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Abstract 

Helicobacter pylori is an important and prevalent human pathogen present in approximately 50 

҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǇƻǇǳƭŀǘƛƻƴΤ ŎŀǳǎƛƴƎ ŀ ǊŀƴƎŜ ƻŦ ŎƭƛƴƛŎŀƭ ƻǳǘŎƻƳŜǎ ŦǊƻƳ ŎƘǊƻƴƛŎ ƎŀǎǘǊƛǘƛǎ ŀƴŘ 

gastric ulcers to gastric carcinoma and gastric mucosa-associated lymphoid tissue lymphoma 

(Hooi et al. 2017; Huang et al. 2002; Kuipers et al. 1995). Treatment of this pathogenic bacterium 

is becoming increasingly challenging due to the increasing levels of antibiotic resistance 

worldwide (Malfertheiner et al. 2017; Savoldi et al. 2018). To effectively treat this bacterium, 

local resistance rates must be known for clinicians to administer the appropriate antibiotics for 

the highest chance of eradication (Malfertheiner et al. 2017). Within New Zealand (NZ) there is 

a lack of data on antibiotic resistance rates and levels, 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 of H. pylori in NZ, as well as elucidate the underlying 

mechanisms causing resistance.  

Five H. pylori strains (A, B, C, D, and E), provided by Middlemore Hospital (Auckland, NZ) from 

patients undergoing gastroscopy were subject to antibiotic susceptibility testing, phylogenetic 

analysis, and comparative genomic analysis to determine their resistance profiles, genomic 

relationships, genomic characterisations and to identify known and novel mechanisms of 

resistance.  

Antibiotic susceptibility testing was performed using two methods, in-house using disc diffusion, 

and by Middlemore Hospital using Epsilometer test (E-test) strips. In-house testing was 

unsuccessful. Results obtained from Middlemore Hospital were used to determine the 

resistance profiles of each isolates. Each isolate was tested against commonly used antibiotics 

in treatment of H. pylori infections clarithromycin, metronidazole, amoxicillin, and tetracycline. 

One isolate (A), was sensitive to all antibiotics tested, two isolates (B and E), were resistant to 

clarithromycin and metronidazole at > 256 ˃ƎκƳ[ each, and two isolates (C and D), were 

resistant to only clarithromycin at 24 ˃ƎκƳ[ and 1 ˃ƎκƳ[, respectively. Isolate D did not survive 

the experimental process and was not investigated further.  

Sanger sequencing was initially used to sequence the 16S rRNA region to provide preliminary 

sequence-based identification of the four remaining isolates (A-C and E). Phylogenetic analysis 

was completed using the 16S rRNA gene, MLST genes, and PhyloPhlAn2 (400 genes) extracted 

from Illumina based sequencing of each isolate (A-C and E). The relationships of the isolates (A-

C and E) were assessed with a dataset of 155 complete H. pylori genomes. The 16S rRNA gene 

and MLST genes highlighted the genomic diversity of the H. pylori species and identified each 
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isolate (A-C and E) as separate 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 still lacked enough sequence information to decipher the interspecies 

relationships of the dataset. However, the closest relatives to each isolate (A-C and E) were 

identified from this dataset using the nucleotide sequence PhyloPhlAn2 tree and used for further 

analysis.  

The draft genomes of isolates A-C, and E, were also used for comparative genomics with their 

respective closest references. Characterisation of the genomes showed similar characteristics to 

other H. pylori isolates. Comparison of the genomes to identify known mechanisms of resistance 

showed that the A2147G mutation within domain V of the 23S rRNA gene, conferring 

clarithromycin resistance, was only present in isolates B and C. The R16H amino acid substitution 

within RdxA, suggested to be involved with metronidazole resistance, was only identified in 

isolate B. Efflux pumps HefABC, HP1181, and HP1184 were identified in all isolates (A-C and E) 

and may be a common mechanism of resistance amongst all isolates, however, further work is 

required to establish their role in antibiotic resistance. 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 only in resistant isolates (B, C, and E), 

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

Overall, these results suggest that both clarithromycin and metronidazole resistance are present 

in NZ H. pylori strains. Antibiotic resistance appears to develop independently and through 

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 efflux pumps, in both sensitive (A) and resistant (B, C, and E) strains, 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 resistant H. pylori.   
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Chapter 1 General Introduction and Literature Review 

1.1 General Introduction 

Antibiotic resistance is an increasing worldwide issue affecting people from all socioeconomic 

backgrounds (Laxminarayan et al. 2016). Naturally occurring resistance is hastened by the 

continued overuse and misuse of therapeutic drugs and through the transfer and acquisition of 

resistance genes (Laxminarayan et al. 2016). The impact of antibiotic resistance extends beyond 

the inability to treat infections to the economic strain it puts on health care systems; and the 

effects on patients and their families (Naylor et al. 2019; Shrestha et al. 2018). It is therefore of 

utmost importance to understand and control the spread and development of antibiotic 

resistance.  

H. pylori is found ǿƻǊƭŘǿƛŘŜΣ ŀƴŘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ рл ҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǇƻǇǳƭŀǘƛƻƴ ŀǊŜ ƛƴŦŜŎǘŜŘ with 

this pathogen (Hooi et al. 2017). Infection can lead to acute and chronic gastritis, peptic ulcers, 

non-ulcer dyspepsia and in severe cases, gastric carcinoma (Huang et al. 2002; Kuipers et al. 

1995). Treatment options for these various clinical outcomes of infection vary in different 

countries (Chey and Wong 2007). The most common first-line treatment option is a triple 

therapy containing a proton pump inhibitor (PPI) and two antibiotics (e.g. amoxicillin, 

clarithromycin, metronidazole and levofloxacin). Other options include quadruple, contaminant, 

sequential and hybrid therapies with similar antibiotics (Chey and Wong 2007). Choice of 

treatment depends on a variety of factors but of increasing importance are the local resistance 

rates to first-line treatment antibiotics (Malfertheiner et al. 2017). 

The World Health Organisation (WHO) has identified H. pylori as a high priority pathogen 

requiring new antibiotics for treatment (Tacconelli et al. 2018). Resistance rates vary globally 

but a severe increase has been observed in some areas (Savoldi et al. 2018). High resistance is 

seen with clarithromycin and metronidazole, where highest resistance is 34 % in Western Pacific 

regions and 91 % in African regions (Savoldi et al. 2018). Levofloxacin resistance is highest in 

Southeast Asia at 25 %, whereas amoxicillin and tetracycline have low resistance of under 15 %; 

except in Africa where resistance for Amoxicillin is 38 % (Savoldi et al. 2018). This global increase 

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

treatment of H. pylori infections (Park et al. 2016).  

Within New Zealand (NZ), H. pylori infection and antibiotic resistance rates are severely 

understudied, with only three publicly available studies on antibiotic resistant H. pylori in NZ 

(Ahmed et al. 2004; Fraser et al. 1999; Hsiang et al. 2013). This gap in knowledge provides an 
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essential research opportunity to further understand the rate of resistance to essential 

antibiotics and the underlying mechanisms of resistance within H. pylori isolates from NZ.  

Understanding the mechanisms behind developed and acquired resistance in H. pylori is 

important to help develop alternative treatment regimens. Discovery and awareness of these 

mechanisms of resistance has been made easier through the rapid development of comparative 

genomics. Comparative genomics is the science of comparing whole genomes or genomic 

features of different organisms. This approach identifies similarities and differences of the 

examined genomes and may also be utilised to further the understanding of the biology of 

individual genomes (Wei et al. 2002). Previous studies on antibiotic resistant organisms such as 

Acinetobacter baumannii and Klebsiella pneumoniae have utilised comparative genomics to 

identify specific genes that confer antibiotic resistance but none have been carried out for H. 

pylori in NZ (Adams et al. 2008; Kumar et al. 2011). 

Increasing antibiotic resistance worldwide is an important and on-going issue that requires 

urgent attention. With the high infection rate and potentially severe clinical outcomes of H. 

pylori infections, coupled with its increasing worldwide resistance and understudied nature in 

NZ, shows that this pathogen is an important organism to study. The purpose of this thesis is to 

increase the knowledge of mechanisms associated with the increasing antibiotic resistance of H. 

pylori in NZ using comparative genomic analysis. The aims of this project are listed below and 

can be viewed in Figure 1.1. 

1.2 Research Questions and Aims 

Research question (RQ)1: What antibiotics are H. pylori resistant to and at what concentrations? 

 Aim 1.1: To determine what antibiotics H. pylori are resistant to. 

Objective 1.1.1: Disc assays and Epsilometer test (E-test) minimum inhibitory 

concentration (MIC) strips of different antibiotics will be placed onto agar 

containing different H. pylori strains. Zones of inhibition will be measured and 

recorded.  

RQ2: What is the phylogenetic relationship between antibiotic resistant and sensitive H. pylori 

determined in research question 1? 

Aim 2.1: To examine the 16S ribosomal ribonucleic acid (rRNA) phylogenetic relationship 

of antibiotic resistant and sensitive H. pylori. 
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Objective 2.1.1: Sequencing of the 16S rRNA gene will be used to create a 

phylogenetic tree of known isolates and related reference sequences.  

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

phylogenetic tree using PhyloPhlAn2. 

Objective 2.2.1: Genome sequencing: Deoxyribonucleic acid (DNA) extractions 

of appropriate H. pylori isolates will be performed. Extractions will then be sent 

for whole genome sequencing (WGS). 

Objective 2.2.2: To use the genome obtained in objective 2.2.1 to create a 

phylogenetic tree using PhyloPhlAn2 with other known complete genome 

reference sequences.  

Aim 2.3: To determine the multi locus sequence type (MLST) profile for each isolate. 

Objective 2.3.1: To use the genome obtained in objective 2.2.1 to identify 

relevant MLST genes and complete MLST analysis. 

 Aim 2.4: Comparison of 16S 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 between resistant and sensitive isolates and 

reference sequences.  

RQ3: What is the genetic basis of the resistance identified in research question 1? 

Aim 3.2: To identify any genomic variations between sequenced genomes from aim 2.2. 

Objective 3.2.1: Comparative genomics: WGS data will be analysed using 

comparative genomics of resistant and susceptible strains of H. pylori to identify 

differences in gene order, gene content and mutations. 

Aim 3.3: To predict antibiotic resistance of complete H. pylori genomes using the 

resistant genes and identified in aim 3.2. 

Objective 3.3.1:  Search for genes identified in aim 3.2 among a compiled list of 

complete H. pylori genomes. 
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1.3 Literature Review 

1.3.1 Helicobacter pylori 

In 1983, Warren and Marshall (1983), published their paper on the discovery of an unidentified, 

curved bacilli present in patients with active chronic gastritis. A second paper published in 1984 

detailed the classification of this unknown bacteria into the genus Campylobacter and showed 

that the bacteria was present in most patients with active chronic gastritis, duodenal ulcers 

and/or gastric ulcers (Marshall and Warren 1984). The epithet of Campylobacter pyloridis, to 

describe this spiral shaped bacterium, was revised to Campylobacter pylori in 1987 (Marshall 

and Goodwin 1987). 

Although C. pylori was 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 

Marshall, who showed normal signs of gastric mucosa and gastric pH, ingested a live culture of 

C. pylori. After three days symptoms of gastritis ensued and after eleven days antral and fundal 

biopsies revealed histological gastritis and C. pylori was cultured (Sobala et al. 1991). This 

experiment established the aetiological role of acute upper gastrointestinal illness and acute 

antral gastritis to C. pylori (Marshall 2008; Morris and Nicholson 1987; Sobala et al. 1991). 

Taxonomic classification originally placed this bacterium within the Campylobacter genus, due 

to similarities in morphology, atmospheric requirements and DNA base composition (Marshall 

and Warren 1984). However, it was noted that the presence of four sheathed flagella was 

outside the norm of Campylobacters. Analysis of the 16S rRNA gene demonstrated that C. pylori 

was not related to the Campylobacter genus due to its differential grouping from other  

Campylobacter species, but was more closely related to Wolinella succinogenes (Romaniuk et 

al. 1987). This analysis, along with further chemotaxonomic properties that differed from the 

genus Wolinella and closely related taxa, resulted in the reclassification of this organism into a 

new genus: Helicobacter; with H. pylori as the type species (Goodwin et al. 1989). 

1.3.1.1 Morphology 

Morphologically, this Gram-negative bacterium has two forms; a spiral shaped rod (spiral) and 

coccoid (Wang et al. 1997). The bacteria were first noted as curved rods or S-shaped profiles 

with two to three curves, approximately 0.5 micrometres (˃ Ƴ) ǿƛŘŜ ŀƴŘ о ˃Ƴ ƭƻƴƎ (Figure 1.2 

A and B) (Geis et al. 1989; Goodwin et al. 1985b; Jones et al. 1985). During lag and exponential 

phase of growth, H. pylori are primarily spiral shaped, however, the death phase shows primarily 

coccoid morphology (Figure 1.2 C and D) (Worku et al. 1999). 
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Although spiral shaped bacilli are the more predominant morphological form of H. pylori found 

in the stomach, coccoid forms have also been identified (Chan et al. 1994; Ogata et al. 1998). 

The coccoid forms of the bacteria are unable to be cultured in vitro but are able to be induced 

through placing H. pylori under physical or chemical stresses such as the introduction of 

antibiotics, an aerobic environment, temperature changes, pH changes, extended incubation 

and nutrient availability (Bode et al. 1993; Kusters et al. 1997). Morphological transformation 

into coccoid shapes Ƙŀǎ ōŜŜƴ ǇǊƻǇƻǎŜŘ ŀǎ ǘƘŜ ƳŀƴƛŦŜǎǘŀǘƛƻƴ ƻŦ ǘƘŜ ŎŜƭƭΩǎ ŘŜŀǘƘ (Kusters et al. 

1997). However, other studies have shown that the coccoid form is associated with cell 

adaptation in sub-optimal conditions and allows the bacteria to enter a viable but not culturable 

(VBNC) state (Azevedo et al. 2007; Cellini et al. 1994; Willén et al. 2000). It has therefore been 

proposed that this highly adaptable bacteria has three main cellular types: the spiral form that 

is virulent, able to replicate and induce inflammation; the VBNC coccoid form that is unable to 

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

degenerative and dying spiral and coccoid forms of the bacteria (Saito et al. 2003). 

 

 Figure 1.2: Gram stain and electron micrograph of H. pylori morphology. A) gram stain of spiral form of H. pylori, 
B) electron microscope image of spiral form of H. pylori, C) gram stain of coccoid form of H. pylori, D) electron 

microscope image of coccoid forms of H. pylori. Images retrieved from YǊȊȅȍŜƪ Ŝǘ ŀƭΦ όнлмфύ. 

1.3.1.2 Flagella 

H. pylori can produce both sheathed and unsheathed flagella, with the latter being less 

prevalent (Kostrzynska et al. 1991; Qin et al. 2017). Four to six sheathed flagella are produced 

from a single pole of the cell and are associated with pathogenesis of the bacterium (Figure 

1.3) (Celli et al. 2009; Kostrzynska et al. 1991; Suerbaum 1995). The flagella are 3 ς 5 

micrometres (˃Ƴ) in length and 30 ς 35 nanometres (nm) wide. The sheath narrows towards 
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the end of the flagellum and then extends beyond to create a club-shaped thickening at the 

end of the sheath (Geis et al. 1989; Kostrzynska et al. 1991). It has been well documented that 

the flagella of H. pylori are essential to its ability to infiltrate the gastric epithelium and cause 

infection within the host (Eaton et al. 1989; Eaton et al. 1996; Ottemann and Lowenthal 2002). 

The flagella produced are similar to other known enteric bacteria such as Escherichia coli and 

Salmonella species (Geis et al. 1989). 

 

Figure 1.3: Electron micrograph of H. pylori, showing their flagella. Image retrieved from 
https://www.cab.unimelb.edu.au/cab_mucosal.htm. 

1.3.1.3 Genomic Characteristics 

H. pylori have an average genome size of approximately 1.6 mega base pairs (Mbp) which are 

arranged in a circular genome (Alm et al. 1999; Tomb et al. 1997). They are AT rich, with an 

approximate G+C content of 39 % and contain approximately 1,500 open reading frames (ORFs) 

(Alm et al. 1999; Baltrus et al. 2009; Tomb et al. 1997). They contain two copies of the 16S, 23S 

and 5S rRNA genes (Alm et al. 1999; Tomb et al. 1997). Plasmids are found in around half of 

sequenced H. pylori genomes and contribute to the introduction and shuffling of new 

chromosomal DNA into H. pylori strains (Ali et al. 2015; Alm et al. 1999; Lamichhane et al. 2019; 

Tomb et al. 1997).  

An H. pylori genome contains approximately 1,537 protein coding genes (Ali et al. 2015). Salama 

et al. (2000) showed that within their dataset of 15 clinical isolates, H. pylori contained a 

conserved core of 1,281 genes and 12 - 18 % of their genomes were strain specific. These 1,281 

conserved genes encoded for metabolic, cellular, regulatory and biosynthetic functions, 

whereas the strain specific genes encoded for proteins with no known function or genes that 

regulate DNA exchange which may promote the high level of genetic diversity seen among H. 

pylori.  

https://www.cab.unimelb.edu.au/cab_mucosal.htm
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H. pylori was the first bacterial species to have two complete genome sequences publicly 

available (Alm et al. 1999). Comparative genomics of these two strains, J99 and 26995, identified 

ŀ ǊŜƎƛƻƴ ŘǳōōŜŘ ǘƘŜ ΨǇƭŀǎǘƛŎƛǘȅ ȊƻƴŜΩ (Alm et al. 1999). This zone had a G+C content of 35 % 

(lower than the rest of the genome, 39 %), contained approxiƳŀǘŜƭȅ пт ҈ ƻŦ ŜŀŎƘ ǎǘǊŀƛƴΩǎ ǎǇŜŎƛŦƛŎ 

genes and was located in the same chromosomal position. The plasticity zone term was used to 

describe these hyper variable regions between H. pylori strains. As more complete H. pylori 

genomes and sequencing data became available these plasticity zones were found to harbour 

clusters of complete gene sets including type IV secretion system genes (for pathogenicity) and 

genes involved in DNA-processing (Kersulyte et al. 2009; Kersulyte et al. 2003). These plasticity 

zones have since been reclassified as conjugative transposons or integrating conjugative 

elements and have been found in H. pylori strains worldwide (Fischer et al. 2014; Kersulyte et 

al. 2009).  

H. pylori are known for their high level of genetic diversity (Akopyanz et al. 1992). The high 

diversity observed among H. pylori isolates may be due to the genomic macrodiversity 

recognised in the lack of conserved gene order (Jiang et al. 1996). Horizontal gene transfer and 

gene shuffling caused by plasmids, free recombination and a high mutation rate contribute to 

the macrodiversity of these genomes and classify this genome as panmictic; random mating 

within a population leading to the genes at a particular locus being independent to that of others 

(Björkholm et al. 2001; Hofreuter and Haas 2002; Smith et al. 1993; Suerbaum et al. 1998).  

Mutation frequency analysis, based on the rpoB (ʲ ǎǳōǳƴƛǘ ƻŦ wb! Ǉƻƭymerase) gene in H. pylori 

as an indicator have provided various frequencies ranging from 3 x 10-5 to 4 x 10-8 per site per 

year (Björkholm et al. 2001). Through genome wide analysis of mutation events, mutation rates 

of 2.5 x 10-5 per year and site and recombination rates of 5.5 x 10-5 per initiation site and year 

have been established for H. pylori (Kennemann et al. 2011). Recombination frequency drops 

when H. pylori are not part of a mixed infection (Kennemann et al. 2011). The mutation 

frequency of H. pylori is similar to Neisseria meningitidis but higher than E. coli, Streptococcus 

pneumoniae and Borrelia burgdorferi (Suerbaum 2000). These high mutation rates suggest that 

H. pylori has a high frequency of spontaneous mutations (Hänninen and Hannula 2007). 

1.3.1.4 Growth in the Lab 

Cells of H. pylori are slow growing and fastidious (Marshall and Warren 1984). The bacterium 

has displayed facultative acidophilic behaviour with growth in a pH range of 4.5 to 6.0 with an 

optimum pH of 5.5 (Kangatharalingam and Amy 1994). It has also been established that this 

bacterium is an obligate microaerophile, growing best with 8-10 % carbon dioxide levels and 

being unable to grow in completely anaerobic conditions (Goodwin et al. 1985a; 
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Kangatharalingam and Amy 1994; Rollason et al. 1984). H. pylori has an optimum growth 

temperature of 37 °C, with a growth range of 30 ς 37 °C (Jiang and Doyle 1998). Initial isolation 

of the bacteria is achieved using selective medias such aǎ {ƪƛǊǊƻǿΩǎ ƻǊ 5ŜƴǘΩǎ ƳŜŘƛŀ ŘǳŜ ǘƻ ǘƘŜ 

presence of antibiotics that H. pylori are intrinsically resistant to such as vancomycin and 

trimethoprim that prevent the growth of other contaminants (Mégraud 1997; Tee et al. 1991).  

Laboratory growth of H. pylori can be achieved using both solid and liquid media. On solid media, 

H. pylori requires a nutrient rich media containing blood or blood products such as Columbia 

blood agar base, Mueller Hinton (MH) Agar base or Blood Agar Base supplemented with horse, 

ƻȄ ƻǊ ǎƘŜŜǇΩǎ ōƭƻƻŘ (Blanchard and Nedrud 2012). Liquid media such as Brain Heart Infusion 

(BHI) or Brucella broth supplemented with 10 % heat-inactivated foetal bovine serum or 7 % 

horse serum may also be used to grow H. pylori (Blanchard and Nedrud 2012; Jiang and Doyle 

2000).  

1.3.2 Epidemiology 

Global infection rates of H. pylori show that infections are highest in Africa, Latin America, the 

Caribbean and Asia, whereas Northern America and Oceania have low infection rates (Hooi et 

al. 2017).  Many of those affected by this pathogen acquire it during childhood and infection is 

generally lifelong (Kuipers et al. 1995). The infection may lead to gastritis, peptic ulcers or gastric 

cancer but the majority of infected individuals are asymptomatic (Mattsson et al. 1998a). 

Patients with duodenal ulcers, gastric ulcers or non-ulcer dyspepsia who also carry the H. pylori 

antibody have been shown to be infected with H. pylori in 85.7 %, 62.5 % and 22.2 % of cases 

respectively; showing the high correlation of gastric diseases with H. pylori (Lee et al. 1993). In 

2012, approximately 15 % of cancer cases worldwide were associated with infectious agents; of 

these, H. pylori was the most prevalent (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 health and wellbeing of all individuals.  

