insertion or 3 bp deletion withipl22

were not identified in anyof the isolates or their respective reference genomes (data not
shown). These results suggest that target alteratibthe 23S rRNA gene is@ntributor to the
resistance of isolates B and C for clarithromycin resistance. However, the mechanism of
clarthromycin resistance for isolate E is still not defined, based on these known mutations,

suggesting another mechanisminvolved in resistance.
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4.3.7.2 Metronidazole Resistance

As metronidazole is a prodrug it requires reduction once within the celléaee its bactericidal
components. Mutations within key reductasgenesn H. pylorirdxAandfrxA) are commonly
associated with metronidazokesistancgMarais et al. 2008 A number of mtations were
identified in bothreductase genes in all isolates and reference genokvésin isolates B and
E, two missense mutations in theéxAgene were idenfied leading to R16H and A118S (red and
blue boxes respectivelfigure4.10 A) amino acid substitutions in the RdXA protein. Isolate B
contained both substitutions whereas isolate E only contained the All8&ino aid
substitution Isolate A also possessed a missense mutatausingat position 118, causg a
change from alanine to threonine (A118T); however, this isolate is metrorliglagasitive blue
box;Hgure4.10 A). Mutations in these positions have been identified in other metronidazole
resistant strainsof H. pyloribefore(Kwon et al. 2009. No mutationswere found in any of the

reference genomes in these positions.

Mutations were also identified in theexAgene in isolates A, B, C, E, and the reference genome
23-A-EK1. The three metronidazatesistant strains, isolates B and E, #melreference genome
23-A-EK1 did not share any common mutations within fireAgene.Hgure4.10 B shows the
consequences of the mutations within tHexA gene.lsolate Bpossesses a 32 amino acid
deletion at thestart of FrxAl§lackbox;Hgure4.10B). A 20 amino acid deletion was observed
at position 189 in this protein in strain 2Z8EK1 (yellow boXEgure4.10 B). Isolate C atshad a
number of mutations within thdrxAgene, including creation of a stop codon at amino acid
position 207 (orange bgxHgure 4.10 B) leading topremature truncation ofthis protein.
However, this isolate isat phenotypically resistant to metronidazole. No major mutations were

identified infrxAof isolate E.

No premature truncation or significant mutations shared between resistant isolates were

identified inFuror Re@ (data not shown).
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4.3.7.3 Efflux pumps
The dflux pump genesefABChpl184and hpl181lwere identified in all isolates and their

respective reference genomes. Alignment of the translated sequences revealed a number of
mutations within all isolates and theiespective closest relatives. However, thés limited data
available on the resistae profiles of the closest relatives, with only-2EK1 known to be
clarithromycin resistant. Therefore, inference on the effects these mutations may have on
conferring atibiotic resistance can only be madereéference to the isolates from this study, (A

B, C, and E).

Within the RNEtype efflux pumpyeneshefABCidentified in all isolates, a number of mutations
were identified compared to the reference sequence fror625 (Table4.9). Overall, resistant
isolates had a higher number @hissensemutations than the sensitive strain (isolate A).
However, inhefCboth isolate E and 238-EK1 shared the same numbemoissensanutations
with isolate A. For each efflux pump gemutations shared amongst resistant isolates only
were identified. A complete list dhe consequences of the missenseitations within each
efflux pump may be viewed ippendix F: Efflux SMRalysisWithin hefA only onemissense
mutation was present that was common amongst isolates B, C, and E, causing the amino acid
change 1304lin HefA fputer membrare protein); this mutation was also presentin ML3. No
mutations were pesent in only isolates B and E, that shthe same resistance profile (> 256
> HnL MIC towards clarithromycin and metronidazole). WithéfiB no mutations were shared
between isolate8, C, and E only; however, two missense mutations were shared dwgdre
isolates B and [eading to amino @d substitutions in HefBr{embrane fusion proteijy G104S
and T108N; both of which were also present in ML3. WilldfCone missense mutation was
identified in common between isolates B, C, anld&ding to an anmo acid substitution in HefC
(cytoplasmé pump proteir), Q615E, thixhangewas alsoobservedn okil02 and ML3. Two
other missense mutations, common amongstdes B and E were also identifiechding to
V330l and H614@hangesof which the former waslso identified in isolates 28-EK1 and
0kil02. The N177T missense mutation within thefAgene, encoding a protein potentially
involved in clarithromycin efflu(HefA) was identified in isolates A, B, C, and E, as well a&, 23
EK1, ML3 and J182. Hovez, the presence of this mutation in tlsensitive isolate (A) suggests

that this mutation may not be involved with clarithromycin efflux.
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Table4.9: Number of mutations identified in HefABC of isolates A,B and E and their respective closest

relatives.
Number of mutations
Resistance profile
HefA HefB HefC

Isolate A Sensitive 16 2 14
Isolate B CLR and MTZ 18 4 16

resistant
Isolate C CLR resistant 18 5 30
Isolate E CLR and MTZ 23 6 14

resistant
23-A-EK1 CLR resistant 30 3 14
okil02 Unknown 3 2 24
ML3 Unknown 16 7 33
J182 Unknown 16 3 14

CLR = clarithromycin. MTZ = metronidazole.

4.3.8 Novel Antibiotic Resistance Determinants

Due to differences in known mutations and MICs produced by isolates, hasxai absence of
known antibiotic resince mechanism identified in isolate E, a search for novel resistance

determinants was conductedsing CARD and OrthoVenn2.