1.3.2.1 Global Spread of H. pylori 

H. pylori have inhabited the human stomach for thousands of years, with anatomically modern 

humans being infected by the pathogen prior to migrations from Africa, and in turn globally 

spreading along with its host (Linz et al. 2007; Moodley et al. 2012). Due to the extreme 

sequence diversity of H. pylori, this bacterium has been used as a reliable marker for human 

migration (Moodley and Linz 2009). Through MLST sequences of seven housekeeping genes (ATP 

synthase, F1 alpha (atpA), elongation factor EF-P (efp), A/G-specific adenine glycosylase (mutY), 

Inorganic pyrophosphatase (ppa), anthranilate isomerase (trpC), urease accessory protein (urel) 

and GTPase (yphC)) and one virulence gene (vacA), using STRUCTURE software, H. pylori have 
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shown groupings based on their continent of origin (Table 1.1) (Achtman et al. 1999; Falush et 

al. 2003; Moodley and Linz 2009; Moodley et al. 2012; Nell et al. 2013). Further analysis using 

whole genome data has provided insight into a number of different subpopulations due to 

additional migrations of modern humans (Table 1.1) (Thorell et al. 2017). 

Along with geographical groupings of similar H. pylori strains, there is also a distinctive difference 

in the virulence factors from different geographic areas. Markedly, the difference between East 

Asian and Western type cag pathogenicity islands (cagPAI) that are associated with pathogen 

virulence and pathogenesis of several diseases (Nguyen et al. 2010; Yuan et al. 2017). It has been 

suggested that the East Asian type are more virulent due to an association with IL-8 secretion 

and gastric mucosal inflammatory cell infiltration (Yuan et al. 2017).  
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Table 1.1: Inferred population structure of H. pylori isolates based on MLST and whole genome analysis. 

Continent of origin Population Subpopulation Reference 

Africa hpNEAfrica hspEastNEAfrica (Moodley et al. 2012) 

hspCentralNEAfrica (Nell et al. 2013) 

hpAfrica1 hspSAfrica (Nell et al. 2013) 

hspWAfrica (Nell et al. 2013) 

hspCAfrica (Nell et al. 2013) 

hpAfrica2 hspNorthSan (Moodley et al. 2012) 

hspSouthSan (Moodley et al. 2012) 

Europe hpEurope hspEuropeN (Thorell et al. 2017) 

hspEuropeS (Thorell et al. 2017) 

Africa/Europe hpAfrica1/hpEurope hybrid hspAfrica1NAmerica (Thorell et al. 2017) 

hspAfrica1Nicaragua (Thorell et al. 2017) 

hspMiscAmerica (Thorell et al. 2017) 

hspEuropeColombia (Thorell et al. 2017) 

Asia hpEeastAsia hspAmerind (Falush et al. 2003) 

hspEAsia (Falush et al. 2003) 

hspMaori (Moodley et al. 2009) 

hpAsia2 hspLadakh (Tay et al. 2009) 

hspIndia (Tay et al. 2009) 

hpSahul hspAustralia (Moodley et al. 2009) 

hspNGuinea (Moodley et al. 2009) 

 

1.3.2.2 Natural Reservoirs 

The natural environment of H. pylori is not fully understood. The only known natural reservoir 

of H. pylori is the human stomach (Marshall and Warren 1984; Warren and Marshall 1983). 

Recently, most research has focused on the oral cavity of humans as another reservoir for H. 

pylori. However, there have been many other suggestions for the potential reservoirs of this 

pathogenic bacterium, including sheep and natural water sources (Momtaz et al. 2014; Sasaki 

et al. 1999). 

The human oral cavity has been the main focus of research into additional reservoirs of H. pylori, 

with results being inconsistent. Within the oral cavity, dental plaque and saliva have been the 
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prominent sites where H. pylori has been identified (Desai et al. 1991; Gebara et al. 2004; Liu et 

al. 2009). H. pylori are more frequently isolated from patients presenting with periodontitis 

(infection of the gums) and it is suggested that the periodontal pocketing and inflammation 

caused by the disease harbours H. pylori (Gebara et al. 2004; Souto and Colombo 2008; Umeda 

et al. 2003). The presence of H. pylori in the oral cavity is associated with presence of bacterium 

in the stomach and is suggested to be involved with re-infection as oral H. pylori are not effected 

by antibiotic treatment (Asqah et al. 2009; Desai et al. 1991; Liu et al. 2009). Although many 

studies have described the presence of H. pylori within the oral cavity and suggested it as a 

permanent reservoir for H. pylori, other researchers have questioned this idea. Silva Rossi-Aguiar 

et al. (2009) were unable to identify H. pylori in the oral cavity of patients who had H. pylori 

present within the stomach and suggested that H. pylori transitions through the oral cavity as 

opposed to residing within it. Olivier et al. (2006), have also proposed that the oral cavity is not 

a permanent reservoir for H. pylori as they were unable to detect the pathogen in dental 

samples. The discrepancy observed between the various studies may be due to the various 

methods of identification used and the various demographics studied.    

Other potential natural reservoirs of the bacterium include sheep and natural water sources. 

Through both standard culturing and molecular identification methods, H. pylori has been 

isolated and identified from sheep stomach and sheep milk (Dore et al. 2001; Momtaz et al. 

2014). It has been hypothesised that sheep are the ancestral host of H. pylori and are responsible 

for the original transmission to humans (Dore et al. 2001; Momtaz et al. 2014). In water sources 

H. pylori DNA has been identified in municipal water, wells, river and pond water (Hultén et al. 

1996; Sasaki et al. 1999). Biofilms may also play a role in the spread and survival of this 

pathogenic bacterium in water sources. Biofilms comprise of matrix-enclosed bacterial 

populations that are able to adhere to other bacteria, surfaces and interfaces (Costerton et al. 

1995). Cole et al. (2004) have demonstrated that H. pylori possess a number of genes involved 

in biofilm production that allows them to adhere to abiotic surfaces. H. pylori biofilms have been 

identified in water distribution systems even after washing (Mackay et al. 1998; Park et al. 2001; 

Watson et al. 2004). The presence of H. pylori within biofilms allows the bacterium to survive in 

a stable and potentially microaerophilic environment (Gião et al. 2008). Although these studies 

have demonstrated the presence of H. pylori in water samples, it is unknown whether water is 

a reservoir or transmission route of the pathogen. This is likely due to the fact that H. pylori are 

believed to enter a VBNC state in the natural environment, preventing them from multiplying 

but allowing them to survive until they enter a suitable host (Adams et al. 2003; Azevedo et al. 

2007). There are two main studies supporting the idea of water as a reservoir for H. pylori. 

Goodman et al. (1996) have demonstrated that Columbian children who swam in rivers, streams, 
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and swimming pools were at an increased risk of developing an H. pylori infection. Whereas in 

Peru, municipal drinking water was identified as the source for an increased risk of obtaining H. 

pylori (Klein et al. 1991). These other potential sources all require additional research to 

complete the understanding of their role in natural reservoirs of H. pylori. 

1.3.2.3 Transmission 

A route of transmission for H. pylori remains undefined. There are multiple routes of 

transmission that have been proposed, with person-to-person and water-borne transmission 

being important factors.  

Person-person transmission can be divided into two main categories: vertical transmission 

(within the same family) or horizontal transmission (outside of the same family). Vertical 

transmission or intrafamilial transmission has been suggested as one of the main routes of H. 

pylori infection due to the identification of the same or similar strains of H. pylori present within 

the same families (Bamford et al. 1993; Kivi et al. 2003; Raymond et al. 2004). Sibling-to-sibling 

transmission has been observed in Colombian children from older to younger siblings that are 

close in age (Goodman and Correa 2000). Mother-child transmission is also recognised as a 

major transmission route for the spread of H. pylori, as this pathogen is frequently acquired 

during childhood, usually within the first five years of life (Mitchell et al. 1992; Rothenbacher et 

al. 1999). Due to the infection of children in the first five years of life, where the mother usually 

has the most contact, the spread of infection may occur due to H. pylori being present in the 

mouth of mothers and through the shared contact of spoons, pacifiers, feeding bottles and food 

with the child, they become infected (Escobar and Kawakami 2004; Rothenbacher et al. 1999). 

Horizontal transmission, transmission outside of the main family, may be due to an increased 

amount of contact between children and non-parental caretakers (Schwarz et al. 2008). Person-

person transmission routes also include gastro-oral through vomitus, where H. pylori has been 

isolated from the fresh vomitus of children (Leung et al. 1999); oral-oral through ethno-specific 

food practices such as chopstick charing (Chow et al. 1995); and through faecal-oral routes, as 

H. pylori have been isolated from human faeces (Thomas et al. 1992). Person-to-person 

transmission, primarily within families, is an important factor contributing to the spread of H. 

pylori infections. However, this route is still not completely understood as a major transmission 

route is still yet to be defined. 

In lower socioeconomic areas where clean water is not readily available, waterborne 

transmission of H. pylori is important to consider. As mentioned above (Section 0), H. pylori DNA 

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 acquiring H. pylori (Baker and 
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Hegarty 2001; Horiuchi et al. 2001; Hultén et al. 1996; Nurgalieva et al. 2002; Travis et al. 2009). 

Although these studies have identified H. pylori DNA within water samples, it is unknown 

whether it comes from viable cells, VBNC cells or dead cells. Studies have demonstrated that H. 

pylori is able to convert into a coccoid state when exposed to a natural environment (Adams et 

al. 2003; Azevedo et al. 2007; Queralt 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 they are able to cause infection from transmission via water sources 

(Boehnke et al. 2017; Cellini et al. 1994; Queralt and Araujo 2007; Sen et al. 2011; She et al. 

2003). Overall, there is still a lack of data to confirm that viable H. pylori are present within 

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

It has also been suggested that H. pylori may be a foodborne pathogen as it has been identified 

in a variety of foodstuffs. Primarily using molecular-based methods, H. pylori have been 

identified in ready-to-eat meals, minced-meat, hamburger meat, vegetables, salads and various 

dairy products (Atapoor et al. 2014; Berroteran et al. 2002; Fujimura et al. 2002; Gilani et al. 

2017; Hemmatinezhad et al. 2016; Saeidi and Sheikhshahrokh 2016; Yahaghi et al. 2014). The 

prevalence of H. pylori in food is likely associated with a faecal-oral transmission route through 

poor hygiene conditions of food handlers or through contamination of the food itself through 

the utilisation of faeces as fertiliser (Begue et al. 1998; Hopkins et al. 1993). However, as noted 

with waterborne transmission, there is a lack of direct evidence for the presence of H. pylori in 

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

A prominent factor discussed with transmission routes is the socioeconomic factor of the 

patients. Low socioeconomic status in both childhood and adult life is associated with an 

increased  risk of acquiring H. pylori and developing an infection (Malaty and Graham 1994; 

Ozaydin et al. 2013). Lower age range males have also shown an increased prevalence of H. 

pylori infection (de Martel and Parsonnet 2006; Graham et al. 1991; Rowland et al. 2006). These 

factors are important to consider when identifying and discussing the transmission of this 

pathogenic bacterium. 

1.3.2.4 Vectors 

Houseflies (Musca domestica) have been described as a potential vector of H. pylori. Grübel et 

al. (1997) show that viable H. pylori may be found on the external surfaces of the housefly for 

up to 12 hours, after initial exposure, and found in the gut of the housefly up to 30 hours after 

initial digestion of pure cultures of H. pylori. However, Osato et al. (1998), describe that 

houseflies are unable to obtain H. pylori from human faecal samples, therefore making them an 

unlikely vector of this pathogen. As well as houseflies, cockroaches (Periplaneta fuliginosa) have 
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been suggested as a possible vector for H. pylori, once again due to their unsanitary living 

environments and potential to contaminate food for human consumption (Imamura et al. 2003). 

1.3.3 Infection 

Worldwide infection rates of H. pylori ƛƴŘƛŎŀǘŜ ǘƘŀǘΣ ƛƴ нлмрΣ ƳƻǊŜ ǘƘŀƴ ƘŀƭŦ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ 

population were positive for carrying H. pylori (Hooi et al. 2017). Although many individuals are 

carriers of H. pylori, most will not develop symptoms. Those that do develop symptoms related 

to H. pylori infection will have varying clinical outcomes (Figure 1.4) which are dependent on 

both host and bacterial factors (Suerbaum and Michetti 2002). Host factors associated with the 

clinical outcome of infection include polymorphisms in genes encoding pro-inflammatory 

cytokines, genes involved in initiation and upregulation of immune response and the secretor 

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

virulence factors (Uotani et al. 2015). 

 

Figure 1.4: Development of an H. pylori infection. Image retrieved from (Suerbaum and Michetti 2002). 

1.3.3.1 Clinical Outcomes 

Clinical outcomes of an H. pylori infection include the development of gastritis, ulcer diseases, 

and in severe cases, gastric carcinoma and mucosa-associated lymphoid tissue lymphoma 

(MALToma) (Nomura et al. 1994; Parsonnet et al. 1991; Veldhuyzen van Zanten and Sherman 

1994). Many individuals who carry H. pylori will remain symptomless throughout their lifetime 
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(Mungazi et al. 2018). However, 10 to 20 % will develop gastritis and/or peptic ulcer disease and 

1 to 2 % will develop gastric cancers (Kusters et al. 2006). Infection of normal gastric mucosa can 

lead to gastritis (inflammation of the stomach lining), which can be either acute or chronic (Dixon 

et al. 1996). H. pylori associated acute gastritis is characterised as an asymptomatic or mild self-

limited dyspepsia illness which is usually not recognised by patients (Dixon et al. 1996; Egan et 

al. 2007; Sobala et al. 1991). Histologically, acute gastritis is characterised by neutrophilic 

leukocytes infiltrating the stomach (Feldman and Lee 2016). Untreated acute gastritis will almost 

always develop into active chronic gastritis (Figure 1.5 B), however, it may also spontaneously 

resolve (Jensen et al. 2019). H. pylori is recognised as the most common cause of active chronic 

gastritis, a progressive, multistep, lifelong inflammation (Ihamauki et al. 1985; Kuipers et al. 

1995; Morgan and Crowe 2016; Valle et al. 1996). Active chronic gastritis is histologically 

characterised by the presence of mononuclear cells (mostly lymphocytes), plasma cells and 

macrophages (Kuipers et al. 1995; Watari et al. 2014). There are three main types of chronic 

gastritis identified: antral-predominant gastritis, nonatrophic pangastritis and corpus-

predominant atrophic gastritis (Figure 1.4) (Suerbaum and Michetti 2002; Watari et al. 2014). 

Clinical sequelae can lead active chronic gastritis into peptic ulcers; either duodenal ulcers 

(Figure 1.5 C) or gastric ulcers (Figure 1.5 D); mucosal atrophy; and in severe cases gastric 

carcinoma (Figure 1.5 E) and gastric MALToma (Figure 1.5 F) (Jensen et al. 2019). Peptic ulcers 

may also be caused by non-steroidal anti-inflammatory drugs (NSAIDs) (Drini 2017). Use of these 

drugs are the major cause of infection-free peptic ulcers (Vergara et al. 2005). Interaction 

between NSAIDs users and H. pylori infections is unclear, with data suggesting H. pylori may 

increase, decrease or have no effect on ulcer risk in NSAID uses (Chan et al. 2002; Huang et al. 

2002; Labenz et al. 2002; Papatheodoridis et al. 2006). 
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Figure 1.5: Endoscopic images of healthy and infected stomach linings. (A) Normal, healthy duodenum; (B) 
gastritis infection; (C) duodenum ulcer; (D) stomach ulcer; (E) gastric adenocarcinoma and (F) gastric MALToma all 

associated with an H. pylori infection. Images A-D retrieved from https://www.laendo.net/endoscopic-

images/stomach/350-gastric-ulcers-related-to-hpylori, image E retrieved from 
https://www.gastrointestinalatlas.com/english/gastric_cancer.html and image F retrieved from 

https://www. gastrointestinalatlas.com/english/gastric_lymphoma.html. 

1.3.3.2 Virulence 

There are many contributing components towards the virulence of H. pylori. The virulence of 

this pathogen leading to colonization in the host and infection can be viewed as a four-step 

process involving multiple virulence factors, summarised in Figure 1.6. 

 

Figure 1.6: Flow chart of major virulence factors involved in an H. pylori infection. Image adapted from (Chang et 
al. 2018). T4SS = type IV secretion system, LPS = lipopolysaccharide. 

These virulence factors can be broken down into four main categories: entry into host, 

colonization, immune escape and disease induction (Chang et al. 2018). All isolates express the 

common virulence factors urease, flagella and adhesion proteins to aid in colonization and 

survival within the human stomach (Clyne et al. 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 acid (Clyne 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 

https://www.laendo.net/endoscopic-images/stomach/350-gastric-ulcers-related-to-hpylori
https://www.laendo.net/endoscopic-images/stomach/350-gastric-ulcers-related-to-hpylori
https://www.gastrointestinalatlas.com/english/gastric_cancer.html
https://www.gastrointestinalatlas.com/english/gastric_lymphoma.html
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flagella to move freely into the mucus layer of the stomach and attach to the epithelial cells for 

colonisation (Celli et al. 2009). Once established inside the epithelial cells, adhesion ensues 

through different adhesion proteins, as without adhesion to gastric epithelial cells H. pylori will 

be washed away through clearance systems from the host (Magalhães and Reis 2010). H. pylori 

adhesion proteins have been identified as outer membrane proteins (OMPs) and include: BabA 

(blood group antigen-binding adhesin, babA), that attaches to Lewis b histo-blood group that 

are present in the gastric mucosa (Boren et al. 1993; Ilver et al. 1998); SabA (sialic acid-binding 

adhesin, sabA) which bind to associated sialylated/fucosylated glycans (e.g. sialylated Lewis 

antigens, Lex) which are crucial for H. pylori to develop chronic infection in the host (Aspholm et 

al. 2006; Mahdavi et al. 2002) and; OipA (outer inflammatory protein, oipA), which promote 

adherence to gastric epithelia but to what specific ligands is still to be determined 

(Dossumbekova et al. 2006; Yamaoka et al. 2000). These adhesion factors are strain specific and 

usually occur with other virulence factors to produce chronic infection in the host (Hennig et al. 

2006; Ilver et al. 1998; Yamaoka et al. 2000). Adhesion can allow for the efficient delivery of 

other bacterial virulence factors (Gerhard et al. 1999). 

Cells of H. pylori Ƴǳǎǘ ǘƘŜƴ ƻǾŜǊŎƻƳŜ ǘƘŜ ƘƻǎǘΩǎ ƘŀǊǎƘ ƛƳƳǳƴŜ ǎȅǎǘŜƳΦ ¢ƘŜ ƘƻǎǘΩǎ ƛƳƳǳƴŜ 

response to H. pylori includes the development of specific antibodies such as immunoglobulin g 

and a (IgG and IgA) that target H. pylori antigens (e.g. membrane proteins, urease, flagella and 

lipopolysaccharides) (Mattsson et al. 1998b; Mattsson et al. 1998c). As H. pylori are known for 

their life-long chronic infections, host immune responses are either not suitable to eradicate the 

bacteria or this pathogen is able to overcome the response in a variety of ways. 

To avoid phagocytosis by the host, H. pylori use -hglucosylation of cholesterol, from host 

epithelial cells, to avoid T cell responses (Wunder et al. 2006). This pathogen is also able to 

modify T cell responses by altering the hosts CD4+ T cell response to an H. pylori infection 

(Lundgren et al. 2003). 

The vacuolating toxin protein (VacA), encoded by vacA, is an important part of H. pyloriΩǎ 

ǊŜǎƛǎǘŀƴŎŜ ŀƎŀƛƴǎǘ ǘƘŜ ƘƻǎǘΩǎ ƛƳƳǳƴŜ ǊŜǎǇƻƴǎŜǎΦ ¢Ƙƛǎ ŎȅǘƻǘƻȄƛƴ ƛǎ ŀōƭŜ ǘƻ Řƻǿƴ-regulate the 

immune response by inducing vacuolation in the epithelial cells leading to apoptosis and 

impeding the signalling pathway for T cell activation (Gebert et al. 2003; Yahiro et al. 2015). 

The cytotoxin-associated protein (CagA), encoded by cagA, is another important component of 

H. pyloriΩǎ ŀōƛƭƛǘȅ ǘƻ Ƴŀƛƴǘŀƛƴ ŀ ŎƘǊƻƴƛŎ ƛƴŦŜŎǘƛƻƴΦ ¢Ƙƛǎ ǇǊƻǘŜƛƴ ƛǎ ŀōƭŜ ǘƻ ǘǊŀƴǎƭƻŎŀǘŜ ƛƴǘƻ ƎŀǎǘǊƛŎ 

epithelial cells through a type IV secretion system (T4SS) (Odenbreit et al. 2000). This T4SS is 

encoded by a 40-kilo-base pair (kbp) pathogenicity island (PAI), found within certain strains of 

H. pylori (Censini et al. 1996). Once CagA is in the epithelial cells it triggers cell scattering, actin-



 

19 
 

cytoskeletal rearrangements and production of interleukin 8 (IL8) that contributes to 

inflammation (Brandt et al. 2005). CagA also contributes to the blocking of T cells, further aiding 

in this pathogens ability for chronic infection (Paziak-5ƻƳŀƵǎƪŀ Ŝǘ ŀƭΦ нллл). 

From molecular markers within the H. pylori genome, clinical isolates can be divided into two 

broad groups, type I and type II based on the presence or absence of cagA and vacA. Type I 

isolates possess the cagA gene to code for CagA and VacA. Type II isolates lack the cagA gene 

and therefore do not produce CagA or VacA (Xiang et al. 1995). The cagPAI, as mentioned above, 

encodes for a T4SS aiding in evading host immune responses; it is also involved in the 

mutagenesis of gastric epithelial cells contributing to gastric adenocarcinoma and MALToma 

(Sepulveda et al. 2010; Umehara et al. 2003). 

Damage to the host is facilitated by a number of virulence factors. Major virulence factors 

include CagA, VacA, high temperature requirement gene A (htrA), duodenal ulcer promoting 

gene A (dupA), induced by contact with epithelium gene A (iceA) and OipA. 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 MALToma (Hatakeyama 2014; Shmuely et al. 2001; Umehara et al. 2003). The VacA protein 

is also associated with development of gastric cancer; variation between strains produce 

different toxin activity as not all H. pylori strains cause gastric cancers (Lee et al. 2008; McClain 

et al. 2017). Allelic varieties containing s1, m1 or i1 vacA alleles have been associated with a 

higher risk of gastric adenocarcinoma when compared to those with the s2, m2 or i2 allelic 

varieties (Miehlke et al. 2000; Rhead et al. 2007). HtrA, encoded by htrA, is a protease secreted 

by H. pylori that is important for growth under stressful conditions and proteolytic activity 

against E-cadherins allowing the bacterium entry to intracellular space, and is also associated 

with development of gastric adenocarcinoma (Hoy et al. 2010; Schmidt et al. 2016; Zarzecka et 

al. 2019). DupA, encoded by dupA, is associated with the development of duodenal ulcers and 

is a marker for the increased risk of duodenal ulcer, but reduced risk of gastric cancer (Lu et al. 

2005; Wang et al. 2015b). Peptic ulcers, specifically duodenal ulcers, have also been associated 

with iceA presence, specifically the allelic variant iceA1, but the specific mechanism is still 

unclear (Huang et al. 2016b; Peek et al. 1998; Shiota et al. 2012). As well as adhering H. pylori to 

host epithelial cells, OipA can also induce apoptotic cascade in host cells and is associated with 

more severe clinical outcomes such as gastric cancer (Braga et al. 2019; Teymournejad et al. 

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

and with extreme clinical outcomes such as gastric cancer, make it important to control. 
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1.3.4 Treatment 

1.3.4.1 Diagnosis 

Treatment of H. pylori infection first involves positive identification of the bacterium. Diagnostic 

tests include: enzyme-linked immunosorbent assay (ELISA), salivary antibody test, urea breath 

test, biopsy, histology, and culture (Howden and Hunt 1998). Within NZ, patients presenting 

with dyspepsia or peptic ulcers undergo faecal antigen testing as the primary way to test for the 

presence of H. pylori (New Zealand Guidelines Group 2004). Oesophago-gastro-duodenoscopy 

may be used as an invasive method of testing and collecting biopsy material for further testing 

as well as monitoring treatment progress (New Zealand Guidelines Group 2004). 

1.3.4.2 Antibiotic Characteristics and Cellular Targets 

The original definition of an antibiotic was άa substance that is produced by one microorganism 

that inhibits the growth of another microorganismέ (Russell 2004, p152). Through 

advancements in synthetic techniques, the definition of an antibiotic has been updated to άa 

substance or similar substance produced by a microorganism or wholly or partly by chemical 

synthesis, which in low concentrations can inhibit the growth of other microorganismsέ (Russell 

2004, p152). There are three main sources of antibiotics: microorganisms, chemical synthesis 

and semi-synthesis (Russell 2004). 

Treatment of H. pylori infections generally involve a PPI and two to three antibiotics that are 

taken for one to two weeks (Crowe 2019). The most common PPI and antibiotics used to treat 

an H. pylori infection are discussed below. The chemical structures of the most common 

antibiotics are presented in Figure 1.7. 
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Figure 1.7: Chemical structures of common antibiotics involved in treatment of H. pylori: Amoxicillin (A), 

tetracycline (B), metronidazole (C), levofloxacin (D), bismuth subsalicylate (E), clarithromycin (F), and rifabutin 
(G). Images retrieved from https://www.drugbank.ca/ . 

Proton Pump Inhibitors 

PPIs are widely used to treat gastrointestinal diseases and are therefore an important part of 

the treatment of an H. pylori infection. PPIs are used in gastric associated infections and diseases 

as they increase the pH levels in the stomach (Huang and Hunt 1996). Low pH levels can cause 

H. pylori to enter their coccoid form, making them resistant to antibiotics (Axon 1994). 

Antibiotics used in treatment rely on the bacteria to be in a viable, growing state for effective 

eradication (Marcus et al. 2012). The PPIs used therefore allow H. pylori to maintain a viable, 

growing state and the  antibiotics are able to eradicate the actively growing cells  (Huang and 

Hunt 1996). Common PPIs used in treatments include omeprazole, lansoprazole, pantoprazole, 

rabeprazole and esomeprazole (New Zealand Formulary 2020b; Vergara et al. 2003). 

Clarithromycin 

Clarithromycin falls under the macrolide class of antibiotics and is a semi-synthetic derivative of 

erythromycin (Guay et al. 2001). Its chemical structure includes a 14-memebered lactone ring 

with a methylated hydroxyl group in position 6, as seen in Figure 1.7 F. The methoxy group in 

position 6 increases the bioavailability of the antibiotic through decreased decomposition in 

acidic conditions such as the gastric environment (Kirst and Sides 1989). The mechanism of 

action of clarithromycin is the same as other macrolides; it involves the reversible binding to 

https://www.drugbank.ca/
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domain V of the 23S rRNA component of the 50S ribosomal subunit (Kanoh and Rubin 2010). 

This binding causes the early release of peptidyl-tRNA from the ribosome, preventing elongation 

and inhibiting protein synthesis (Brisson-Noël et al. 1988). 

Metronidazole 

Metronidazole belongs to the nitroimidazole class of antibiotics and has a chemical structure of 

1- -̡hydroxyethyl-2-methyl-5-nitromidazole (Figure 1.7 C). It is a broad spectrum antibiotic, used 

to treat anaerobic or microaerophilic, gram-positive or gram negative bacteria and protozoa 

(Edwards 1980). The mechanism of action of this pro-drug involves a four-step process. Firstly, 

the antibiotic enters the cell through diffusion across the cell membrane (Ings et al. 1974). 

Secondly, pyruvate-ferredoxin oxidoreductase reductively activates the nitro-group of 

metronidazolŜΣ ŎŀǳǎƛƴƎ ŀ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ŘǊǳƎΩǎ ŎƘŜƳƛŎŀƭ ǎǘǊǳŎǘǳǊŜΦ ¢ƘŜ ǊŜŘǳŎǘƛon of 

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 a cytotoxic effect 

ƻŦ ǘƘŜ ŎŜƭƭ ōȅ ƛƴǘŜǊŀŎǘƛƴƎ ǿƛǘƘ ǘƘŜ ŎŜƭƭΩǎ 5b! ƭŜŀŘƛƴƎ to DNA strand breakage, unwinding and 

ƘŜƭƛȄ ŘŜǎǘŀōƛƭƛǎŀǘƛƻƴΣ ŀƭƭ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ŎŜƭƭΩǎ ŘŜŀǘƘ (Tocher and Edwards 1992). Lastly, the 

cytotoxic intermediate products are broken down to their inactive end products (Goldman et al. 

1986). Specifically within H. pylori cells, metronidazole reacts with two nicotine adenine 

dinucleotide phosphate (NADPH) nitroreductases, oxygen-insensitive NAPDH nitroreductase 

(RdxA) and NADPH flavinoxidoreductase (FrxA), as well as pyruvate-ferredoxin oxidoreductase 

(PFOR), to catalyse the transformation of metronidazole into a bactericidal agent (Sisson et al. 

2002). 

Amoxicillin 

Amoxicillin belongs to the aminopenicillins subcategory of the penicillin drug class. It is a broad 

spectrum, semisynthetic, bactericidal antibiotic commonly used to treat chest, ear, throat, sinus 

and dental infections, as well as H. pylori infections (Mutters and Meyle 2013; New Zealand 

Formulary 2020a). Amoxicillin is extremely similar to ampicillin, the other antibiotic within the 

aminopenicillins subcategory and the pioneer aminopenicillin. 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 allowing this drug to be administered orally 

(Figure 1.7 A) (Mutters and Meyle 2013). 

The mode of action for amoxicillin involves a similar mechanism observed in other ǇŜƴƛŎƛƭƭƛƴΩǎ 

and ̡ -lactam antibiotics. Bactericidal activity is exerted onto the bacterial cell through the 

inhibition of cell wall synthesis (Cho et al. 2014). Amoxicillin binds to the penicillin-binding 

proteins (PBP) that cross-link two linear peptidoglycan chains, the last step of cell wall synthesis. 
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When binding to PBPs, the ̡-lactam ring of the antibiotic is opened and irreversibly acetylates 

the C-terminal transpeptidase-domain, inactivating the enzyme and causing cell lysis (Cho et al. 

2014; Mutters and Meyle 2013; Neu 1982). 

Bismuth 

Bismuth compounds have been used to treat gastrointestinal diseases for many years. Bismuth 

is a natural compound, and bismuth salts are used in the treatment of H. pylori and other 

gastrointestinal diseases (Alkim et al. 2017; Gorbach 1990). The specific compounds used in the 

treatment of H. pylori are bismuth subsalicylate, colloidal bismuth subcitrate and ranitidine 

bismuth citrate (Lambert and Midolo 1997). The chemical structure of bismuth subsalicylate is 

shown in Figure 1.7 E and is one of the most common bismuth compounds used to treat H. pylori 

(Bland et al. 2004). The mechanism of action for bismuth salts on H. pylori is still not greatly 

understood but they include the disruption of the glycocalyxςcell wall that surrounds the cell, 

and inhibition of urease activity, thereby preventing the continued colonisation of H. pylori 

(Marcus et al. 2015; Stratton et al. 1999; Zhang et al. 2006). 

Tetracycline 

Tetracycline is part of the tetracyclines class of antibiotics. They are broad range antibiotics as 

they exhibit activity against a wide range of both Gram positive and Gram negative bacteria, as 

well as protozoan parasites (Chopra and Roberts 2001). The structure of tetracyclines includes 

a linear fused tetracycline nucleus where different functional groups may attach (Chopra and 

Roberts 2001). Commercially, tetracycline is marketed as achromycin which has a chemical 

structure of C22H24N2O8, as seen in Figure 1.7 B (Chopra and Roberts 2001).The mode of action 

for tetracyclines is the inhibition of protein synthesis by blocking the elongation stage (Chopra 

and Roberts 2001). Tetracycline blocks the attachment of aminoacyl-tRNA to the ribosomal 

acceptor (A) site, thereby inhibiting the addition of amino acids to the developing polypeptide 

(Suarez and Nathans 1965). 

Levofloxacin  

Levofloxacin belongs within the fluroquinolone class of antibiotics as a third-generation 

fluroquinolone. It is another broad-spectrum antibiotic exerting its effect on both gram-positive 

and gram-negative bacteria (Anderson and Perry 2008). Structurally, levofloxacin is the optically 

active L-isomer of ofloxacin (Figure 1.7 D) (Fish and Chow 1997). LevofloxaciƴΩǎ ƳƻŘŜ ƻŦ ŀŎǘƛƻƴ 

involves the interaction with, and inhibition of, type II topoisomerases such as DNA gyrase and 

topoisomerase IV. These two topoisomerases have important roles in bacterial DNA replication. 

DNA gyrase, encoded by the gyrA and gyrB genes, supports the beginning of chain elongation 

by reducing the strain on the double-stranded DNA as it is being unwound; topoisomerase IV is 
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involved in the final stages of DNA replication where it separates the topologically linked 

chromosomes (Levine et al. 1998). Levofloxacin binds to these two important enzymes in a way 

that forms drug/enzyme/DNA complexes disrupting normal bacterial DNA replication and 

resulting in bacterial death (Drlica 1999; Marians and Hiasa 1997). Although both enzymes are 

targets for levofloxacin, DNA gyrase is the primary target for gram-negative bacteria and 

topoisomerase IV is the primary target of gram-positive bacteria (Hooper 1999). 

Rifabutin 

Rifabutin is a broad-spectrum antibiotic belonging to the rifamycin class of antibiotics (Della 

Bruna et al. 1983). It is a derivative of rifamycin and has a molecular formula of C46H62N4O11 

which is structurally similar to rifamycin (Figure 1.7 G). It is primarily used to treat 

Mycobacterium avium complex (MAC) in patients with HIV infections (Nightingale et al. 1993). 

However, it has also been used as a second-line or salvage treatment for H. pylori infections 

(Gisbert et al. 2003; Perri et al. 2000; Van Der Poorten and Katelaris 2007). The target of this 

antibiotic is the DNA-dependent RNA polymerase. Rifabutin inhibits this polymerase at the -̡

subunit preventing transcription initiation leading to inhibition of protein synthesis (Kunin 

1996). 

1.3.4.3 Treatment Regimens 

There are many available treatments for infection with H. pylori, and these treatments are 

continuously evolving. The correct treatment regimen for a patient must take into account 

factors such as: the local antibiotic resistance patterns (if available), previous exposure to 

antibiotics, allergies, side effects, cost and ease of administration (Crowe 2019). Due to these 

varying factors there are many different therapies available worldwide, the most common are 

summarised in Table 1.2. 
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Table 1.2: Summary of treatment regimens for H. pylori infection. 

Therapy Components Dosing frequency Duration Reference 

Triple therapies PPI1 + amoxicillin (1 
g) + clarithromycin 

(500 mg) 

BID 7 ς 14 days (Chey and Wong 
2007) 

PPI1 + amoxicillin (1 
g) + metronidazole 
(500 mg) 

BID 7 ς 14 days (McColl 2010) 

PPI1 + 
metronidazole (500 

mg) + 
clarithromycin (500 

mg) 

BID 7 days (Gisbert et al. 2005) 

PPI1 + levofloxacin 

(500 mg) + 
amoxicillin (1 g) 

BID 10 days (Gisbert et al. 2006) 

PPI1 + rifabutin (150 
mg) + amoxicillin (1 

g) 

BID 10 days (Van Der Poorten 
and Katelaris 2007) 

Bismuth quadruple 
therapy 

PPI1 + bismuth (120 
ς 300 mg) + 
nitroimidazole2 

(500 mg) + 
tetracycline (500 
mg) 

BID (PPI) and QID 10 ς 14 days (McColl 2010) 

Concomitant 

therapy  

PPI1 + 

clarithromycin (500 
mg) + amoxicillin (1 
g) + nitroimidazole2 

(500 mg) 

BID 10 ς 14 days (Gisbert and Calvet 

2012) 

Sequential therapy PPI1 + amoxicillin (1 
g), followed by PPI1 

+ clarithromycin 

(500 mg) + 
nitroimidazole2 

(500 mg) 

BID 5 ς 7 days 

5 ς 7 days 

(McColl 2010) 

Hybrid therapy PPI1 + amoxicillin (1 
g), followed by PPI + 
amoxicillin (1 g) + 

clarithromycin (500 
mg) + 
metronidazole (500 

mg) 

BID 

BID 

7 days 

7 days 

(Hsu et al. 2011) 

High-dose dual 

therapy 

PPI1 + amoxicillin (1 

g or 750 mg) 

TID or QID 14 days (Chey and Wong 

2007) 

1 Dosage of PPI depends on type used, 2 metronidazole or tinidazole, BID = twice daily, TID = three times daily, QID = 

four times daily. 
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1.3.4.4 First-line Treatments 

Treatment of H. pylori begins with first-line treatment; the regimen that has the best chance of 

eradication. This first-line treatment is usually a triple therapy that consists of a PPI and two 

antibiotics (Chuah et al. 2017). The particular antibiotics used depend on the antibiotic 

ǊŜǎƛǎǘŀƴŎŜ ǊŀǘŜǎ ƻŦ ǘƘŜ ǎǳǊǊƻǳƴŘƛƴƎ ŀǊŜŀ ŀƴŘ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ǇǊŜǾƛƻǳǎ ŜȄǇƻǎǳǊŜ ǘƻ ŀƴǘƛōƛƻǘƛŎǎ ŀƴŘ 

penicillin allergies (Crowe 2019). The standard triple therapy regimen is PPI + amoxicillin + 

clarithromycin, however, clarithromycin resistance rates are growing rapidly and this treatment 

ǎƘƻǳƭŘ ƴƻǘ ōŜ ǳǎŜŘ ǿƘŜƴ ǘƘŜ ŀǊŜŀΩǎ ŎƭŀǊƛǘƘǊƻƳȅŎƛƴ ǊŜǎƛǎǘŀƴŎŜ ƛǎ ƳƻǊŜ ǘƘŀƴ м5 % (Chey and Wong 

2007; Malfertheiner et al. 2017; Savoldi et al. 2018). With previous exposure to macrolides the 

alternative triple therapy is PPI + amoxicillin + metronidazole (Chey and Wong 2007). In the 

instance of penicillin resistance, the alternative triple therapy is PPI + clarithromycin + 

metronidazole. 

Because of increasing resistance and previous exposure to macrolides other regimens have been 

proposed. Bismuth quadruple therapy has been recommended as an alternative to increasing 

clarithromycin resistance (Randel 2018; Tursi et al. 2017). This therapy consists of PPI + bismuth 

+ tetracycline + nitroimidazole (either metronidazole or tinidazole) taken for ten days (Tursi et 

al. 2017; Wang et al. 2017). Eradication rates of bismuth quadruple therapy vs clarithromycin 

triple therapy show 77.6 % and 68.9 % respectively in randomized clinical trial (RCT) patients, 

and bismuth quadruple therapy was not affected by metronidazole resistance (Venerito et al. 

2013). 

Concomitant and sequential therapies are also alternative first-line treatments. Sequential 

therapy involves taking a PPI + amoxicillin for five to seven days, followed by a PPI + 

clarithromycin and a nitroimidazole for another five to seven days (Zullo et al. 2013). 

Concomitant therapy contains the same antibiotics as sequential therapy but they are all taken 

at once for ten to fourteen days (McColl 2010; Zullo et al. 2013). Concomitant therapy is also an 

alternative quadruple therapy that does not contain bismuth, as bismuth-salts are not available 

in all countries, including NZ and Australia (Löscher and Alberer 2013; McColl 2010). Sequential 

and concomitant therapy have equal rates of eradication of H. pylori, with Korean and 

Taiwanese patients having successful eradication at 92.3 % (sequential) and 93 % (concomitant); 

and 75.6 % (sequential) and 80.8 % (concomitant) (Lim et al. 2013; Wu et al. 2010). The 

eradication rates of sequential and concomitant therapy make it a suitable option as a first-line 

treatment therapy in areas of high clarithromycin resistance (Lim et al. 2013). 

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

standard dose of a PPI (esomeprazole suggested) 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 clarithromycin 

and 500 g metronidazole are taken twice daily (Hsu et al. 2011). Eradication rates of hybrid 

therapies in Korea show an acceptable level of 85.9 % but also show no significant difference 

between sequential and concomitant therapy as a first-line treatment therapy (He et al. 2015; 

Oh et al. 2014; Song and Zhou 2016). 

As well as using different combinations of antibiotics and acid suppressors, the duration of 

treatment is an important factor for sufficient eradication rates of first-line treatment therapies. 

Triple therapy regimens containing a PPI + amoxicillin and clarithromycin have shown higher 

eradication rates when taken for 14 days compared to seven days (Arama et al. 2016; New 

Zealand Formulary 2020b). 

1.3.4.5 Second-line Treatments 

Failure of first-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 susceptibility test oƴ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ǎǇŜŎƛŦƛŎ H. pylori 

strain (Graham and Fischbach 2010). To treat an H. pylori infection, there should usually be two 

treatment options that have an acceptable eradication rate in accordance with the local 

antibiotic resistance rates. The treatment with the highest eradication rate should be used first 

and if fails, the second best option should be used (Graham and Calvet 2012). Second-line 

therapies include an alternative triple therapy or bismuth quadruple therapy than that used for 

first-line treatment (Gomollón et al. 1999; McColl 2010). 

1.3.4.6 Salvage Treatments 

When two treatment regimens have failed, a salvage regimen is used as a last effort to eradicate 

the infection. Fluroquinolones are not readily used in first-line treatments and thus have been 

suggested as possible salvage treatments for failed eradication of H. pylori using the treatments 

described above (Randel 2018). Levofloxacin, triple therapy includes a PPI + amoxicillin (1 g) + 

levofloxacin (500 mg) administered twice a day for ten days and has an eradication rate of 66 % 

when used as a second-line or salvage therapy (Gisbert et al. 2006). Comparing the typical 

bismuth quadruple therapy and 10-day levofloxacin-based triple therapy as a salvage therapy, 

showed that the levofloxacin triple therapy had less adverse side effects and was more effective 

at treating H. pylori than the bismuth quadruple therapy (Saad et al. 2006). However, 

fluroquinolone resistance has been steadily increasing globally (Gemilyan et al. 2019; Glocker et 

al. 2007; Kim et al. 2005; Mégraud et al. 2013). This increasing resistance is of concern with 

continued use of treatments containing this class of antibiotics. 
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Clarithromycin-based concomitant therapy may be used as a salvage therapy but only when 

patients have no previous macrolide exposure and no risk for macrolide resistance, and where 

local clarithromycin resistance rates are below 15 % (Chey and Wong 2007; Crowe 2019). A high-

dose dual therapy is a suitable option for salvage therapy, especially in countries where bismuth 

is not available. This regimen involves a PPI + amoxicillin (1 g or 750 mg); the PPI is administered 

three times daily and amoxicillin is taken four times daily at a 750 mg dose and three times daily 

at 1 g for 14 days (Chey and Wong 2007; Yang et al. 2019). This regimen is an important salvage 

option in patients or areas of proven or suspected high resistance to clarithromycin, macrolides 

and or fluroquinolones (Crowe 2019). Eradication rates of this therapy as a salvage treatment is 

89.3 % for both intention-to-treat (ITT) and per protocol (PP) analysis (Yang et al. 2015). 

The final salvage therapy is the rifabutin-based therapy, commonly a modified triple therapy 

involving rifabutin. This salvage therapy consists of a PPI + amoxicillin (1 g) + rifabutin (150 mg), 

taken twice daily for 10 days has had an eradication rate as a salvage therapy of 72 % and 76 % 

for ITT and PP analysis respectively (Van Der Poorten and Katelaris 2007). 

As discussed above, there are many different treatment regimens available for treating an H. 

pylori infection. It is important to remember that clinicians treating this infection 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 resistance is a worldwide issue affecting people from all socioeconomic backgrounds 

due to the overuse and misuse of these drugs (Laxminarayan et al. 2016). In 2017, the WHO 

published a priority list of antibiotic resistant bacteria based on ten criteria to assess where the 

future direction of antibiotic development should focus (Tacconelli et al. 2018). The priority list 

had three tiers; critical, high and medium priority, of which clarithromycin resistant H. pylori was 

placed in the high category. 

A meta-analysis of WHO regions (Africa, Americas, Eastern Mediterranean, European, South East 

Asia and Western Pacific), spanning a 10-year period (2006 ς 2016) showed a high level of 

resistance to treatment antibiotics (Savoldi et al. 2018). Overall resistance rates to 

clarithromycin, metronidazole, levofloxacin, amoxicillin, tetracycline and a combination of 

clarithromycin and metronidazole are as follows. Clarithromycin resistance was over 15 % in all 

regions except the Americas at 14 % (95 % CI, 9 % - 19 %). The rang of resistance was from 15 % 

in the Africa region (95 % CI, 0% - 30 %) to 34 % in the Western Pacific region (95 % CI, 30 % - 38 
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%). Metronidazole resistance was above 15 % in all regions, ranging from 27 % in the America 

region (95% CI, 14 % - 39 %) to 91 % in the Africa region (95 % CI, 87% - 94 %). Resistance to 

levofloxacin ranged from 14 % in the Africa (95% CI, 12 % - 28 %), Americas (95% CI, 12 % - 28 

%) and European regions (95% CI, 12 % - 16 %) to 25 % in the South East Asia region (95 % CI, 13 

% - 28 %). Amoxicillin resistance was below 15 % for all regions except the Africa region where 

it was 38 % (95% CI, 32 ς 45 %). Tetracycline resistance was below 15 % in all regions. The 

combination of clarithromycin and metronidazole had a resistance rate of Җ 15 % in all regions, 

except the Africa region where no data was available. 

Resistance to clarithromycin, metronidazole and levofloxacin by country can be viewed in Figure 

1.8. For these three antibiotics, resistance rates vary greatly geographically, it also shows one of 

the limitations of this study where many countries were not included in the meta-analysis. Small 

sample sizes from included countries, such as Africa, also poses a limitation of the analysis as 

this may not be a fair representation of the general population (Savoldi et al. 2018). A previous 

meta-analysis study in 2010 also found an increase in resistance to first-line antibiotics world-

wide based on continental areas (De Francesco et al. 2010). Clarithromycin resistance rates 

ranged from 11 % in Europe to 29 % in Africa. Metronidazole resistance ranged from 17 % in 

Europe to 92 % in Africa. Levofloxacin resistance was 11 % in Asia, 24 % in Europe and 0 % in 

Africa with America having no available data. Tetracycline and amoxicillin resistance were under 

10 % in Europe, Asia and America but 44 % and 66 % in Africa respectively. Comparing these two 

meta-analyses is somewhat challenging due to the different geographical organisation used but 

an overall increase in resistance can be seen in clarithromycin, metronidazole and levofloxacin. 