4.3.8.1 CARD

To identify other antibiotic resistance genesrelated to the nitroimidazole and riderasolates

A, B, C, and E were anagsusing CARD, through manual analysis as well as in the Nullarbor
report. According to the Nulladr output, isolates A, B, C, and E do not have a resistome.
Through manual analysis, the RGI identified 32 genexcaded with the drug classes above,
across all four isolates. Most of these genes returned a single hit from the isolate genomes.
However,macB msbA adeR tet(58) and tet44 all returned multiple hits Table 4.10). No

resistance genes were identified tdre plasmids of isolates A, C, and E.
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Table4.10: CARD hits with multiple copies identified.

Gene gene product,and number of hits

macB msbA adeR tetA(58) tet44
Isolate Macrolid Lipid A export  Efflux system Ribosomal
ex agrto A'I?P ATR DNAbinding Tetracycline tetracycline
bindiFrJ] vermes 2inding/permea response efflux pump resistance
se %ﬂch se protein regulator (TetA(58)) protein
( ) (MsbA) (AdeR) (Tet(44))
Isolate A 7 2 2 2 2
Isolate B 7 3 2 2 2
Isolate C 8 3 2 2 2
Isolate E 7 3 2 5 2

Genes identified from the RGI output relating to the drug classes above, are compiled in
Appendix G: RGI Outpwthere percentag®f amino acidsimilarity to CARD sequences may be
viewed. No perfect hits were identified, only strict and loose hits. Tweorig genes were
identified in association with teacycline resistance. However, as none of the isolates (A, B, C,
and E) were phenotypically sestant to tetracycline, these genes weret studied further. CARD

hits relating to macrolide and tetracycline resistance were visualised using a hedtigae(

4.11). From this heatmap, no one gene is associaiegld macrolide or nitroimidazole resistea

across all isolates. However, it does highlight two eemith highsequence similaiigs
associated with macrolide and metronidazole resistance; the 23S rRNA mutation (A2147G) and
hpl181, respectively (dark blubars; Figure4.11). These resistance mechanisms have high
similarity with submitted sequences in CARD, which was above 97 %. The other resistance
mechanisms identified have a range of similarity scores bet#8el8 % (peB(subunit of LpeAB

efflux pump LpeB;isolate B) and 44 %s@QABCF subfamily proteirLsag; isolate BAppendix

G: RGI Outpiit

In total, there were 15 genes identified through CARD analysis, asaates A, B, C, and E
associated with merolide resistance. The 23S rRNA mutation, A2147G, was identified in both
isolates B and C but absentin isolates A and E; this is in agreemewhaitivas observed in
Sectiom.3.7. No genes were identified #t were common amongst isolates B, C, and E only (all
resistant towards clarithromycin) that were associated with macrolide resistance. Two genes
were identified only in isolates B and E, which share the same MV@rds clarihromycin (>

256 > HnL), ermY and mexJ The ermY gene was originally identified in a plasmid from
Staphylococcus aureasdencodes a protein (Erma3sociated with antibiotic target alteration,
which results in methylation of the 23S rRNA gene at pos2@s8 E. coli23S rRNA posin)
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(Matsuoka et al. 1998 ThemexJgene encodes the membrane fusion protéMexJ)of the
MexJK efflux pump originally identified®seudomonas aeruginog@huanchuen et al. 20p2
These two genes share low similarity scores at the amaib lavel of 25.84 % (isolate B) and
25.11 % (isolate E) withriY, and 23.65 % (isolate B) and 25.12 % (isolate E) for MexJ.

Only two genes were identifieid the CARD analysis that were associated with nitroimidazole
resistancemsbAandhpll81 These tw genes were presentin all isolates (A, B, C, and E). The
hp1181 hit had a high sequence similarity score of ~97a¥the amino acid levelith the
HP1181 entry within CARDThis finding is in accordance wilectiom.3.7.3wherehpl181lwas

also found in all isolates. However, thesbAgene had multiple hits within each isolatéaple

4.10) with a range of peragtage similaritiesat the amino acid leveftom 27.31 %ig§olate C) to
32.89 % (isolate B). ThesbAgeneencodes a multidrug resistance transporter protein homolog
(MsbA)nitially characterised i. coli(Zhou et al. 1998 This gene is essential for cell viability
due to its transportation ofipid A an integral component of the outer membrane of Gram
negative bacterigGhanei et al. 20Q7Zhou et al. 1998 This transporter was identified in all

isolates, likely due to its integral nature.
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Figure4.11: Heatmap comparisons of CARD hits and percentageniitle of resistanceproteins associated with
macrolides and nitroimidazoles for isolates A, B, C, and E. The Wakur key indicates theamino acid %
similarity between CARD gene hits and the isolatBsotein names are highlighted in coordination withheir
resistance mechanism. Orange = antibiotic targdteration. Green = antibiotic efflux. Pink = antibiotic target
protection.

Further analysis of the genes identified through CARD with InterPro and BLASTp searches was
conducted due to the low similayitscores to further elucidate the function of thesengs. An

analysis of alpredicted amino acid sequences of the gefresn Figure4.11 may be viewed in
Appendix H: CARD Hinalysis From the InterPro search results, detenants associated with
antibiotic target alteration were identified associated with methyltrasefearse families, domains
and conserved sites. However, both the determinants associated with antibiotic efflux and
antibiotic target protection were involved witefflux pump families, domains, and conserved
sites. The efflux pump determinants were associated with the RND and MFS superfamilies,
whereas, the antibiotic target protection determinants were involved with the ABC superfamily.
The BLASTp search, conduttferough the NCBI database, provided another layer of evidence
towards the function of the genes identifiedin isolates A, B, C, and E. Overall, the BLASTp results
showed a similar pattern to the InterPro results where determinants associated with aitibio
target alteration were identified as methryltransferases and determinants associated with
antibiotic efflux or target protection were associated with antibiotic efflux proteins belonging to

the RND, MFS or ABC superfamiliggdendix H: CARD Hinalysi3.
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