Resistant rate studies in NZ and lacking with only three studies publicly available from 1999, 

2004 and 2013. In the first study, only resistance towards clarithromycin and metronidazole 

were tested (Fraser et al. 1999). This study identified metronidazole resistant strains of H. pylori 

as the most prevalent, with 32 % of isolates tested showing resistance. Clarithromycin resistance 

was much lower, with only 7 % of isolates showing resistance (Fraser et al. 1999). The second 

study showed a drop in resistance for both metronidazole and clarithromycin, with 20 % and 0 

% of isolates showing resistance, respectively (Ahmed et al. 2004). They also tested for 

amoxicillin and tetracycline resistance but did not identify any resistant strains (Ahmed et al. 

2004). Nine years later, Hsiang et al. (2013) showed an increase in metronidazole, clarithromycin 

and amoxicillin resistance to 49.3%, 16.4 % and 5.5 %, respectively. Once again, no tetracycline 

resistance was identified. This shows a general increase in metronidazole, clarithromycin and 

amoxicillin resistance in NZ over a fourteen-year period. 
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Overall, resistance rates vary in different regions all over the world. This reinforces the idea that 

treatment of H. pylori infections must take in to account local resistance rates and not rely on a 

global consensus for effective eradication. 
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Figure 1.8: Resistance rates of clarithromycin (A), metronidazole (B) and levofloxacin (C) by country. Image 
retrieved from (Savoldi et al. 2018). 
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The increasing rate of resistance to first-line antibiotics has an adverse effect on the 

performance of treatment regimens (Savoldi et al. 2018). Eradication rates of triple therapies 

have decreased below 90 % in some areas such as Korea (Kim et al. 2007). Eradication rates of 

treatment regimens Җ80 % have been proposed as unacceptable and an alternative regimen 

must be found that has either a 95 % - 100 % eradication rate, or if this is unattainable, an 

eradication rate of 90 % - 95 % (Graham et al. 2007). 

1.3.5.2 Mechanisms of Antibiotic Resistance 

Bacteria can be intrinsically resistant to antibiotics or they can acquire resistance through 

chromosomal mutations or horizontal gene transfer (Blair et al. 2014; Hawkey 1998). Intrinsic 

resistance occurs naturally and is species and genus specific. Comparatively, acquired or 

developed resistance is only present in certain strains of a species through the acquisition of 

plasmid DNA or mutations (Hawkey 1998). 

There are four main mechanisms of antibiotic resistance, drug inactivation through chemical 

alteration or destruction of the antibiotic, changes in target site through target protection or 

modification of the target site, active efflux, and reduced membrane permeability (Figure 1.9) 

(Blair et al. 2014; Hawkey 1998). 

 

Figure 1.9: Mechanisms of antibiotic resistance. Image retrieved from 

https://www.britannica.com/science/antibiotic-resistance. 

Within NZ, levofloxacin, rifabutin, and bismuth are not utilised in the treatment of H. pylori 

infections (New Zealand Formulary 2020b). Thus, the following antibiotics and associated 

mechanisms of resistance discussed are only those associated with H. pylori treatment in NZ. 

https://www.britannica.com/science/antibiotic-resistance
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1.3.5.3 Clarithromycin Resistance 

Decreased eradication rates to commonly used triple therapies is largely associated with the rise 

in clarithromycin resistance (Horiki et al. 2009). The most well documented mechanism of 

resistance towards clarithromycin by H. pylori are mutations within domain V of the 23S rRNA 

gene. These point mutations decrease the affinity of the drug to the ribosome, thereby 

preventing it from interfering with protein synthesis (Stone et al. 1997; Versalovic et al. 1996; 

Vester and Douthwaite 2001). The first documented mutations conferring clarithromycin 

resistance were identified in 1996; an adenine-to-guanine transition at positions 2146 or 2147 

(A2146G and A2147G) of the 23S rRNA gene (Table 1.3) (Versalovic et al. 1996). It is important 

to note that previous studies of the point mutations at nucleotides 2146 and 2147 have used 

different position numbers (e.g. 2058, 2059, 2514, 2515 and 2143, 2142). Through recent re-

sequencing of the 23S rRNA gene the length of the H. pylori 26695 (NC_000915) gene has been 

re-evaluated and positions 2146 and 2147 have been proposed as the correct nucleotide 

numbers (Gong et al. 2020). Further studies have identified other mutations within domain V, 

including adenine-to-cytosine at positions 2146 and 2147 (A2146C, A2147C), and adenine-to-

threonine at position 2146 (A2146T) (Table 1.3) (Khan et al. 2004; Kim et al. 2002; van Doorn et 

al. 2001). Many studies have validated the presence of the A2147G, A2146G and A2146C 

mutations, with more than 90% of clarithromycin resistant H. pylori strains having a combination 

of these mutations present (Hansomburana et al. 2012; Mégraud 2004; Tamayo et al. 2017; van 

Doorn et al. 2001; Versalovic et al. 1996). Other mutations present within the 23S rRNA gene 

have been identified, however, their direct association with clarithromycin resistance has not 

been fully evaluated (Table 1.3). Of particular interest is the threonine-to-cytosine transversion 

at position 2186 (T21826). This mutation has been identified in clarithromycin resistant strains 

and is believed to be associated with high levels of clarithromycin resistance (Kim et al. 2002). 

However, Burucoa et al. (2005) have shown that T2186C is also present in clarithromycin 

sensitive strains, suggesting that this mutation is not directly related with clarithromycin 

resistance. Mutations have also been identified outside of domain V in resistant strains. A 

threonine-to-cytosine transition at position 2715 (T2715C) was identified in domain IV of the 

23S rRNA gene conferring a low level of resistance (Fontana et al. 2002). These mutations may 

arise from spontaneous mutation, at an estimated rate of 8 x 10-10, or through horizontal gene 

transfer at a transformation frequency of 2.2 x 10-6 per viable cell (Taylor et al. 1997; Wang et 

al. 2001). 

Once again, the geographic spread of this bacterium has led to geo-specific mutations with 

differing MICs. Namely, the A2147G mutation has predominantly been found in European 

countries and Iran, while the A2146G mutation is commonly identified in Brazil but not identified 
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at all in Korean isolates (Agudo et al. 2010; De Francesco et al. 2007; Kargar et al. 2011; Kim et 

al. 2008b; Ribeiro et al. 2003; Wueppenhorst et al. 2009). The A2146G mutation has shown a 

higher MIC than the A2147G when assessed in vitro (De Francesco et al. 2009b; Versalovic et al. 

1997; Versalovic et al. 1996). However, in therapeutic practice, eradication rates have been 

much lower in patients with H. pylori strains containing the A2147G mutation, showing contrary 

results to in vitro studies (De Francesco et al. 2009a). 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 in H. pylori or an overestimation of the MIC by the method used to 

determine the MIC (De Francesco et al. 2009b; Stone et al. 1997). 

Other genes associated with clarithromycin resistance include infB, encoding translation 

initiation factor IF-2, and rpl22, encoding ribosomal protein L22 (Table 1.3) (Binh et al. 2014). A 

9 base pair (bp) insertion or 3 bp deletion within the rpl22 gene and a single point mutation 

within the infB gene causing a guanine-to-adenine mutation at position 160 (G160A) have been 

identified as being involved with increased resistance towards clarithromycin (Binh et al. 2014). 

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

conferring resistance to erythromycin in E. coli (La Teana et al. 2001; Zaman et al. 2007). 

Smiley et al. (2013) have identified several different OMPs with varying characteristics that were 

differentially expressed in clarithromycin resistant strains of H. pylori. They suggested that 

synergistically, these OMPs may provide an advantage for clarithromycin resistant H. pylori. The 

identification and further characterisation of OMPs in antibiotic resistance in H. pylori is an area 

that requires further study. 

Efflux pumps, HefABC, HP1181, HP1184, have been associated with clarithromycin resistance 

and are discussed further in Section 1.3.5.7 (Falsafi et al. 2016; Hirata et al. 2010). 
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Table 1.3: Mechanisms of clarithromycin resistance in H. pylori. 

Mechanism of resistance Mutation associated with 

antibiotic resistance 

Reference 

23S rRNA mutation A2147G (Versalovic et al. 1996) 

A2146G (Versalovic et al. 1996) 

A2146C (van Doorn et al. 2001) 

A2148T (Toracchio et al. 2004; Wang and 
Taylor 1998) 

G2145A (Kocazeybek et al. 2019) 

T2715C (Fontana et al. 2002; Hao et al. 2004) 

T2186C (Khan et al. 2004; Kim et al. 2002) 

A2148G (Hansomburana et al. 2012) 

A2120G (Hultén et al. 1997) 

A2119G (Hansomburana et al. 2012; van Doorn 
et al. 2001) 

G2115A (Hansomburana et al. 2012) 

C2151G (Garrido and Toledo 2007) 

G1943A (Garrido and Toledo 2007) 

T1946C (Garrido and Toledo 2007) 

T2293C (Hao et al. 2004) 

G2228A (Hao et al. 2004) 

C2249T (Hao et al. 2004) 

T2194C (Park et al. 2018) 

C2199T (Park et al. 2018) 

T2248C (Khademi et al. 2014) 

C2698A (Rimbara et al. 2008b) 

infB  G160A (Binh et al. 2014) 

rpl22  9 bp insertion or 3 bp deletion (Binh et al. 2014) 

Efflux pumps (HefABC, HP1181, 
HP1184) 

HefA (N177T) (Falsafi et al. 2016; Hirata et al. 2010) 

Outer membrane proteins NA (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 contributor to eradication 

failure and is the leading resistance phenotype in NZ strains of H. pylori (Graham et al. 1992; 

Hsiang et al. 2013; Mégraud 2004). There are four possible mechanisms of resistance described 

for metronidazole resistant strains of H. pylori: reduced activity of nitroreductases, reduction in 

antibiotic uptake, increased efflux, increased DNA repair activity and alterations in the oxygen-

radical scavenger system (Alba et al. 2017). 

The natural occurrence of metronidazole resistance is due to the de novo mutational inactivation 

of the oxygen-insensitive NADPH nitroreductase (rdxA), RdxA, responsible for the reduction of 

hydroxylamine which damages the helical structure of DNA (Goodwin et al. 1998). The 

inactivation of NADPH flavin oxidoreductase (FrxA), encoded by frxA, in combination with RdxA 

inactivation has also shown metronidazole resistance (Marais et al. 2003). Inactivation of these 

genes through mutations renders these genes unable to encode the reductases required to 

reduce the prodrug metronidazole into its bactericidal agent through premature truncation 

(Goodwin et al. 1998; Kwon et al. 2001; Marais et al. 2003; Tanih et al. 2011). The combination 

of inactivation of the two reductases can increase the level of resistance but inactivation of FrxA 

by itself does not cause metronidazole resistance (Jeong et al. 2000; Yang et al. 2004). Truncated 

FrxA has been identified in metronidazole susceptible cells with intact RdxA (Yang et al. 2004). 

There are a number of different mutations, frameshift, missense, nonsense, insertions and 

deletions, within rdxA and frxA have been identified in metronidazole resistant strains of H. 

pylori (Jenks et al. 1999; Kwon et al. 2000c; Marais et al. 2003; Tanih et al. 2011). Mutations in 

these genes leading to premature truncation and amino acid substitutions are found in many 

metronidazole resistant strains (Chua et al. 2019; Tanih et al. 2011; Yang et al. 2004). The rdxA 

mutations present in metronidazole resistant isolates differ. Some studies have identified a 200 

bp deletion within the gene whereas others have not found this mutation (Abdollahi et al. 2011; 

Kargar et al. 2010). Many other studies have identified a range of missense mutations (Chua et 

al. 2019; Mirzaei et al. 2014; Tanih et al. 2011). Insertion of transposable elements within or 

adjacent to the rdxA gene has also been linked with metronidazole resistance (Debets-

Ossenkopp et al. 1999; Tankovic et al. 2000). Due to the wide array of mutations within the rdxA 

gene and protein, it has been suggested that multiple mechanisms of resistance may be present 

in metronidazole resistant strains (Chisholm and Owen 2003). 

Other nitroreductases present in H. pylori, ferredoxin, flavodoxin, 2-oxoglutarate 

oxidoreductase and pyruvate oxidoreductase, have been studied for their possible involvement 

in metronidazole resistance but inactivation of the genes encoding them led to cell death (Kwon 
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et al. 2000a). Ferredoxin-like protein, encoded by fdxB (HP1508), is a nitroreductase that may 

be involved in low rate metronidazole resistance in H. pylori through inactivation of the gene 

but is not well characterised (Kwon et al. 2000a). A single insertion located upstream of the 

ribosomal binding site, required for transcription or translation of the rdxA gene may be involved 

in metronidazole resistance where mutations are not observed directly within the gene (Moore 

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

upstream regions of frxA genes (Han et al. 2007). 

Due to this prodrug requiring a reduction of its nitro-group to exert its bactericidal effect, the 

antimicrobial effect is only exerted on anaerobic or microaerophilic bacteria (Edwards 1993). 

Alterations in the redox potential at the site of reduction is an area of interest for mechanisms 

of resistance. H. pylori have exhibited a loss of resistance towards metronidazole when 

incubated in strictly anaerobic conditions (Cederbrant et al. 1992; Smith and Edwards 1995). The 

enzyme, nicotinamide adenine dinucleotide όb!5Iύ ƻȄƛŘŀǎŜΣ ƛǎ ōŜƭƛŜǾŜŘ ǘƻ ŀŎǘ ŀǎ ŀƴ άƻȄȅƎŜƴ 

sŎŀǾŜƴƎŜǊέ ǘƘŀǘ ǊŜŘǳŎŜǎ ƛƴǘǊŀŎŜƭlular oxygen tension, creating an ideal redox state and allowing 

metronidazole to be reduced (Smith and Edwards 1997). Low levels of NADH oxidase (an enzyme 

that reacts with oxygen to produce water or hydrogen peroxide) activity may reduce the oxygen-

scavenger system efficiency (Smith and Edwards 1997). The excess oxygen present at the site of 

reduction may outcompete metronidazole from flavodoxins preventing the reductive activation 

of metronidazole (Jorgensen et al. 1998; Smith and Edwards 1997). 

Mutations within the fur (ferric uptake regulator) regulatory gene can also have an effect on the 

ŎŜƭƭΩǎ ǊŜŘƻȄ ǇƻǘŜƴǘƛŀƭΣ ǇƻǘŜƴǘƛŀƭƭȅ ŎŀǳǎƛƴƎ ǊŜǎƛǎǘŀƴŎŜ ǘƻǿŀǊŘǎ ƳŜǘǊƻƴƛŘŀȊƻƭŜ (Choi et al. 2011). 

The superoxide dismutase (SOD) enzyme encoded by the sodB gene is a virulence factor 

associated with H. pylori that protects the bacterium from superoxide attack by converting 

superoxide radicals to hydrogen peroxide or dioxygen (Pesci and Pickett 1994). This enzyme is 

regulated by the fur gene (Tsugawa et al. 2011b). Three main amino acid mutations have been 

identified within the fur regulator gene of metronidazole resistant H. pylori strains, arginine-to-

isoleucine at position 3 (R3I), cysteine-to-tyrosine at position 78 (C78Y) and proline-to-serine at 

position 114 (P114S) (Albert et al. 2005; Tsugawa et al. 2011b). These mutations stop the 

repression of SOD and have been linked with the development of metronidazole resistance 

(Tsugawa et al. 2011b). The mutations described above have all been studied in vitro and their 

clinical relevance is still to be determined. 

A less characterised mechanism of metronidazole resistance is the increased activity of the DNA 

repair mechanism RecA, encoded by recA (Chang et al. 1997; Thompson and Blaser 1995). The 

recA gene is found ubiquitously in bacteria and is involved in the bacterial SOS response for DNA 
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repair and natural transformation (Bergé et al. 2003; Cox 1991; Gaasbeek et al. 2009). Within H. 

pylori, mutations, tyrosine-to-histidine at position 103 (Y103H) and serine-to-aspartic acid at 

position 121 (S121D),  in RdxA have been suggested as being involved in metronidazole 

resistance (Chang et al. 1997). Mutations leading to premature truncation of RecA have also 

been associated with metronidazole resistant strains of H. pylori (Thompson and Blaser 1995). 

However, other studies have not reported that mutations within recA do not contribute to high-

level metronidazole resistance at all (Debets-Ossenkopp et al. 1999). This mechanism of 

resistance is still insufficiently described and further work is required to fully understand to role 

of recA mutations in metronidazole resistance within H. pylori. 

Once again, the HefABC, HP1181, HP1184, efflux pumps have been suggested to be involved in 

metronidazole resistance and are discussed further in Section 1.3.5.7 (Falsafi et al. 2016; Hirata 

et al. 2010). 

1.3.5.5 Amoxicillin Resistance 

Amoxicillin resistance is low when compared to other antibiotics used in first-line treatment, 

with resistant MICs ranging from 1-8 mg/L (De Francesco et al. 2011). The reliance on this 

antibiotic for the successful eradication of the pathogen is high, and thus, monitoring and 

understanding its resistance mechanisms is crucial. Mechanisms of resistance involve target 

alteration and decreased permeability. 

Commonly, gram-negative bacteria become resistant to ̡ -lactams through the acquisition and 

production of ̡ -ƭŀŎǘŀƳŀǎŜǎ ǘƘŀǘ ōǊŜŀƪ ƻǇŜƴ ǘƘŜ ʲ-lactam ring of the antibiotic making it unable 

to exert its bactericidal effect (Therrien and Levesque 2000)Φ ¢ƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ʲ-lactamases in H. 

pylori is not clear. Some studies indicate that there is no production of these enzymes in 

amoxicillin resistant isolates, however, Tseng et al. (2009) ƘŀǾŜ ǎƘƻǿƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ ʲ-

lactamase gene blaTEM-1 in a high-level resistant strain of H. pylori (Dore et al. 1999; Wu et al. 

2000). As well as the identification of  blaTEM-1Σ ǘǊŜŀǘƳŜƴǘ ǿƛǘƘ ʲ-lactamase inhibitors have shown 

an improved eradication rate compared to amoxicillin on its own (Ojetti 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 peptidoglycan layer of 

the cell wall. There are nine putative PBPs identified in H. pylori, three high-molecular-weight 

and six low-molecular-weight (Harris et al. 2000). Within all nine of these putative PBPs are three 

conserved domains: SXXK, SXN and KTG (X represents a variable amino acid) (Harris et al. 2000). 

Amoxicillin resistant strains exhibit a reduced affinity to PBP 1, 2 and 3 (Gerrits et al. 2006; Kwon 

et al. 2003; Okamoto et al. 2002; Rimbara et al. 2007; 2008a). Significant mutations conferring 

amoxicillin resistance include amino acid substitutions within or adjacent to the second and third 
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conserved domains of PBP1 (pbp1A) (SXN402-404 and KTG555-557) reducing the affinity of PBP 

(Gerrits et al. 2006). These mutations include substitutions, nonsense mutations, and insertions; 

mutations have also been identified in PBP2 and PBP3 (Table 1.4) (Rimbara et al. 2008a). 

Multiple mutations in PBPs are required to confer amoxicillin resistance. The serine-to-arginine 

substitution at position 414 (S414R) and an asparagine-to-tyrosine substitution at position 562 

(N562Y) are the most common mutations identified in amoxicillin resistant strains of H. pylori 

(Gerrits et al. 2006; Kim and Kim 2013; Rimbara et al. 2007). Mutations within PBPs only confer 

low-level (MIC <8 ˃ ƎκƳƭ) amoxicillin resistance; additional mechanisms are required for a 

higher-level of amoxicillin resistance (Co and Schiller 2006; DeLoney and Schiller 2000; Gerrits 

et al. 2006; Kwon et al. 2003). 

Decreased membrane permeability has been identified as an additional mechanism of 

resistance towards amoxicillin (Kwon et al. 2003). H. pylori possess five porin proteins: HopA to 

HopE (Doig et al. 1995). Of these six proteins, mutations within HopB and HopC are associated 

with increased amoxicillin resistance (Co and Schiller 2006). These mutations include amino acid 

changes within the 116 to 201 region of the hopB gene and a nonsense mutation leading to a 

stop codon at the 211th position of the hopC gene (Table 1.4) (Co and Schiller 2006). Other OMPs 

have also been associated with increased amoxicillin resistance, these include: Omp25 and 

Omp32 (Table 1.4) (Godoy et al. 2007). Analysis of gene expression when H. pylori becomes 

exposed to amoxicillin showed an upregulation in omp25 and a downregulation in omp32 

(Godoy et al. 2007). In other Gram-negative bacteria Omp25 has been suggested as a porin, 

whereas Omp32 has been characterised as an anion-selective porin, suggesting that these 

proteins may be involved with increasing drug release (Boigegrain et al. 2004; Contreras et al. 

2003; Godoy et al. 2007; Siroy et al. 2005). 

The HefABC efflux pump has been involved in amoxicillin resistance and is discussed further in 

Section 1.3.5.7 (Hirata et al. 2010). 
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Table 1.4: Mechanisms of amoxicillin resistance in H. pylori.  

Mechanism of resistance Mutation associated with 

antibiotic resistance 

Reference 

Mutations within PBP1 N562Y (nonsense mutation) (Kim and Kim 2013) 

 A369T (Rimbara et al. 2008a) 

 V374L (Rimbara et al. 2008a) 

 S414R (Gerrits et al. 2006) 

 L423F (Rimbara et al. 2008a) 

 V16I (Kim and Kim 2013) 

 V45I (Kim and Kim 2013) 

 T593A  (Rimbara et al. 2008a) 

 G595S (Kim and Kim 2013) 

 A599T (Kim and Kim 2013) 

 D535N (Rasheed et al. 2014) 

 S543R (Rasheed et al. 2014) 

 464E (insertion) (Okamoto et al. 2002) 

 Y637* (nonsense mutation) (Matteo et al. 2008) 

 T556S  (Tseng et al. 2009) 

 T593A (Kim and Kim 2013) 

Mutations within PBP2 A296V (Rimbara et al. 2008a) 

 S494H (Rimbara et al. 2008a) 

 A541M (Rimbara et al. 2008a) 

 E572G (Rimbara et al. 2008a) 

Mutations within PBP3 A499V (Rimbara et al. 2008a) 

 E536K (Rimbara et al. 2008a) 

Decreased membrane permeability  HopB (amino acid substitutions 
within 116 to 201 region) 

(Co and Schiller 2006) 

 HopC (nonsense mutation at 

position 211) 

(Co and Schiller 2006) 

Efflux pump HefC (L378F and D131E) (Qureshi et al. 2014) 

Other OMPs (Omp25, Omp32) NA (Godoy et al. 2007) 

NA = not applicable. *= stop codon. 
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1.3.5.6 Tetracycline Resistance 

Tetracycline is an essential part of quadruple treatment regimens. Tetracycline resistance is not 

common and MICs of resistant strains are җ4 mg/L of tetracycline and mechanisms of resistance 

involve target alteration and efflux pumps (Kwon et al. 2000b). 

The primary mechanism of resistance for tetracycline are mutations within the binding site of 

the 16S rRNA gene. Single mutations at binding site C of domain III (AGA965-967) confer 

tetracycline resistance by reducing the antibiotic binding to the ribosome (Wu et al. 2005). These 

single mutations include adenine-to-guanine at position 965 (A965G), adenine-to-thymine at 

position 965 (A965T), adenine-to-cytosine at position 965 (A965C), adenine-to-cytosine at 

position 967 (A967C) and adenine-to-thymine at position 967 (A967T) (Wu et al. 2005). Another 

single mutation has been identified in domain I, a guanine-to-adenine change at position 360 

(G360A), however these were also associated with a triple mutation in positions 965 to 967 

(Trieber and Taylor 2002). This triple mutation, AGA to TTC at position 965 to 967, were 

identified in tetracycline resistant H. pylori strains and were shown to induce tetracycline 

resistance through transformation to a previously susceptible strain (Trieber and Taylor 2002). 

This triple mutation is associated with high levels of tetracycline resistance and have been 

identified in both copies of the 16S rRNA gene present in H. pylori (Gerrits et al. 2003; Ribeiro et 

al. 2004). Finally, two deletions have also been observed in resistant strains, a guanine at 

position 771 in domain II and a guanine at position 942 in domain II. The deletion at G942, within 

the Tet-4 binding site (domain II) of the 30S ribosomal subunit may reduce the affinity of 

tetracycline thereby aiding the strain in tetracycline resistance, although this is not believed to 

be a main mechanism (Trieber and Taylor 2002). 

The HP1184 and HP1181 efflux pumps are suggested to be involved in tetracycline resistance 

and are discussed further in Section 1.3.5.7 (Falsafi et al. 2016). 

1.3.5.7 Efflux Pumps 

Efflux pumps are found in both Gram-positive and Gram-negative bacteria and are involved in 

the extrusion of toxic compounds from within the cell to the external environment (Pearson et 

al. 1999; Truong-Bolduc et al. 2005). They are involved in bacterial virulence, resistance to 

nonclinical toxic components such as heavy metals and organic solvents, cell-to-cell signalling, 

and most importantly, antibiotic resistance (Kieboom et al. 1998; Kulathila et al. 2011; Lin et al. 

2003; Okusu et al. 1996; Pearson et al. 1999). There are five main superfamilies of efflux proteins 

(Figure 1.10), the major facilitator superfamily (MFS), the ATP-binding cassette superfamily 

(ABC), the small multidrug resistance family (SMR), the resistance-nodulation-cell division 

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

energy coupling and sequence similarity (Saier 1998). 

 

Figure 1.10: Efflux pump superfamilies. ATP-binding cassette superfamily (ABC), major facilitator superfamily 

(MFS), small multidrug resistance family (SMR), resistance-nodulation-cell division superfamily, and multi 
antimicrobial extrusion protein family (MATE). OM = outer membrane, IM = inner membrane. Image retrieved 

from (Delmar et al. 2014) 

Efflux pumps contribute to the antibiotic resistance of many clinically relevant Gram-positive 

and Gram-negative bacteria (Gibbons et al. 2003; Okusu et al. 1996). The RND superfamily of 

efflux pumps are an important family that are associated with multidrug efflux in many Gram-

negative bacteria (Chuanchuen et al. 2002; Ma et al. 1995; Magnet et al. 2001). This superfamily 

is unique from the others due to the association of the pump protein (RND) with two other 

protein classes, an OMP channel and a membrane fusion protein (MFP;  

Figure 1.11). The most well characterised examples of this efflux family are the AcrAB-TolC efflux 

system from E. coli and the MexAB-oprM efflux system from Pseudomonas aeruginosa (Li et al. 

1995; Okusu et al. 1996). 
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Figure 1.11: Structure of RND-type efflux pump, based on the AcrAB-TolC system from E. coli. Image retrieved 

from (Alvarez-Ortega et al. 2013). 

Within H. pylori, four putative RND efflux systems have been identified, HP1489-HP1487, 

HefABC (HP0605-HP0607), HefFED (HP0969-HP0971) also known as CznABC; and HefIHG 

(HP1329-HP1327), also known as CzcA (HP1329), CzcB (HP1328) and CrdB (HP1327) (Bina et al. 

2000; Johnson and Church 1999). The HefABC efflux pump is the most well characterised of 

these four efflux systems and is encoded by three genes, hefA, hefB, and hefC. The hefA gene 

encodes a protein homologue of the TolC OMP (HefA), the hefB gene encodes a protein 

homologue of the membrane fusion protein AcrA (HefB), and the hefC gene encodes a protein 

homologue of the RND pump, AcrB (HefC) (Bina et al. 2000). The other three systems, HP1489-

HP1487, HefFDE and HefIHG are putative OMP, RND pumps and MFPs (Bina et al. 2000; Johnson 

and Church 1999; van Amsterdam et al. 2005). Initially it was believed that these efflux pumps 

did not play a role in intrinsic resistance towards antibiotics in H. pylori (Bina et al. 2000). 

However, their involvement in antibiotic resistance has since been shown (Liu et al. 2008; van 

Amsterdam et al. 2005). 

Clarithromycin, metronidazole and amoxicillin resistance have been associated with the HefABC 

efflux system. The association of HefABC with clarithromycin resistance was suggested by Hirata 

et al. (2010), who showed that messenger RNA (mRNA) from the efflux system was present in 

resistant isolates; and the introduction of an efflux pump inhibitor decreased the MIC of 

clarithromycin. An asparagine-to-threonine change at position 177 (N177T) in HefA has also 

been linked to clarithromycin resistant isolates, however, this mutation was not identified in all 

resistant isolates (Iwamoto et al. 2014). HefA is directly involved in metronidazole resistance, 

shown through the knockout of this gene in a resistant strain leading to metronidazole sensitivity 

(Lee et al. 2018; van Amsterdam et al. 2005). The presence of metronidazole has also shown to 

increase the expression of TolC homologue HefA, suggesting that exposure to metronidazole 
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leads to metronidazole resistance (Mehrabadi et al. 2011; Tsugawa et al. 2011a). Amoxicillin 

resistance has been linked with the following mutations in HefC aspartic acid-to-glutamic acid 

at position 131 (D131E) and a leucine-to-phenylalanine change at position 378 (L378F) (Qureshi 

et al. 2014). Strains with both mutations have shown a 16x increase in MIC towards amoxicillin, 

whereas, strains with only the L378F mutation have shown an 8x increase in MIC (Qureshi et al. 

2014). 

Twenty-three other putative outer membrane efflux proteins belonging to the ABC, MFS and 

MATE superfamilies have been identified in H. pylori isolates (van Amsterdam et al. 2005). The 

hp1184 and hp1181 genes, encoding efflux pumps belonging to the MATE and MFS 

superfamiles, respectively, have been associated with active efflux in multidrug resistant strains 

of H. pylori (Falsafi et al. 2016). The hp1165 gene, encoding an MFS efflux pump is associated 

with tetracycline resistance (Li and Dannelly 2006). Of the drug classes relevant to this study, 

HP1184 and HP1181 have been associated with macrolide, nitroimidazole and tetracycline 

resistance, however, they are also associated with the active efflux of other compounds and 

antibiotics (Falsafi et al. 2016; van Amsterdam et al. 2005). All of these efflux proteins have been 

found in susceptible and resistant strains of H. pylori, suggesting that post-transcriptional 

regulation is involved in the expression of resistant phenotypes (Falsafi et al. 2016; Li and 

Dannelly 2006). 

1.3.5.8 Factors that can affect Antibiotic Resistance 

In addition to antibiotic resistance mechanisms acquired or developed by the bacterium, there 

are other contributing factors to the failing eradication rates of treatments. These other factors 

fall under three main categories: bacterial strain related factors, host related factors and 

environmental factors. 

Bacterial strain related factors aiding the bacterium in treatment survival have both been 

previously discussed, biofilm formation and coccoid formation (Section 0 and 1.3.1.1, 

respectively). Biofilm formation allows H. pylori to from a protective layer and this coupled with 

a high colony density can aid in the survival of antibiotic treatment (Stark et al. 1999). However, 

it has also been suggested that although H. pylori have the ability to form biofilms, they prefer 

a planktonic state of growth in the presence of gastric mucosa (Cole et al. 2004). Likewise, 

coccoid formation allows the bacterium to enter a self-protective state where they can survive 

antibiotic treatment and revert back to their helical forms when beneficial (Brenciaglia et al. 

2000). 

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

Poor compliance from patients has shown an association with a decreased eradication rate but 
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is not a sole reason as patients with good compliance have also shown a decreased eradication 

rate (Wermeille et al. 2002). Factors that influence patient compliance with successful H. pylori 

eradication include: complexity of treatment, side effects of treatment, treatment efficiency, 

motivation of physician, patient information and therapy duration (O'Connor et al. 2009). 

Genomic polymorphisms in patients such as the cytochrome P450 2C19 (CYP2C19) variant in 

exons four and five of the gene can have an unfavourable effect on the efficiency of PPIs during 

treatment due to the enzymatic pathway used to metabolise PPIs (Kuo et al. 2014). Several 

studies have shown smoking while undergoing eradication therapy decreases the chances of a 

successful eradication (Camargo et al. 2007; Itskoviz et al. 2017; Kamada et al. 1999; Suzuki et 

al. 2006). This is due to a variety of factors that include decreased blood flow in the gastric 

mucosa hindering the delivery of eradication drugs and an increased acidic environment that 

encourages more non-replicative bacteria that eradication drugs cannot target (Itskoviz et al. 

2017). Age and gender are also factors affecting successful eradication of H. pylori with females 

and patients under 50 having a lower eradication rates (Chang et al. 2019; Mamori et al. 2010). 

Environmental factors principally involve the occurrence of reinfection. After successful 

completion of the treatment plan, patients have a four-week wait before confirmation of 

eradication. Within this period reinfection may occur from previously mentioned sources 

(Section 1.3.2.3) such as the patientΩǎ ƻral cavity or through contaminated water sources, 

especially in regions where water sanitation and hygiene are lacking (Klein et al. 1991; 

Nurgalieva et al. 2002; Song and Li 2013). 

1.3.6 Genomics 

1.3.6.1 16S rRNA 

For many years, the 16S rRNA gene has been used as an important tool for helping understand 

the phylogenetic relationships between bacteria (Woese and Fox 1977). This gene encodes the 

RNA component of the 30S ribosomal subunit and is ubiquitously found in all bacterial species 

in singular or multiple copies (Wang et al. 2015c). Using the 16S rRNA gene as an accurate 

chronometer is attributed to a variety of factors, including; its functional consistency, its 

ubiquity, its length, and the conserved and variable regions within the gene (Johnson et al. 2019; 

Woese 1987; Woese et al. 1975). 

As well as helping understand bacterial phylogeny, the 16S rRNA gene has been used as a means 

to identify and classify bacteria at a genus and species level, especially in the absence of defined 

or recognised biochemical characterisations or rare isolation of the bacteria (Johnson et al. 2019; 

Mignard and Flandrois 2006; Woo et al. 2003). Accurate identification at the genus level is 
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attainable in most instances, however accurate species identification is considered less 

achievable and reliable (Woo et al. 2003). 

The use of the 16s rRNA gene in identification of bacteria is particularly useful in the clinical 

laboratory setting. Through conventional methods, many bacterial pathogens are able to be 

identified from an isolated colony within 24 hours. However, in the case of slow growing, 

fastidious, and poorly identified isolates though conventional techniques, molecular 

identification is a useful tool (Patel 2001). 

1.3.6.2 Sanger Sequencing 

The Sanger sequence method was first described in 1977 as the chain-termination or dideoxy 

technique. It comprises of dideoxynucletoides (ddNTP) and a DNA polymerase that prevents 

chain elongation within in vitro DNA replication  (Sanger et al. 1977). Since its discovery, the 

technique has become more streamlined and economical. The modern method, displayed in 

Figure 1.12, first involves polymerase chain reaction (PCR) amplification of the target DNA; then 

sequencing follows by incorporation of the amplified target DNA, primers, DNA polymerase, 

deoxynucleotides (dNTP) and a small amount of fluorescently labelled ddNTPs. The mixture then 

undergoes another PCR; the sample is denatured, primers are annealed, and the chain 

elongates. This process is repeated numerous times allowing the complementary addition of 

dNTPs and fluorescently labelled ddNTPs to the template strand. Random incorporation of the 

ddNTPs induces chain termination due to the lack of the 3' hydroxyl group preventing DNA 

polymerase from binding another dNTP onto the growing chain; producing chains of varying 

lengths (Sanger et al. 1977; Smith et al. 1986). Once this process is complete and there is ample 

DNA at varying lengths, it is separated by size using capillary gel electrophoresis and the 

fluorescently labelled ddNTPs are read by a laser and detector which is recorded by a computer 

for sequence analysis (Swerdlow and Gesteland 1990). The produced sequence is the 

complementary strand to the template DNA, with the same 5' end but differential 3' ends 

depending on which ddNTP was incorporated at that position. Due to the fluorescently labelled 

ddNTPs, this method is commonly referred to as dye-terminator sequencing. 
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Figure 1.12: Outline of the modern process of Sanger sequencing. Image retrieved from 
https://www.sigmaaldrich.com/technical-documents/articles/biology/sanger-sequencing.html. 

Sanger sequencing produces read lengths in a range of approximately 500-800 bp (Mardis 2017; 

Morozova and Marra 2008; Venter et al. 2001). The method is error prone within the first and 

last 15-45 nucleotides (nt) of the sequences producing poor quality data due to primer binding 

(Binladen et al. 2007; Ebili et al. 2017). These factors make Sanger sequencing an ideal choice 

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

1.3.6.3 Next-generation Sequencing 

For large scale sequencing projects, focus has shifted towards new sequencing technologies 

known as next generation sequencing (NGS). This new range of sequencing technologies was 

established to reduce time and costs associated with Sanger sequencing and other related first-

generation sequencing techniques (Schuster 2008). Since its development, NGS has become a 

widely utilised tool within the field of life-sciences (Schuster 2008). 

Pyrosequencing  

The first NGS technology developed was an improved Pyrosequencing method, based on the 

sequencing-by-synthesis principal, involving the denoted inclusion of a nucleotide by the release 

of a pyrophosphate and subsequent generation of photons (Margulies et al. 2005; Ronaghi et al. 

1996). Pyrosequencing found its place with its superior detection limit of 5%, making it the 

preferred choice for short sequences, where Sanger sequencing struggles, and solving 

ambiguities within Sanger sequences (Harrington et al. 2013). Even with these superiorities over 

Sanger sequencing, Roche closed its 454-Pyrosequencing platform in 2013 when it became non-

competitive against other NGS services (Bio IT World 2013). 

https://www.sigmaaldrich.com/technical-documents/articles/biology/sanger-sequencing.html
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Il lumina Sequencing 

Illumina sequencing is another sequence-by-synthesis approach; however, this technology 

differs from 454-Pyrosequecning in two main ways: the use of flow cells instead of microwells 

with beads and it uses a dye-termination approach instead of pyrosequencing (Illumina 2017). 

The workflow of Illumina sequencing follows a basic three step process: library preparation, 

amplification and sequencing (Figure 1.13). Library preparation begins with the fragmentation 

of the sample and then subsequent addition of adaptors onto both the 5' and 3' ends of the DNA 

(Craig et al. 2008; Hodkinson and Grice 2015). The amplification or cluster generation step 

involves the tagged library being placed onto a flow cell where oligonucleotides, complementary 

to the ligated adaptors, hold the single-stranded fragments in place. The fragments are 

simultaneously amplified from a primer on the 3' end of the attached fragment via bridge PCR 

to create groupings of single-stranded clonal fragments (Bentley et al. 2008). From the clustered 

clonal fragments, sequencing may begin. Illumina sequencing uses a reversible terminator 

method that is similar to Sanger sequencing in principle (Canard and Sarfati 1994; Sanger et al. 

1977). Many fluorescently labelled nucleotides are simultaneously added to the flow cell 

allowing one base addition before chain termination. Excess nucleotides are washed away, and 

the flow cell is imaged. The terminators are reversed, cleaving the fluorescent label and blocker, 

allowing chain elongation to continue and fluorescently labelled nucleotides are once again 

added. This cycle continues until sequencing is complete (Bentley et al. 2008; Canard and Sarfati 

1994; Hodkinson and Grice 2015). 
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Figure 1.13: Workflow of Illumina sequencing. Image retrieved from (Lu et al. 2016). 

LƭƭǳƳƛƴŀ aƛ{Ŝǉϰ ǎŜquencing produces a large number of sequences, approximately 1 giga byte 

(Gb), consisting of pair-end (PE) reads up to 150 bp in length; LƭƭǳƳƛƴŀ Iƛ{Ŝǉϰ Ŏŀƴ ǇǊƻŘǳŎŜ ǳǇ 

to 600 Gb of 150 bp PE reads (Caporaso et al. 2012; Illumina 2020; Morozova and Marra 2008; 

Quail et al. 2012). This technology has a low raw error rate of 0.8%, its limitations lie within its 

short sequence reads making it difficult to resolve short sequence repeats and assembling de 

novo sequences; and inaccuracies within GC rich areas (Morozova and Marra 2008; Quail et al. 

2012; Wold and Myers 2008). However, due to the low cost and decreased run time, this 

sequencing method has become widely applied in the fields of WGS and functional genomics 

(Morozova and Marra 2008; Yohe and Thyagarajan 2017). In the scope of antibiotic resistance, 

WGS has become a widely used tool to discover and monitor the fast-paced changes of 

resistance due to the low cost, deep coverage and potential ease of discovering resistance in 

slow growing and fastidious microorganisms (McDermott et al. 2016; Schürch and van Schaik 

2017; Su et al. 2019b). 

SOLiD Sequencing 

Sequencing by Oligonucleotide Ligation and Detection (SOLiD) sequencing uses a sequencing-

by-ligation approach. This sequencing produces highly accurate read lengths of between 25 ς 35 

bp (Liu et al. 2012; Mardis 2017; Margulies et al. 2005). While 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 level of success as other NGS technologies 

(Hodkinson and Grice 2015; Liu et al. 2012). 

Ion Torrent Sequencing 

Ion torrent sequencing is another sequencing-by-synthesis approach. Library preparation is 

similar to 454-Pyrosequencing, where DNA fragments are attached to beads within a microwell 

(Hodkinson and Grice 2015). Unmodified nucleotides, are sequentially added to the microwells; 

incorporation of a base to a growing DNA strand releases a proton which increases the 

surrounding pH that is detected by a pH meter under the microwell (Hodkinson and Grice 2015; 

Liu et al. 2012). Ion torrent sequencing has a raw error rate of 1.71%, and has issues with the 

accuracy of homopolymer sequences (Hodkinson and Grice 2015). It can produce read lengths 

approximately 200 bp in length (Quail et al. 2012). Due to the low cost and fast runtime of this 

sequencing platform, it has become a popular choice for medium-sized projects such as 

microbial genomes and microbiome research (Milani et al. 2013; Rusk 2011). 

Pacific Bioscience Sequencing 

Pacific .ƛƻǎŎƛŜƴŎŜǎΩ όtŀŎ.ƛƻύ ǊŜƭŜŀǎŜ ƻŦ ǎƛƴƎƭŜ-molecule, real-time sequencing (SMRT) technology 

was the start of the third generation of sequencing technology (Eid et al. 2009). The method 

differs significantly from the previously described methods. Library preparation involves the 

fragmentation of the DNA into multi-kbp pieces and end repair with A/T overhang or blunt SMRT 

loop adaptor ligation (Travers et al. 2010). A major difference from other NGS technologies is 

the absence of an amplification step, instead it moves straight onto sequencing. Sequencing is 

executed on a chip with zero-mode waveguide (ZMW) wells; DNA polymerase is attached to the 

ZMW wells and fluorescently labelled nucleotides are added. Incorporation of a nucleotide emits 

light which is imaged in real time and with no termination groups present, chain elongation is 

continuous (Eid et al. 2009). 

Initial release of this sequencing platform generated concern around the high error rate. The 

error rate has since been improved with the incorporation of circular consensus sequencing. 

This allows repeated sequencing of fragments thereby reducing the error rate to approximately 

12.86 %, with errors throughout the read and not localised towards the ends (Buermans and 

den Dunnen 2014; Hodkinson and Grice 2015; Quail et al. 2012). 

An advantage of PacBio sequencing is the long-read lengths, initial release of the platform saw 

read lengths of 1500 bp, whereas updated technology produces read-lengths of around 10 ς 15 

kbp (AllSeq 2020; Quail et al. 2012). PacBio sequencing is a strong sequencing technology for de 

novo assembly of reference genomes, especially for closing gaps, for the sequencing of long 

repetitive regions and the identification of mutations (Rhoads and Au 2015). However, its high 
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error rate and high cost render this technology still out of reach for many researchers and 

laboratories (Quail et al. 2012). 

Oxford Nanopore Sequencing 

Nanopore sequencing is another third generation sequencing approach that uses a single 

molecule of DNA or ribonucleic acid (RNA) with no amplification step (Buermans and den 

Dunnen 2014). Library preparation involves the ligation of adaptors to the fragmented DNA or 

complementary DNA (cDNA), used to capture and load a processive enzyme at the 5' end of the 

strand. Sequencing works by enzymes unwinding the DNA and passing it through a pore with a 

distinct current (Jain et al. 2016). Changes in ionic current due to a changing nucleotide in the 

DNA strand are detected (Jain et al. 2016). This technology can produce read-lengths ranging 

from 60 ς 300 kbp (Jain et al. 2018; Oxford Nanopore 2020). Error rates of this method have 

recently dropped to 5 ς 10 % (Tyson et al. 2017). Application of this sequencing technology has 

focused on smaller genomes such as bacteria, viruses and parasites commonly found in clinical 

settings for fast identification (Greninger et al. 2015; Kilianski et al. 2015; Quick et al. 2016). 

1.3.6.4 Bioinformatics 

Bioinformatics is the culmination of many disciplines, using computer-based analysis to 

understand biological questions. This fast-changing, computer-based discipline aims to 

efficiently and effectively store and understand the large amounts of data obtained from an 

increasingly sequenced based future (Baxevanis 2001). Bioinformatics use a workflow or 

pipeline to elucidate the identification and function of genes, in a rapid timeframe when 

compared to doing it by hand (Leipzig 2016; Overbeek et al. 2013). A basic pipeline of 

bioinformatics follows three main analysis stages: primary analysis, involving the detection and 

analysis of raw sequence data; secondary analysis, the alignment of sequence reads against a 

reference genome or de novo assembly; and tertiary analysis, variant annotation, filtering, and 

visualisation to provide context and links between obtained data and phenotypic observations 

(Pereira et al. 2020). 

Primary Analysis: 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 adaptors (Pereira et al. 2020). As described above, each 

sequencing technology 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 contamination and enough 

sequence coverage of the target template, as well as summary statistics for assessing the overall 

quality of the sequencing (Pfeifer 2017). 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 erroneous (Bokulich et al. 

2013; Ewing and Green 1998). This measurement is important in Illumina sequencing where the 

main error is miscalled bases (Hoffmann 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 calls (Pfeifer 2017). 

Secondary Analysis: Genomic Assembly 

As previously mentioned, once raw sequence reads have been obtained the next step involves 

the assembly into a complete genome. Illumina sequencing produces reads approximately 150 

bp in length. These raw reads are overlapped to form contiguous sequences (contigs) that form 

a consensus sequence of DNA in that section (Ekblom and Wolf 2014). There are many programs 

available for microbial genome assembly, however, those used in this thesis are as follows: 

SPAdes, a bacterial de novo assembler (Bankevich et al. 2012); Unicycler, a tool used to assemble 

bacterial genomes from both long and short reads, in conjunction with SPAdes, to produce 

accurate assemblies (Wick et al. 2017); Bandage, an interactive visualisation tool used to view 

de novo assemblies (Wick et al. 2015); and Nullarbor, a pipeline designed for producing complete 

public health microbiology reports (Seemann et al. n.d.). 

Nullarbor combines a number of programmes to assemble, annotate and analyse Illumina 

paired-end sequencing data to produce a final report including: sequence data, species 

identification, MLST, resistome, virulome, assembly and annotation, core genome analysis, core 

SNP phylogeny, pairwise core SNP distances, core SNP density and pan genome analysis 

(Seemann et al. n.d.). A list of the included programmes is presented in Table 1.5. 
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Table 1.5: Programmes included in Nullarbor to produce the final report. 

Programme Reference 

Clean reads 

Trimmomatic (Bolger et al. 2014) 

Species identification 

Kraken + Centrifuge (Kim et al. 2016; Wood and Salzberg 2014) 

De novo assembly 

SPAdes (Bankevich et al. 2012) 

MegaHit (Li et al. 2015) 

Annotation 

Prokka (Seemann 2014) 

MLST 

MLST + pubMLST (https://github.com/tseemann/mlst)  

(Jolley et al. 2018)  

Resistome 

Abricate + Resfinder (https://github.com/tseemann/abricate) 

(Zankari et al. 2012)  

Virulome 

Abricate + VFDB (https://github.com/tseemann/abricate) 

(Chen et al. 2016) 

Variants and core genome-SNPS 

Snippy + Snippy-core (https://github.com/tseemann/snippy) 

Infer core SNP phylogeny 

IQTree + FastTree (Nguyen et al. 2015; Price et al. 2010) 

Snp-dist (https://github.com/tseemann/snp-dists) 

Pan genome 

Roary (Page et al. 2015) 

Italics indicate a database. 

Tertiary Analysis: Gene Prediction and Annotation 

Gene prediction 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 sequence (Stein 2001). Characterisation 

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

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
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structure at the DNA and gene level, including relevant statistics; at the coding and theoretical 

protein level; and at the non-coding and regulatory elements level (Wei et al. 2002). Application 

of this technology can provide information on evolution, conserved regions, insertions and/or 

deletions, tandem repeats and single nucleotide polymorphisms (Read et al. 2002; Wei et al. 

2002). 

Using automated annotation pipelines has hastened the process of gene prediction and 

annotation by using homologueous genes from previously annotated close-relative genomes 

against the newly sequenced DNA (Richardson and Watson 2012). This process can identify 

protein-coding genes, RNAs, transfer RNAs (tRNA), small RNAs, insertion sequences (IS), 

transposons, mobile elements and other genomic features previously annotated in other 

genomes (Stein 2001; Tatusova et al. 2013). Limitations of this process are seen within the 

contradiction of the use of a reference annotation and the aim of sequencing a new genome, to 

find a difference between close relatives (Richardson and Watson 2012). Genes or other 

genomic features not present in the reference genome may not show up in a new sequence 

annotation and be labelled as a hypothetical protein (Richardson and Watson 2012). 

There are many tools available for gene prediction and annotation but in this study two main 

programmes were used: Rapid Annotations using Subsystems Technology (RAST) (Aziz et al. 

2008) and Prokka (Seemann 2014). RAST and Prokka have both been widely used in combination 

with each other for gene prediction and annotation of bacterial genomes (Adelskov and Patel 

2015; Busch et al. 2017; Huang et al. 2016a; Mostafa et al. 2019; Noda et al. 2018; Yuki et al. 

2017). RAST is an online, fully automated annotation service that can produce annotations for 

complete or near-complete archaeal or bacterial genomes in 12 ς 24 hours (Aziz et al. 2008). 

This software uses a multistep process that utilises GLIMMER3 for initial gene prediction 

followed by subsequent basic local alignment search tool (BLAST) searches and similarity within 

a growing library of manually curated subsystems to predict genes and assign functions (Aziz et 

al. 2008; Overbeek et al. 2013). Prokka is a command line operated software that is capable of 

producing annotations for bacterial genomes in 10 minutes  (Seemann 2014). Similar to RAST, 

Prokka also uses a hierarchal, multistep process to identify genes and functions using BLAST+; 

utilising smaller trustworthy databases before moving onto domain-specific databases such as 

UniProt and RefSeq, with final searches within Hidden Markov Model (HMM) databases such as 

Pfam and TIGRFAM (Seemann 2014)Φ LŦ ƴƻ ƳŀǘŎƘŜǎ ŀǊŜ ŦƻǳƴŘΣ ǘƘŜ ƭŀōŜƭ ΨƘȅǇƻǘƘŜǘƛŎŀƭ ǇǊƻǘŜƛƴΩ ƛǎ 

assigned (Kilianski et al. 2015). 
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1.3.7 Comparative Genomics 

Comparative genomics is broadly defined as the comparison of genomic features that helps 

determine biological understanding (Xia 2013). This branch of genomics aims to identify 

similarities and differences of compared genomes with the underlying assumption that the 

genomes share a common ancestor, to understand how evolutionary forces govern genomic 

changes, and to discern how this evolution can help improve personal and environmental health 

and other worldly issues (Ureta-Vidal et al. 2003; Xia 2013). 

1.3.7.1 Ortholog Analysis  

Orthologues are homologueous genes that are found in different species that encoded proteins 

with biologically equivalent functions that derive from a common ancestral gene through a 

speciation event (Primrose and Twyman 2009). Identifying and understanding these 

homologueous genes is an important first step in comparative genomics used to accurately 

describe similarities and differences and help discern phylogeny (Gabaldón 2008; Gabaldón 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 bacteria, archaea and eukaryotes based on the orthology concept of 

phylogeny (Tatusov et al. 2000). The basic principal of the COG database is: if any two proteins 

from varying lineages fall within the same COG assignment, they are considered orthologs 

(Tatusov et al. 2000; Tatusov et al. 1997). COGs were identified using an all-against-all sequence 

comparison using a BLAST algorithm that encompasses both slow-evolving and fast-evolving 

genes (Tatusov et al. 2000). The COG database is still a popular tool used in comparative 

genomics, although the original database (https://www.ncbi.nlm.nih.gov/COG/) is not 

maintained. Many tools have become available to classify newly sequenced genes into COG 

categories; of such tools the following have been used in this thesis: Kyto Encyclopaedia of 

Genes and Genomes (KEGG) (https://www.kegg.jp/) and The evolutionary genealogy of genes: 

Non-supervised Orthologous Groups (eggNOG) v4.5.1 (http://eggnogdb.embl.de/). 

KEGG 

The KEGG database is an integrated resource used for the biological interpretation of genomic 

sequences and high-throughput data to help establish links from collections of genes within a 

genome to the functionality of the cell or organism (Kanehisa et al. 2015). Orthologous groups 

(OG) are stored within the KEGG Orthology (KO) database and can be viewed through KEGG 

pathway maps, BRITE hierarchies and KEGG modules; all manually curated databases (Kanehisa 

et al. 2015). The KEGG pathway database contains maps of cellular networks that link genes to 

gene products and can be viewed as enzyme names or enzyme commission (EC) numbers 

https://www.ncbi.nlm.nih.gov/COG/
https://www.kegg.jp/
http://eggnogdb.embl.de/
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(Kanehisa and Goto 2000). Other annotation servers such as RAST incorporate the KEGG 

database into their annotation outputs, however, this external database is not maintained and 

can display inaccuracies from the original database when enzymes are updated or added (Aziz 

et al. 2008). 

¢ƘŜ .ƭŀǎǘYh![! όY9DD hǊǘƘƻƭƻƎ ŀƴŘ [ƛƴƪǎ !ƴƴƻǘŀǘƛƻƴύ ǇǊƻƎǊŀƳƳŜ ƛǎ Y9DDΩǎ ƛƴǘŜǊƴŀƭ ǿŜō-

based tool (https://www.kegg.jp/blastkoala/) used to automatically annotate genomes by 

assigning a KO number to characterise genes and reconstruct KEGG pathways (Kanehisa et al. 

2016). The annotation is achieved through an initial BLASTp search of query amino acid 

sequences against a non-redundant, pangenome dataset (KEGG GENES database) at either the 

family, genus or species level before KO assignment is performed using the KOALA algorithm 

involving GFIT (Gene Function Identification Tool) to evaluate sequence similarity scores, best-

hit relations, protein domains and taxonomy groups for each gene (Kanehisa et al. 2013; 

Kanehisa et al. 2015; Kanehisa et al. 2016). The annotated genome is able to be reconstructed 

into KEGG pathway maps, BRITE hierarchies and KEGG modules based on the assigned K 

numbers of each gene using the KEGG Mapper Reconstruct Pathway tool 

(https://www.kegg.jp/kegg/tool/map_pathway.html) to visualise and interpret high-level 

functions encoded by the genome (Kanehisa et al. 2016). 

EggNOG 

The eggNOG database is a collection of orthologous relationships, gene evolutionary histories 

and functional annotations that are publicly available on a web-based interface 

(http://eggnog5.embl.de) (Huerta-Cepas et al. 2018; Jensen et al. 2008). eggNOG v5.0.0 is the 

most recent update of the database with an upgraded core organism set now consisting of 5,090 

organisms (previously 2,031) (Huerta-Cepas et al. 2018). The eggNOG database contains and 

identifies OGs established from an all-against-all approach using Smith-Waterman alignments, 

reciprocal best matches, and triangular linkage clustering (Jensen et al. 2008). 

eggNOG-Mapper (http://eggnog-mapper.embl.de/) is an online tool used for the functional 

annotation of sequences based on the precomputed ortholog clusters and phylogenies 

determined in the eggNOG v5.0.0 database (Huerta-Cepas et al. 2017; Huerta-Cepas et al. 2018). 

Protein query sequences are uploaded into the online interface and undergo a HMMER3 search 

against the eggNOG v5.0.0 HMM database to provide an initial orthologous group match and 

functional annotation. Functional annotation is completed by assigning the taxonomically 

closest ortholog and functional descriptions including: Gene Ontology (GO) terms (Gene 

Ontology 2015), KEGG pathways (Kanehisa et al. 2013) and COG functional categories (Galperin 

et al. 2015; Huerta-Cepas et al. 2017). 

https://www.kegg.jp/blastkoala/
https://www.kegg.jp/kegg/tool/map_pathway.html
http://eggnog5.embl.de/
http://eggnog-mapper.embl.de/
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1.3.7.2 Whole Genome Analysis 

Mauve 

Through genome evolution, recombination, horizontal gene transfer and deletions can all alter 

the order and contents of genomes. Mauve is a tool that is used to create multi-sequence 

alignments to observe large-scale evolutionary events (Darling et al. 2004). Mauve uses local 

collinear blocks (LCB) to identify homologueous regions shared by two or more genomes that 

are being aligned that contain no genomic rearrangements. LCBs are defined by providing a 

minimum weight, a measure of confidence that the genome rearrangement is true. A higher 

minimum weight has greater confidence but lower sensitivity and a lower minimum weight has 

greater sensitivity but lower specificity (Darling et al. 2004). 

The traditional Mauve algorithm uses a multi-step process to create an alignment, briefly 

described as follows. First, anchors, multiple Maximal Unique Matches (multiple-MUMs), are 

identified for a rapid-alignment approach; the anchors may be rearranged to indicate potential 

genomic rearrangements. Secondly, random anchors that are small and potentially spurious are 

removed by defining the minimum weight for LCBs. Thirdly, the parameters of the anchored 

regions are defined, and Mauve completes the gapped global alignment (Darling et al. 2004). 

Advancements in the original algorithm have led to the emergence of the progressiveMauve 

algorithm (Darling et al. 2010). These improvements focus around aligning larger numbers of 

genomes and more divergent genomes as well as the default parameters and the overall 

alignment being more accurate (Darling et al. 2010). Other advancements have led to the 

development of the Mauve contig mover (MCM), an algorithm used to reorder contigs in draft 

genomes against a reference genome (Rissman et al. 2009). 

PhyloPhlAn2 

To help taxonomically identify and discern evolutionary relationships, PhyloPhlAn was 

developed to assign phylogeny and putative taxonomy for microbial genomes (Segata et al. 

2013). PhyloPhlAn2 is built off of the original software and is able to resolve both closely related 

strains as well as deep-branching candidate divisions from 400 ubiquitous proteins, identified 

and optimised from 3,737 genomes (Segata et al. 2013). 

Complete or draft genome assemblies may be used for input data into the software. The input 

data is searched for the 400 conserved proteins and the nucleic acid or amino acid sequences of 

the proteins are concatenated and aligned using MUlitple Sequence Comparison by Log-

Expectation (MUSCLE) (Edgar 2004). Phylogenetic trees are then built using an external tree 

builder such as RAxML or FastTree (Price et al. 2010; Segata et al. 2013; Stamatakis 2006). 
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1.3.7.3 Identification of Antibiotic Resistance Determinants 

CARD 

The Comprehensive Antibiotic Resistance Database (CARD) is an online, manually curated 

database on the molecular basis of antimicrobial resistance (https://card.mcmaster.ca/home) 

(McArthur et al. 2013). The Antibiotic Resistance Ontology (ARO) was developed by CARD to 

classify integrated sequence and molecular data of antibiotic resistance genes (McArthur et al. 

2013). Entries are only recorded within CARD if the sequences are available in GenBank and are 

associated with a peer-reviewed publication. 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 used to screen 

bacterial genomes for well-known and characterised resistance determinants (Alcock et al. 

2020; Happel et al. 2020; Kim et al. 2018). 

The Resistance Gene Identifier (RGI) is an in-built tool within CARD used primarily to annotate 

query genome sequences against data within CARD (https://card.mcmaster.ca/analyze/rgi) (Jia 

et al. 2017). Antibiotic resistance genes and mutations are predicted in query sequences using 

ORF prediction using Prodigal (Hyatt et al. 2010) and sequence alignment using Double index 

alignment of next-generation sequencing data (DIAMOND) (Buchfink et al. 2015) or BLAST 

(Camacho et al. 2009). Currently, the RGI is only able to detect non-synonymous substitutions. 

Frameshift mutations, insertions and deletions are not identified, the RGI is therefore limited in 

its abilities (Alcock et al. 2020). Searches within the RGI may be conducted within three 

paradigms: perfect, strict or loose (Jia et al. 2017). Combining a loose search using RGI and 

phenotypic screening may enhance the identification of novel antibiotic resistance genes (Alcock 

et al. 2020). The RGI has been applied to pathogenic bacteria to understand their antibiotic 

resistance genes (Chi et al. 2020; Ghosh et al. 2020; Grevskott et al. 2020). 

OrthoVenn2 

OrthoVenn is an online tool used to annotated, visualise and compare orthologous clusters 

within different species (https://orthovenn2.bioinfotoolkits.net/home) (Wang et al. 2015d). 

OrthoVenn2 builds on the original version through an updated platform, allowing comparison 

of up to 12 species at once and is ten times faster than the original OrthoVenn system (Xu et al. 

2019). OrthoVenn2 uses a modified OrthoMCL algorithm (Li et al. 2003) for orthology cluster 

prediction (Figure 1.14). An all-against-all alignment is performed using DIAMOND (Buchfink et 

al. 2015) to identify regions of similarity within query genomes; orthAgogue is then used to 

identify presumptive orthology (Xu et al. 2019), and the output is visualised in a cluster table or 

Venn diagram (Figure 1.14). After identification of an ortholog cluster, the putative function of 

https://card.mcmaster.ca/home
https://card.mcmaster.ca/analyze/rgi
https://orthovenn2.bioinfotoolkits.net/home
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the ortholog is determined through another DIAMOND (Buchfink et al. 2015) search through the 

non-redundant protein database within UniProt (The UniProt Consortium 2014) and may be 

displayed as GO terms and a protein network for each cluster identified (Figure 1.14). OrthoVenn 

has been used in comparative genomic studies to identify orthologous protein clusters 

potentially responsible for multidrug resistance in A. baumannii (Si-Tuan et al. 2020). 

 

Figure 1.14: Workflow of OrthoVenn2. Image retrieved from https://ort hovenn2.bioinfotoolkits.net/home. 

1.3.8 Summary of Literature Review 

Overall, this literature review has discussed many aspects of the human pathogen, H. pylori, as 

well as tools used for genomic sequencing and comparative analyses. It has highlighted the 

major morphological and genomic characteristics that define this bacterium and aid in its 

survival in its harsh environment. Requirements for growth have been described that will aid in 

RQ one of this thesis (Section 0). The vast global spread of H. pylori has been presented as well 

as the still unknown nature of the natural reservoirs and transmission of the pathogen. The 

range of clinical outcomes from an H. pylori infection underlines the potential severity of this 

bacterium on human health. These outcomes coupled with the rise of antibiotic resistance 

exhibited worldwide by this pathogen is creating challenges for clinicians to assign effective 

treatment regimens to eradicate H. pylori. The lack of data around NZ H. pylori isolates as well 

as resistance rates and mechanisms of resistance highlights the need for further research in this 

area. Finally, an overview of sequencing techniques and a range of comparative genomic tools 

were described that will be used in this thesis. These tools will help answer RQs two and three 

of this thesis (Section 0).  

https://orthovenn2.bioinfotoolkits.net/home
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Chapter 2 Growth and Antibiotic Susceptibility Testing of H. pylori 

2.1 Introduction 

H. pylori is an extremely fastidious and slow growing organism in vitro. Initial culturing of this 

bacterium from clinical biopsies utilises selective media due to the intrinsic resistance these 

organisms show towards certain antibiotics; including vancomycin, cefsulodin, sulphonamides 

and trimethoprim (Blanchard and Nedrud 2012; Mégraud 1997). Primary culturing can take five 

to seven days before small, round and translucent colonies are observed on blood-based agars 

(Blanchard and Nedrud 2012). For more abundant growth of the bacterium, liquid media may 

be used, which are usually supplemented with a serum such as heat-inactivated horse or foetal 

bovine serum. Addition of serum has shown to increase the growth of H. pylori; however, this 

bacterium has also been observed to grow in liquid media without serum albeit less abundantly 

(Shahamat et al. 1991). 

Antibiotic susceptibility testing is an important component of clinical microbiology used to 

identify and confirm susceptibility and resistance levels to chosen antimicrobial agents (Reller 

et al. 2009). For such analyses, the inoculum size required is important; however, for H. pylori 

antibiotic susceptibility testing, this parameter is not yet defined. A McFarland standard is a 

range of barium sulphate or latex particle suspension standards that are used as a visual 

reference test for the turbidity of bacterial suspensions (Courvalin and Soussy 1996). This visual 

reference is often used to determine the inoculum size required for accurate identification of 

antibiotic resistance, with each standard correlating to an approximate cell density (Table 2.1) 

(Dalynn Biologicals 2014). A general standard of 0.5 McFarland has been suggested to achieve 

semi-confluent growth for most bacteria; however, H. pylori inoculum sizes have ranged from 

McFarland 0.5 to 4 (Christofilogiannis 2001; Hartzen et al. 1997; Heep et al. 2002; Hombach et 

al. 2015). 

Table 2.1: McFarland standards and their approximate cell density conversion (Dalynn Biologicals 2014). 

McFarland standard 0.5 1 2 3 4 5 

Approximate cell density 
(x108 /mL) 

1.5 3 6 9 12 15 

 

The MIC is the lowest antibiotic concentration that will inhibit bacterial growth and can help in 

determining the breakpoint of an antibiotic, or the antibiotic concentration that defines 

resistance and susceptibility (Carson et al. 1995). Two antibiotic breakpoint 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 

(EUCAST) guidelines (Kassim et al. 2016). Phenotypic methods used for testing antibiotic 

susceptibility include agar dilution or breakpoint susceptibility testing, disc diffusion and E-test 

strips Figure 2.1. 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 plates (Figure 2.1A). The plate where growth inhibition is 

observed identifies the MIC for that antibiotic for that amount of inoculum (Balouiri et al. 2016). 

Agar dilution is considered the gold standard method for establishing antibiotic resistance of H. 

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 al. 2020; 

Valdivieso-García et al. 2009). E-test strips are also used to determine the MICs of antibiotics. 

These strips have a pre-defined gradient of antibiotic concentration from one end to the other, 

and are placed in the centre of bacterial inoculum spread on the surface of an agar medium 

(Figure 2.1B). 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 able to grow right up 

ǘƻ ǘƘŜ ǎǘǊƛǇΩǎ ŜŘƎŜ ƛǎ ƛŘŜƴǘƛŦƛŜŘ ŀǎ ǘƘŜ aL/ (Miftahussurur et al. 2020; Miftahussurur et al. 2016). 

These two methods used for determining MICs of antibiotics are commonly used in antibiotic 

testing for H. pylori and have both achieved similar MICs for amoxicillin and clarithromycin 

(Glupczynski et al. 2002). In contrast, analysis of metronidazole has  resulted in different MICs 

for each method and are considered unreliable (Glupczynski et al. 2002). Disc diffusion is a 

simple and economic method for routine testing of antibiotic susceptibility and is considered 

the gold standard method for confirmation of susceptibility for bacteria (Khan et al. 2019; 

Mégraud and Lehours 2007). Discs consisting of a single antibiotic concentration are placed onto 

inoculated agar plates (Figure 2.1 C). Resistance or sensitivity is determined by the zone of 

inhibition around the disc; these zones differ in size for each antibiotic and each concentration, 

with the MIC being the disc with the lowest concentration that causes growth inhibition (Ogata 

et al. 2015). This method has been employed with antibiotic susceptibility testing of H. pylori 

and is considered a cost-effective alternative to E-test methods (McNulty et al. 2002; Mishra et 

al. 2006). 

Antibiotic resistance in NZ isolates of H. pylori has been understudied. While different strains of 

H. pylori have shown resistance to metronidazole and clarithromycin (Ahmed et al. 2004; Hsiang 

et al. 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 of H. pylori (Figure 2.2). Five isolates (A-E) were provided by Dr 
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Susan Taylor (Middlemore Hospital, 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 Zealand. In-house 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 (Chapters 3 and 4). 

 

Figure 2.1: Different antibiotic susceptibility testing techniques. (A) Agar dilution, different concentrations of 

antibiotics added to each agar plate ς examples shown; (B) E-test strips, a gradient of antibiotics along a strip that 
diffuse into the agar; and (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 and Materials 

2.2.1 Ethics 

No ethics approval was needed for this project. The proposal of this project was sent to the 

Health and Disability Ethics Committee (HDEC) board in NZ, who deemed this project not within 

their scope for ethics approval. It was then sent through Auckland University of Technology 

Ethics Committee (AUTEC) who reviewed this 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 Acquisition, Growth and Storage of Isolates 

H. pylori isolates (A-E) were isolated from stomach biopsies and provided by Dr Susan Taylor 

(Middlemore Hospital, Auckland, New Zealand). The isolates were stored in Laboratoire de Santé 

Publique du Québec (LSPQ) preservation medium until prepared for delivery. For transfer to 

Auckland University of Technology (AUT), isolates were plated from LSPQ medium onto 

supplemented Mueller Hinton (SMH) agar plates supplemented with 5 % sheep blood. Plates 

were incubated at 35-37 °C in microaerophilic conditions with campy GasPaks (Fort Richard, NZ) 

for three to seven days. 

Isolates were received at AUT and sub-cultured to both liquid and solid media, as described by 

Blanchard and Nedrud (2012). The BHI broth (Fort Richard, NZ) was prepared following the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊuctions; 18.5 g of BHI powder was added to 500 mL of deionised water. The 

solution was thoroughly mixed before dispensing 10 mL into individual test tubes and 

autoclaving at 121 °C for 30 minutes. Columbia Sheep Blood agar (CSB) (Fort Richard, New 

Zealand) was used as the solid medium. Several colonies were transferred from the original 

plates to the BHI broth and CSB agar before being incubated in an anaerobic jar under 

microaerophilic conditions with campy GasPaks (Fort Richard, NZ) at 37 °C for seven to ten days. 

All isolates were incubated in these conditions from here on. 

DƭȅŎŜǊƻƭ ǎǘƻŎƪǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ŦǊƻƳ ǘƘŜ /{. ŀƎŀǊ ǇƭŀǘŜǎΤ ƛǎƻƭŀǘŜǎ ǿŜǊŜ ΨǊŜǾŜǊǎŜ ǎǇǊŜŀŘ ǇƭŀǘŜŘΩ 

by adding 2 mL of 0.8 % saline to the plate and scraping off the lawn of growth before being 

transferred into a 1.5 mL Eppendorf tube. A 20 % volume per volume (v/v) glycerol stock was 

prepared using 0.6 mL of 40 % glycerol and 0.6 mL of re-suspended isolate in a 1.5 mL Eppendorf 

tube for each isolate. Glycerol stocks were stored at -80 °C until use. 

A Gram stain was performed on each isolate for preliminary 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 applied for 30 seconds before the addition of iodine for a further 30 seconds. The 

slide was rinsed 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 examined under 

1000 x magnification. 

2.2.3 Antibiotic Susceptibility Testing 

2.2.3.1 Middlemore Hospital Testing 

Antibiotic resistance was initially determined by Middlemore Hospital. Their method involved 

resuspending a 48-72-hour culture of H. pylori, grown on SMH agar, in saline to a 3 McFarland 

standard. The inoculum was then spread over the surface of SMH agar with 5 % sheep blood 

(four plates per organism). Antibiotics tested included amoxicillin, clarithromycin, 

metronidazole and tetracycline, all with a concentration gradient ranging from 0.016 ς 256 

˃Ǝ/mL. One E-test strip was applied to each plate before incubating in microaerophilic 

conditions at 35 ς 37 °C for 72 hours. Interpretations of MICs were determined against the 

EUCAST MIC breakpoints (http://www.eucast.org/ ). 

2.2.3.2 In-house Testing 

In-house antibiotic testing was conducted in an attempt to confirm the results provided from 

Middlemore Hospital. This testing was designed in two rounds with varying medias and 

antibiotic concentrations in an attempt to improve results (Table 2.2); using a similar method to 

that used by Middlemore hospital. 

Isolates were prepared via spread plating with 200 L˃ glycerol stocks onto CSB and SMH EUCAST 

Agar F with 5 % horse blood and 20 mg/L nicotinamide adenine dinucleotide (NAD) (Fort Richard, 

NZ). Plates were incubated as described in Section 2.2.2 for seven days. From these plates, 

isolates were resuspended in 0.8 % saline to a McFarland standard of 3 and swabbed over the 

surface of new plates of both CSB and SMH EUCAST Agar F with 5% horse blood and 20 mg/L 

NAD (Fort Richard, NZ). 

http://www.eucast.org/
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Table 2.2: In-house antibiotic susceptibility testing experimental design. 

Antibiotic 

Round 1 Round 2 

CSB agar MH EUCAST Agar F with horse blood and 
NAD 

Disc or E-test strip Concentration (˃ Ǝύ Disc or E-test strip Concentration 

Amoxicillin Disc 25 Disc 10 ˃ Ǝ 

Clarithromycin Disc 15 E-test strip 0.016 ς 256 ˃ ƎκƳ[ 

Metronidazole Disc 5 Disc 5 ˃ Ǝ 

Tetracycline Disc 30 Disc 30 ˃ Ǝ 

Vancomycin Disc 30 Disc 30 ˃ Ǝ 

Blank Filter disc - Filter disc - 

 

Round one of testing involved CSB agar, a standard blood agar suitable for growing H. pylori. 

Antibiotic discs of amoxicillin (25 ˃ Ǝύ, clarithromycin (15 ˃ Ǝύ, metronidazole (5 ˃ Ǝύ, and 

tetracycline (30 ˃ Ǝύ were used. Sterile filter paper dipped in water was used as a negative control 

and vancomycin (30 ˃Ǝ) was used as a positive control for resistance; due to the natural 

resistance exhibit towards this antibiotic by H. pylori  (Table 2.2) (Mégraud 1997). Discs were 

placed on plates in two patterns: all discs on one plate and one disc per plate, a total of seven 

plates per isolate (Figure 2.3). All plates were incubated as described in Section 2.2.2. Only one 

technical replicate for each isolate was performed in this round of testing. 
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Figure 2.3: Example of disc placement for round one on antibiotic susceptibility testing. All discs present on one 
plate (A) and one disc per plate (B). 

Although testing was not completed for round two, the following method was developed (Table 

2.2). The media used was changed to MH EUCAST Agar F with 5 % horse blood and 20 mg/L NAD. 

Amoxicillin discs at a lower concentration were used (10 ˃Ǝ), as were an E-test strip for 

clarithromycin (0.016 ς 256 ˃ Ǝ/mL) as the desired antibiotic concentration was not available as 

a disc (Table 2.2). Three technical replications for each antibiotic per isolate were planned for 

round two. All plates were incubated as described in Section 2.2.2 for seven to ten days until 

growth was observed. Due to budget restraints, liquid antibiotics and/or E-test strips for all 

antibiotics were unable to be used to determine MICs. 

When visible growth was observed, plates were removed, 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. For H. pylori there are no published agreed standards for determining 

resistance using disc diffusion. Due 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 study (Table 2.3). If testing with E-test 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 used to determine the breakpoints conferring 

resistance (http://www.eucast.org/). 

http://www.eucast.org/
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Table 2.3: Published diameters of inhibition zones inferring resistance for chosen antibiotics. 

Antibiotic Concentration (˃ƎκŘƛǎŎύ Inhibition zone diameters 

(mm)  

Reference 

Clarithromycin 2 No zone (McNulty et al. 2002) 

 15 Җ 30 (Mishra et al. 2006) 

Metronidazole 5 < 10 (McNulty et al. 2002) 

Amoxicillin 10 Җ 18 (Mishra et al. 2006) 

 25 < 17 (Iovene et al. 1999; 
Lõivukene et al. 2002) 

Tetracycline 30  Җ ол (Mishra et al. 2006) 
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2.3 Results 

2.3.1 Growth of H. pylori 

Three different media were used in this study in an attempt to grow the fastidious, slow growing 

organism H. pylori; BHI broth, CSB agar and MH EUCAST Agar F with 5 % horse blood and 20 

mg/L NAD. As measured by visual identification of small, translucent colonies. H. pylori did not 

grow using BHI broth but did grow on both types of agar (Figure 2.4). 

Gram staining of isolates resulted in pink spirals, indicative of H. pylori for all isolates (data not 

shown). This provided preliminary confirmation of the isolates being H. pylori. 

2.3.2 Antibiotic Susceptibility Testing 

Antibiotic resistance was initially determined by Middlemore Hospital using E-test strips.  In-

house antibiotic testing was conducted in an attempt to confirm the provided results, primarily 

using the disc diffusion method. 

2.3.2.1 Middlemore Hospital Antibiotic Testing 

Using the E-test method, resistance profiles were established for each H. pylori isolate A-E (Table 

2.4). These results, provided by Dr Susan Taylor and her team at Middlemore Hospital, 

established that isolate A is sensitive to all antibiotics tested. Isolates B and E were both resistant 

to both clarithromycin and metronidazole at a concentration above нрс ˃ƎκƳ[, while isolates C 

and D were resistant to only clarithromycin at concentrations of 24 ˃ƎκƳ[ and 1 ˃ƎκƳ[ 

respectively. These results are similar to published resistance data for H. pylori in NZ, with 

clarithromycin and metronidazole resistance being prominent (Hsiang et al. 2013). 

Table 2.4: Antibiotic susceptibility testing results from Dr Susan Taylor, Middlemore Hospital for each isolate of H. 
pylori. 

 Amoxicillin 

(˃Ǝ/mL) 

R/S Clarithromycin 

(˃Ǝ/mL) 

R/S Tetracycline 

(˃Ǝ/mL) 

R/S Metronidazole 

(˃Ǝ/mL) 

R/S 

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-house Antibiotic Testing 

A McFarland standard of only two was achievable when isolates were grown on CSB agar. 

Although the desired McFarland standard of three was not achieved, confluent growth on the 

plates was observed (Figure 2.4). 

 

Figure 2.4: Example of antibiotic susceptibility testing on CSB agar. Dotted lines indicated where zone of 

inhibition starts. (A) Isolate C with clarithromycin disc (15 ˃ Ǝ), (B) isolate C with tetracycline disc (30 ˃Ǝ). 

Placement of antibiotic discs produced different results for in-house testing. The first round of 

in-house testing was conducted with all antibiotic discs on one plate, this produced no growth 

(data not shown) and was likely due to the overpowering effect of all the antibiotics being 

present at once.  Using a single disc per plate yielded growth for some of the isolates (Table 2.5). 

In-ƘƻǳǎŜ ǘŜǎǘƛƴƎ ŦƻǊ ŎƻƴŦƛǊƳŀǘƛƻƴ ƻŦ aƛŘŘƭŜƳƻǊŜ IƻǎǇƛǘŀƭΩǎ ǊŜǎǳƭǘǎ ǎƘƻǿŜŘ ǎƻƳŜ ŘƛǎŎƻǊŘŀƴǘ 

results. Middlemore Hospital results show that one isolate is sensitive to all antibiotics tested 

(isolate A), whereas two 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 from glycerol stocks for antibiotic susceptibility 

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 

IƻǎǇƛǘŀƭΩǎ ǊŜǎǳƭǘǎ ǳƴŀŎhievable. The lack of growth observed on the two control 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 on the two 

control plates as well as some of the antibiotic plates. 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 is sensitive to both clarithromycin and 
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metronidazole due to the large zone of inhibition. This is contradictory with Middlemore 

IƻǎǇƛǘŀƭΩǎ ǊŜǎǳƭǘǎ ǘƘŀǘ ǎƘƻǿ ǘƘƛǎ ƛǎƻƭŀǘŜ ƛǎ ǊŜǎƛǎǘŀƴǘ ǘƻ ǘƘŜǎŜ ǘǿƻ ŀƴǘƛōƛƻǘƛŎǎΦ DǊƻǿǘƘ ǿŀǎ ƴƻǘ 

present on plates with amoxicillin and tetracycline present for isolate E, suggesting that the 

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 

able to grow in concentrations of 0.023 ˃ƎκƳL and 0.047 ˃ ƎκƳ[, respectively. 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 antibiotics tested. This result is in opposition with 

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 between Middlemore Hospital results and in-house 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 ˃Ǝ and 5 ˃Ǝ respectively. Sensitivity to amoxicillin and 

tetracycline is common amongst isolates from NZ and worldwide resistance is still low when 

compared to clarithromycin and metronidazole (Hsiang et al. 2013; Savoldi et al. 2018). The 

second round of antibiotic susceptibility testing, with different media and reduced antibiotic 

concentrations was unable to be completed as none of the isolates could be revived from 

glycerol stocks. 

Table 2.5: Antibiotic susceptibility of each H. pylori isolate from in-house testing round 1. 

Antibiotic disc 

concentration (˃ Ǝύ 

Growth or zone of inhibition for each isolate 

A B C E 

Clarithromycin (15) NG NG 40 mm z.o.i 60 mm z.o.i 

Metronidazole (5) NG NG 20 mm z.o.i 70 mm z.o.i 

Amoxicillin (25) NG NG 75 mm z.o.i NG 

Tetracycline (30) NG NG 55 mm z.o.i NG 

Vancomycin (30) NG NG l.o.g l.o.g 

Blank NG NG l.o.g l.o.g 

NG = no growth observed, z.o.i = zone of inhibition, l.o.g = lawn of growth.  
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2.4 Discussion 

Due to the understudied nature of H. pylori antibiotic resistance in NZ, this part of the study 

aimed to establish the resistance levels of five H. pylori isolates isolated form Auckland, NZ. 

Antibiotic susceptibility testing is important for effectively treating an H. pylori infection as well 

as monitoring the fast-developing resistance of this species. Initial results from Dr Susan Taylor 

and her team at Middlemore Hospital showed that, of the five H. pylori isolates provided, isolate 

A was sensitive to all antibiotics tested,  isolates B and E were resistant to >256 ˃ƎκƳ[ of both 

clarithromycin and metronidazole and isolates C and D were resistant to 24 ˃g/mL and 1 ˃ ƎκƳ[ 

of clarithromycin respectively. In-house testing attempted to confirm these results. Results for 

in-house testing were incomplete but indicated that isolates C and E were susceptible to all 

clinical antibiotics tested, possibly due to antibiotic concentrations being too high. Revision of 

the literature led to alterations in the concentrations  tested for some of the antibiotics and a 

second round of antibiotic susceptibility testing was planned; namely amoxicillin and 

clarithromycin (Table 2.2). Unfortunately, isolate D was lost before initial testing was done and 

subsequently the other isolates could not be revived from glycerol stocks and results were not 

obtained for the second round of testing. Discrepancies between the Middlemore Hospital 

results, and in-house testing may have been the result of the different testing methods used and 

lack of standardised breakpoints for disc diffusion methods, discussed below. However, it 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 once (Veses-Garcia 

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

In addition to different testing methods, disparity observed between in-house testing and 

Middlemore Hospital may also be due to a loss or drop of resistance after storage at low 

temperatures. H. pylori has shown a loss in resistance to amoxicillin and dual resistance after 

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 following plating of the 

organism onto agar containing an increasing gradient of the antibiotic (Dore et al. 1999). Loss of 

antibiotic resistance has also been observed in Staphylococcus aureus after storage at -70 °C for 

one year; resistance was either lost or the bacteriumΩǎ ǘƻƭŜǊŀƴŎŜ ǿŀǎ ƭƻǿŜǊŜŘ ǘƻǿŀǊŘǎ ƻȄŀŎƛƭƭƛƴ 

and cephalothin (Mayhall and Apollo 1980). The initial concentrations of antibiotics in this study 

may have been too high for the isolates as an initial exposure after storage at -80 °C. Utilising 

fresh cultures to establish resistance would be desired for repetition of this study to prevent any 

loss of resistance. 
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The rate of antibiotic resistance from Middlemore Hospital was generally similar to published 

studies, however the sample size of this study is small. Studies in NZ on the amount of H. pylori 

antibiotic resistance are limited, with only three studies publicly available. These three studies 

are dated, only sample the Auckland population and do not describe the level of resistance in 

MICs (Ahmed et al. 2004; Fraser et al. 1999; Hsiang et al. 2013). Therefore, a comparison of exact 

levels of resistance cannot be made between results obtained by Middlemore Hospital and 

these larger studies within NZ. Nevertheless, these studies show an increase in the rate of 

antibiotic resistance within NZ between 1999 and 2013 (Fraser et al. 1999; Hsiang et al. 2013).  

Resistance to clarithromycin and metronidazole was expressed in results from Middlemore 

Hospital. Hsiang et al. (2013) have demonstrated that primary resistance of H. pylori to 

clarithromycin and metronidazole has risen in NZ since 1999, with almost half of their sample 

size exhibiting resistance to metronidazole (49.3 %) and 16.4 % resistant to clarithromycin, with 

previous rates being 32 % and 7 %, respectively (Fraser et al. 1999). A low prevalence of 

amoxicillin resistance (5.5 %) was noted and no tetracycline resistance was found (Hsiang et al. 

2013). Dual resistance to antibiotics has been found in 12.7 % of isolates, of which clarithromycin 

and metronidazole dual resistance were the most common (5.5 %) (Iovene et al. 1999). These 

ǊŜǎǳƭǘǎ ŀǊŜ ǎƛƳƛƭŀǊ ǘƻ aƛŘŘƭŜƳƻǊŜ IƻǎǇƛǘŀƭΩǎ results with dual resistance exhibited to 

clarithromycin and 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 observed for amoxicillin. 

Worldwide results are consistent with both Middlemore Hospital results and previous NZ based 

studies, in that clarithromycin and metronidazole resistance are the most common (Savoldi et 

al. 2018). Resistance to clarithromycin  and metronidazole at an MIC of > 256 ˃ ƎκƳ[ has been 

noted in China (Wang et al. 2019), and resistance to clarithromycin at an MIC of 24 ˃ƎκƳ[ has 

been observed in Vietnam (Quek et al. 2016). However, it is important to note that levels of 

resistance vary greatly worldwide and local surveillance is required for accurate comparisons of 

resistance MIC levels, an area that NZ is severely lacking in (Savoldi et al. 2018). Resistance to 

amoxicillin is still comparatively low, both in NZ and worldwide, with resistance to other first line 

treatment antibiotics developing at greater rates (Hsiang et al. 2013; Savoldi et al. 2018). 

However, it is important to monitor this resistance as amoxicillin is a crucial component to first 

line treatment regimens. 

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

literature, the small sample size of only five isolates used in this study makes it unreliable in 
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drawing a conclusion on the face of antibiotic resistant H. pylori in 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 nature of H. pylori made this a challenging organism to grow in 

vitro, as has been found by others (Abdalsadeg et al. 2012; Marshall and Warren 1984; Misiewicz 

et al. 1997). In this study both liquid broth and solid agar were tried to grow this meticulous 

organism. Both have been used previously to culture H. pylori (Blanchard and Nedrud 2012). 

However, liquid media is usually supplemented with a serum, such as heat-inactivated foetal 

bovine serum or horse serum, to increase growth of H. pylori (Blanchard and Nedrud 2012; 

Shahamat et al. 1991). The lack of a serum in the BHI broth used in this study may explain the 

lack of growth observed when attempting to grow H. pylori. While growth of H. pylori has been 

observed in serum-free liquid media, this has been at lower abundance than in broths containing 

serum (Shahamat et al. 1991). There is a lack in research around how sera encourage the growth 

of H. pylori, however it is suggested that they contain growth-stimulating factors due to their 

combined nutritional and toxin reducing effects for supporting growth (Dierikx et al. 2007; Hazell 

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 replacements for the growth of H. pylori, namely (2,6-di-methyl)-̡ - cyclodextrin, starch 

or charcoal; although growth with these alternatives is noticeably slower (Albertson et al. 1998; 

Buck and Smith 1987; Murray et al. 2020; Olivieri et al. 1993). These alternatives may be of 

further interest in future cultivation of this bacterium if large amounts of cells are required and 

there is ample time for slower growth. 

Another associated issue with the growth of this bacterium is the loss of viability after long term 

storage. In this study isolate D was lost due to insufficient growth of the isolate from prepared 

glycerol stocks early in the study; as well as isolates A, B, C and E that were unable to be revived 

for the second round of antibiotic susceptibility testing. Reviving isolates from long term storage 

was also noted by Dr Susan Taylor who originally attempted to revive ten isolates for this study 

but was only successful with five (S. Taylor, e-mail message, March 19, 2019). Many studies on 

the cryopreservation of these isolates have demonstrated a 60-90 % recovery rate after long-

term storage (Ansorg et al. 1991; Shahamat et al. 1992). Storage of isolates in refrigeration 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 (described in Section 1.3.1.1) 

of the bacteria may explain the difficulty in reviving the isolates from low-temperature storage 

conditions. Performing a Gram stain would confirm the presence of coccoid forms of the 

bacteria and may be a crucial step after low temperature storage of this species. Issues have 

also been noted with strain differentiation leading to different interactions and responses with 
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the long-term storage in low-temperatures (Shahamat et al. 1992). The difficulty associated with 

culturing this bacterium is an on-going issue in research settings. Further understanding of the 

ŀŘǾŀƴǘŀƎŜΩǎ ǎŜǊŀ ŀƴŘ ǎŜǊŀ-alternatives provide in promoting the growth of this species may help 

elucidate a more cost and time effective option for cultivation of this bacterium. As well as 

identifying a specific long-term storage medium for the increased revival rate of this bacterium. 

There are many different medias used for antibiotic susceptibility testing. For H. pylori, antibiotic 

susceptibility testing is generally performed on solid medium, which  is employed routinely in 

clinical laboratories rather than liquid medium (Coudron and Stratton 1995; Mégraud and 

Lehours 2007). In this study, two types of solid media were used to grow H. pylori: CSB agar and 

MH EUCAST Agar F with 5 % horse blood and 20 mg/L NAD. For initial testing CSB agar was used; 

an adequate blood-based agar suitable for growing H. pylori (Blanchard and Nedrud 2012). 

Columbia agar is commonly used with supplementation of 5 ς 10 % defibrinated sheep or horse 

blood to grow H. pylori and test antibiotic susceptibility (Blanchard and Nedrud 2012; 

Glupczynski et al. 1991; Smith et al. 2014). During the second round of testing that 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 similar to the media used by 

Middlemore Hospital. MH agar has been commonly used as the medium of choice for all 

antibiotic susceptibility testing (The European Committee on Antimicrobial 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 compounds (Åhman et al. 2020). The 

addition of 5 % horse blood agar and 20 mg/L NAD allows this medium to be used with many 

fastidious organisms, including H. pylori (Matuschek et al. 2014).  MH agar is considered the go-

to medium as it is a specialised medium for antibiotic susceptibility testing and most guidelines 

use this method; however, CSB agar is considered an acceptable alternative for testing H. pylori 

(McNulty et al. 2002). Although a direct comparison between different agars used for antibiotic 

susceptibility testing could not be made in this study, switching to the more widely used and 

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

The disparity of inoculum size required for antibiotic susceptibility testing of H. pylori, briefly 

discussed in Section 2.1, contributes to the lack of defined standards and procedures around 

antibiotic susceptibility testing for this defiant bacterium. The McFarland standard method relies 

on the user making an accurate visual comparison of their bacterial suspension against a recently 

vortexed set of standards and is, thus, subjective (Hombach et al. 2015). The inability to reach 

the desired McFarland standard in this study could be the result of the variability observed when 

making a visual comparison. In addition, 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 millilitre. Hartzen et al. (1997) 

evaluated a 3 McFarland standard for H. pylori; 5 x 106 CFU/mL as well as 1 x 109 CFU/mL were 

both counted, showing a variation in potential inoculum size. Issues with inoculum size, for H. 

pylori, and resulting MICs, usually relate to an inoculum that is too small, 104 CFU/spot, and is 

unable to grow (Hartzen et al. 1997). When Iovene et al. (1999) increased the inoculum size of 

H. pylori from 104 to 109 CFU/mL, no changes in MIC were observed using both E-test and disc 

diffusion methods, however, full results are not given. In contrast, the increase of inoculum size 

from 103 to 107 CFU/spot resulted in an increase in MICs for H. pylori isolates utilising agar 

dilution methods (Berger et al. 1993; Hartzen et al. 1997). For other Gram-negative bacteria such 

as E. coli and P. aeruginosa, an increase in inoculum size has been shown to result in an increase 

in final MIC (Bulitta et al. 2010; Ferran et al. 2007; Tilton et al. 1973). In spite of  the use of 

McFarland standards being subjective, they are still routinely used in antibiotic susceptibility 

testing practices (The European Committee on Antimicrobial Susceptibility Testing 2020). The 

inoculum effect is an important factor to consider when trying to accurately determine MICs. 

This effect does not appear to be well studied in H. pylori and is an area of further interest to 

improve the standards around antibiotic susceptibility testing of H. pylori to reduce the chance 

of inaccurate MICs. 

There is currently no global standard method for the delivery of antibiotics in antibiotic 

susceptibility testing of H. pylori that is easily applicable to routine testing. All three methods, 

agar dilution, E-test, and disc diffusion, have been used to test antibiotic susceptibility in H. pylori 

isolates (Ogata et al. 2015). CLSI have defined agar dilution as the gold standard method for H. 

pylori, which  is used as the reference to check the validity of other methods (Clinical and 

Laboratory Standards Institute 2015 cited in: Miftahussurur et al. 2020). However, this method 

is not routinely used in clinical laboratory settings due to its high labour, time and monetary 

costs (Valdivieso-García et al. 2009). As a result of the high costs associated with this reference 

standard, other methods have emerged. Researchers have agreed that the E-test method 

produces similar results to agar dilution with few discrepancies and is currently the superior 

method for initial recognition of resistance for levofloxacin, tetracycline, and clarithromycin 

(Miftahussurur et al. 2020; Ogata et al. 2015; Shakir et al. 2018). Metronidazole resistance is 

often overestimated when using the E-test method and often has to be re-tested with other 

methods for confirmation (Glupczynski et al. 2002; Hachem et al. 1996; Miftahussurur et al. 

2020; Osato et al. 2001). Due to the low prevalence of amoxicillin resistance identified in H. 

pylori, establishing resistance using E-test strips has low sensitivity (Miftahussurur et al. 2020). 

The other available diffusion method is disc diffusion, the simplest method used for routine 

antibiotic susceptibility testing (Mégraud and Lehours 2007). The use of this method with H. 
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pylori is somewhat controversial due to its difficulties with fastidious and slow growing bacteria, 

its qualitative interpretation and its inaccuracies (King 2001; Mégraud and Lehours 2007; Ogata 

et al. 2015). Comparability of the disc diffusion method with other methods is controversial, 

with some studies presenting similar results between methods and others showing wide 

discrepancies and errors (Mishra et al. 2006; Ogata et al. 2015; Tang et al. 2020). Nonetheless, 

this method is economically beneficial, easy to perform for routine analysis and is currently used 

in H. pylori research (Akhtereeva et al. 2018; Alarcón-Millán et al. 2016; Ogata et al. 2015). While 

initial tests were done with E-test strips, this method could not be employed with in-house 

confirmatory testing. Due to monetary restraints the more economical option of disc diffusion 

was used. 

Issues with the delivery of antibiotics are intrinsically linked to the breakpoints associated with 

each method. A lack in defined or standardised breakpoints to determine resistance are another 

limitation of antibiotic susceptibility testing for H. pylori. MIC breakpoints used to distinguish 

resistance and susceptibility in H. pylori are only defined for clarithromycin; with them being 

susceptible < 0.25 ˃ ƎκƳ[, intermediate 0.25 ς м ˃ƎκƳ[Σ ŀƴŘ ǊŜǎƛǎǘŀƴǘ Ҕ м ˃ƎκƳ[ (Clinical and 

Laboratory Standards Institute, 2015 cited in: Arslan et al. 2017). For other antibiotics there are 

no standardised breakpoints defined and MICs are chosen from published guidelines or from 

other literature (Ogata et al. 2015). The use of previously defined breakpoints from literature 

and EUCAST guidelines, have provided similar resistance rates for clarithromycin, metronidazole 

and tetracycline; but different rates were observed for amoxicillin (Alarcón et al. 2017). As well 

as producing similar results to agar dilution methods, E-test strips are a quantitative method 

allowing for direct expression of MICs and have been well adapted to slow growing bacteria due 

to their slow release of antibiotics withstanding the incubation times required for slow growing 

organisms, such as H. pylori (Cederbrant et al. 1993). This method has also shown good inter- 

and intra-laboratory correlations of results for clarithromycin and amoxicillin (Glupczynski et al. 

2002). A disadvantage of these strips is the high cost when compared to discs and the issues of 

resolving resistance for amoxicillin and metronidazole (Mishra et al. 2006; Reller et al. 2009). 

Disc diffusion is a qualitative method for determining resistance (Ogata et al. 2015). This method 

also has no international standardisation of breakpoints and has not been validated for most 

clinical antibiotics, except for macrolides in France (Grignon et al. 2002; Mégraud and Lehours 

2007). The lack of standards around breakpoints for determining resistance makes it difficult for 

comparisons to be made between methods and for the accurate determination of resistance 

and therefore, standardised and clinically validated breakpoints are required for antibiotic 

susceptibility testing of H. pylori. 
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The lack of replication and confirmation of antibiotic resistance poses a limitation to this study. 

Antibiotic susceptibility testing is often performed after treatment failure to allow the clinician 

to establish a more efficient course of action (Miwa et al. 2003). This testing can be expensive 

and time consuming depending on the method employed (Mascellino et al. 2017). Therefore, 

typical antibiotic susceptibility testing performed in clinical settings is only performed once; 

however to reduce the chance of false diagnosis technical replicates should be increased to at 

least three (Veses-Garcia et al. 2018). This was unable to be completed in this study however, 

as previously stated, the results retrieved from Middlemore Hospital are considered accurate 

based on current clinical practices. 

This chapter highlights the lack of approved and validated standards for antibiotic susceptibility 

testing of H. pylori. Research studies and clinical guidelines do not have agreed standards for 

antibiotic susceptibility testing for H. pylori; disparity in media used, inoculum size and delivery 

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

are needed to make this process streamlined and consistent across various studies and clinical 

practices. 

The four isolates described in this chapter (A, B, C, and E) were selected for further analysis due 

to their resistance profiles to key antibiotics used in first-line treatment regimens for treating H. 

pylori infections; one of these (isolate A) was sensitive  to all antibiotics  tested while isolates B, 

C and E showed a range of resistances. Isolate D was not studied any further as it did not survive 

the experimental process. While the in-house testing proved inconsistent with the results from 

Middlemore Hospital, this was most likely due to varying antibiotic testing methodologies and 

reduced viability from continual sub-culturing 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 were 

considered reliable. These isolates were analysed further for potential resistance mechanisms 

to these antibiotics. Initial genome analyses of these isolates are described in Chapter 3. 
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Chapter 3 Phylogenetic Relationship of H. pylori isolates 

3.1 Introduction 

There is a strong association between antibiotic resistance and treatment failure of H. pylori 

infections (Savoldi et al. 2018). To begin to understand the underlying mechanisms of resistance 

and how they arose, a phylogenetic method can be employed. Performing a phylogenetic 

analysis can help discern the patterns and processes of evolution, as well as help identify closest 

relatives that can be used for comparative analyses (Hollister et al. 2015; Soltis and Soltis 2003). 

In Chapter 2 the antibiotic resistance phenotypes of isolates A, B, C, D and E were established. 

Isolates B and E were resistant to > 256 ˃Ǝ/mL of clarithromycin and metronidazole, isolate C 

was resistant to 24 ˃Ǝ/mL of clarithromycin, while isolate A isolate was susceptible to all 

antibiotics tested. Since isolate D did not survive the experimental process it was not studied 

further. Understanding the phylogenetic relationships of these isolates is an important first step 

for evaluating the underlying mechanisms of resistance for isolates A, B, C and E. 

In clinical settings, it is important to determine the pathogen responsible for a particular disease 

or infection to help generate an accurate treatment plan (Bertelli and Greub 2013). 

Identification of clinically relevant bacterial pathogens is traditionally done using standard 

culture-based techniques such as Gram staining, biochemical 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. 2003; Srinivasan et al. 2015; Woo et al. 2003). For the clinical identification of 

H. pylori current guidelines recommend invasive (gastric biopsy, histology and bacterial culture) 

and non-invasive tests (urea breath test, stool antigen assay and serology); with each method 

having different sensitivities (Chey and Wong 2007; Malfertheiner et al. 2017). Although these 

methods provide the identification of H. pylori, they do not provide any information on the 

antibiotic resistance phenotypes of the strains. To overcome the challenges of traditional 

culture-based techniques and the lack of information about antibiotic resistance, 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 may be achieved using 16S 

rRNA sequencing, MLST and WGS (Enright et al. 2000; Patel 2001; Salipante et al. 2015). WGS is 

more commonly used in research settings due to its high costs, making it too costly for routine 

clinical analysis. However, utilising this approach can greatly increase the amount of information 

obtained for a single isolate, which may be used for surveillance of antibiotic resistance, 

identification of novel resistance mechanisms and the creation of novel antibiotics (Binh et al. 

2015; Chewapreecha et al. 2014; Doostparast Torshizi and Wang 2018). 
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The ubiquity of the 16S rRNA gene amongst bacteria, 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 bacteria (Woese 1987; Woese and Fox 1977). As previously 

discussed (Section 1.3.6.1), the 16S rRNA gene is a valuable tool in clinical settings for fast and 

accurate identification of pathogens at the genus-, and potentially, species- and strain-level 

(Johnson et al. 2019; Patel 2001). In clinical settings, this method of identification has been 

employed with H. pylori for identification from stomach biopsies and stool samples (Gramley et 

al. 1999; Szymczak et al. 2020). 

As well as identifying the bacterial pathogen, typing the bacterium is also an important step. 

Typing identifies different strains or sequence types (ST) within a species (Sabat et al. 2013). 

Identifying specific strains or STs is an important tool used in epidemiological studies to identify 

epidemically important strains and to help track and control outbreaks (Hammerum et al. 2015; 

Ye et al. 2011). There are many different typing methods available, with original methods 

focusing on phenotypic differences and more recent methods focusing on molecular differences 

(Destro et al. 1996; Kapperud et al. 1990; Maiden et al. 1998; Sørensen and Larsen 1986). 

MLST is a molecular typing method used to systematically identify and classify strains of bacteria 

for molecular epidemiology. It is commonly used in clinical settings to identify and track 

infectious strains (Bougnoux et al. 2002; Maiden et al. 1998; Nukui et al. 2020). For MLST 

analysis, seven or eight housekeeping gene loci are used and the allelic profiles of internal gene 

fragments are determined based on their nucleotide sequences (Maiden et al. 1998). Unique 

allele sequences are assigned a number and combinations of these allele profiles and associated 

numbers (from each gene) create an overall ST for an isolate (Maiden et al. 1998). New numbers 

are assigned to each new allele that is discovered. The clear nature of the standardised 

nomenclature, as well as the reproducibility and ability for worldwide comparisons using 

internet-based databases makes this a desirable method for molecular based typing (Maiden et 

al. 1998). As described in the Section 1.3.2.1, MLST analysis of H. pylori uses seven housekeeping 

genes: atpA, efp, trpC, ppa, mutY, yphC and urel, as well as sometimes using the virulence gene 

vacA (Achtman et al. 1999). MLST analysis has primarily been used in H. pylori as a tool to track 

human migrations and to help understand the phylogeography of this expansive organism (Linz 

et al. 2007; Montano et al. 2015). 

Understanding the phylogeny of bacteria and their genes is important to help observe their 

evolution. This chapter focusses on the second research question of this study (Figure 3.1), 

intending to understand the phylogeny of the isolates from this study, compared to other 
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published H. pylori isolates, as well as identifying the closest relatives of isolates A, B, C and E for 

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

3.2.1 16S rRNA gene sequencing 

3.2.1.1 DNA Extraction 

Genomic DNA (gDNA) was prepared by reverse spread plating one plate of each isolate of H. 

pylori from CSB agar (Fort Richard, New Zealand) with 2 mL sterile water, followed by boiling at 

100 °C for 10 minutes using an Allsheng Incubator MiniT-100 heating block (Zhejiang, China). E. 

coli was grown in nutrient broth for 24 hours before the gDNA was extracted at the same time 

to be used as the positive control in the PCR. 

3.2.1.2 PCR Reaction 

Amplification of the 16S rRNA gene region of each H. pylori isolate was performed using the 

universal ōŀŎǘŜǊƛŀƭ ŦƻǊǿŀǊŘ ǇǊƛƳŜǊ нтC όрΩ!D!D¢¢¢D!¢/a¢DD/¢/!DоΩύ ŀƴŘ ǘƘŜ ǳƴƛǾŜǊǎŀƭ 

reverse pǊƛƳŜǊ мпфнw όрΩ/DD¢¢!//¢¢D¢¢!/D!/¢¢оΩύΦ t/w ŎƻƳǇƻƴŜƴǘǎ ŦƻǊ ŜŀŎƘ нр ˃[ Ǌeaction 

were мнΦр ˃[ Dƻ¢ŀǉ DǊŜŜƴ aŀǎǘŜǊ aƛȄ όtǊƻƳŜƎŀΣ ²ƛǎŎƻƴǎƛƴΣ ¦{!ύΣ м ˃[ of 1л ˃a нтCΣ м ˃[ of 

мл ˃a мпфнwΣ нΦр ˃[ g5b! ǘŜƳǇƭŀǘŜ ŀƴŘ у ˃[ ƴǳŎƭŜŀǎŜ ŦǊŜŜ ǿŀǘŜǊΦ E. coli gDNA was used as the 

positive control. Nuclease-ŦǊŜŜ ǿŀǘŜǊ όнΦр ˃[ύ ǿŀǎ ǳǎŜŘ ƛƴǎǘŜŀŘ ƻf a DNA template for the no 

template control (NTC). 

PCRs were carried out on a Techne TC-рмн DǊŀŘƛŜƴǘ ¢ƘŜǊƳŀƭ /ȅŎƭŜǊ ό.ƛōōȅ {ŎƛŜƴǘƛŦƛŎϰ ¢ŜŎƘƴŜϰΣ 

England) using the following conditions; initial denaturation of 5 minutes at 95 °C, 30 cycles 

consisting of 30 seconds at 95 °C (denaturation), 30 seconds at 51 °C (annealing) and 2 minutes 

at 72 °C (extension); followed by 10 minutes at 72 °C for final extension. 

3.2.1.3 Agarose Gel Electrophoresis 

To determine the size of the PCR product, a 1 % agarose/1 X Tris-Borate EDTA (TBE) gel, stained 

ǿƛǘƘ лΦр ˃[ ƻŦ 10 mg/mL ethidium bromide, was electrophoresed at 70 V for 50 minutes. Each 

ƭŀƴŜ ŎƻƴǘŀƛƴŜŘ р ˃[ ƻŦ t/w ǇǊƻŘǳŎǘ ƻǊ лΦм ˃Ǝκ˃[ млл ōǇ 5b! ƭŀŘŘŜǊ ό{ƻƭƛǎ .ƛƻ5ȅƴŜΣ 9ǎǘƻƴƛŀύΦ 

Gels were viewed and photographed under ultraviolet (UV) light using an AlphaImager® HP 

(Alpha Innotech, California, USA). 

3.2.1.4 Sanger Sequencing 

Sanger sequencing of the PCR products was performed by Macrogen Inc. (Seoul, South Korea) 

using the universal 27F and 1492R primer pair. Forward and reverse sequences were trimmed 

and aligned to create a consensus sequence. Consensus sequences were used to search 

GenBank on NCBI using BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Preliminary 

identification of isolates was based on the top hit with the lowest E-value. 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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3.2.2 Whole Genome Sequencing 

3.2.2.1 Genomic DNA Extraction 

CTAB Extraction 

Genomic DNA was extracted from isolates A, B, C and E using a method previously described by 

Minas et al. (2011). Isolates were grown for seven days on six plates of CSB agar (Fort Richard, 

New Zealand) per isolate. Cells were collected by reverse spread plate method (Section 2.2.2) 

with 2 mL of 0.85 % saline. Cells were washed twice with 20 mL of  pH 7.2 phosphate-buffered 

saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.2) and centrifuged 

at room temperature at 7,745 x gravity (g) (Eppendorf 5430R Centrifuge, New South Wales, 

Australia) for 10 minutes. The supernatant was discarded, and the cell pellet resuspended in 270 

˃[ ƻŦ t.{Φ 

After washing the cells, the samples were prepared for DNA extraction. Two methods for cell 

lysis were compared, bead beating and boiling. For bead beating, the resuspended cell pellet 

was transferred to a tube containing 1 g of 0.1 mm silica-zirconia beads and homogenised at 4 

meters per second (m/s) for 10 seconds using the FastPrep®-24 (MP Biomedicals, Ohio, USA). 

For the boiling method, the resuspended cell pellet was heated to 100 °C for 10 minutes using 

an Allsheng Incubator MiniT-100 heating block (Zhejiang, China). After cell lysis, нтл ˃[ ƻŦ 

sodium dodecyl sulphate (SDS) buffer (100 mM NaCl, 500 mM Tris pH 8.0, 10 % SDS) was added 

to each tube and samples were centrifuged at 19,090 x g for 3 minutes at room temperature. 

RNase A (100 mg/mL) and proteinase K (20 mg/mL) were initially added at the recommended 

ǾƻƭǳƳŜ ƻŦ м ˃[ per enzyme per tube (EX 1, Table 3.1). However, to increase the quality of the 

extraction and to assess the effect of RNase A and proteinase K on the samples, the mixture and 

volume of these enzymes was adjusted in a presence/absence experiment (EX2 ς EX7, Table 

3.1). Tubes were then mixed by inversion before being left to sit for 10 minutes at room 

temperature. 

Table 3.1: Addition of RNase A (100 mg/mL)  and proteinase K (20 mg/mL) in CTAB extraction protocol for 
improved quality of gDNA.  

 EX 1 EX 2 EX 3 EX 4 EX 5 EX 6 EX 7 

RNase A 1 ˃ ƭ 0 ˃ƭ 1 ˃ƭ 0 ˃ƭ 0 ˃ƭ 2 ˃ƭ 2 ˃ ƭ 

Proteinase K 1 ˃ƭ л ˃ƭ 0 ˃ƭ 1 ˃ƭ н ˃ƭ 0 ˃ƭ 2 ˃ƭ 

EX = experiment. 
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! ǘƻǘŀƭ ƻŦ мул ˃[ of cetyltrimethylammonium bromide-polyvinylpyrrolidone (CTAB) extraction 

buffer (100 mM Tis-HCl, 1.4 M NaCl, 20 mM EDTA, 2% CTAB, 1% polyvinylpyrrolidone and 0.4% 

-̡mecaptoethanol) was added to each sample and incubated at 60 °C with 300 revolutions per 

minute (rpm) in a SI-300R Shaking Incubator (GMI, Minnesota, USA) for 30 minutes. Samples 

were then centrifuged at 19,090 x g ŦƻǊ м ƳƛƴǳǘŜ ōŜŦƻǊŜ орл ˃[ ƻŦ chloroform:isoamyl alcohol 

(24:1) was added. Samples were then mixed by inversion before being centrifuged again at 

19,090 x g for 5 minutes at room temperature. The upper aqueous layer was transferred to a 

ƴŜǿ ƳƛŎǊƻŎŜƴǘǊƛŦǳƎŜ ǘǳōŜ ŀƴŘ ŀƴƻǘƘŜǊ рлл ˃[ ƻŦ ŎƘloroform:isoamyl alcohol (24:1) was added, 

mixed by inversion and centrifuged at 19,090 x g for 5 minutes. 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. Samples were mixed by inversion and centrifuged at 19,090 x g. The 

upper aqueous layer transferred to a new tube and 0.54 x sample volume of isopropyl alcohol 

was added. The samples were mixed by inversion before being stored at -20 °C for 48 hours. 

Samples were then centrifuged at 19,090 x g for 10 minutes at 4 °C. The supernatant was 

removed, and the DNA pellet washed with 1 mL of 70 % ethanol and centrifuged at 19,090 x g 

for 10 minutes at 4 °C. The ethanol was removed using a Concentrator plus (Eppendorf, 

Hamburg, Germany) at 60 °C for 4 minutes at 18,506 x g. The DNA pellet was resuspended in 30 

˃[ ǎǘŜǊƛƭŜ 5Nase free water (ThermoFisher Scientific, Massachusetts, USA) and stored at -20 °C 

until required. 

Commercial Kit Extraction 

The commercial DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) was used to extract 

gDNA following the manufactureǊΩs instructions. Isolates were grown on CSB agar for one week 

before collecting the cells using the reverse spread plating method (Section 2.2.2) with 2 mL of 

0.85 % saline. Suspended cells were then transferred to a microcentrifuge tube for centrifuging 

at 5000 x g for 10 minutes at room temperature. The supernatant was discarded, and the pellet 

ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ мул ˃[ .ǳŦŦŜǊ !¢[ ŀƴŘ нл ˃[ ƻŦ proteinase K was added. The samples were 

vortexed thoroughly and incubated at 56 °C using an Allsheng Incubator MiniT-100 heating block 

(Zhejiang, China) for 1 hour with periodic mixing. Samples theƴ ƘŀŘ п ˃[ ƻŦ wbŀǎŜ ! όмлл ƳƎκƳ[ύ 

added and were incubated at room temperature for 2 minutes. The samples were vortexed for 

мр ǎŜŎƻƴŘǎ ōŜŦƻǊŜ ŀŘŘƛǘƛƻƴ ƻŦ нлл ˃[ ƻŦ .ǳŦŦŜǊ ![ ŀƴŘ нлл ˃[ ƻŦ фс - 100 % ethanol and 

thoroughly vortexed again. The solution was transferred to the DNeasy Mini spin column and 

collection tube and centrifuged at 6000 x g for 1 minute at room temperature. The column was 

ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ŀ ƴŜǿ ŎƻƭƭŜŎǘƛƻƴ ǘǳōŜ ŀƴŘ рлл ˃[ ƻŦ .ǳŦŦŜǊ !²м ǿŀǎ ŀŘŘŜŘ ŀƴŘ ŎŜƴǘǊƛŦǳƎŜŘ ŀǘ 

6000 x g for 1 minute at rƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΦ ! ƴŜǿ ŎƻƭƭŜŎǘƛƻƴ ǘǳōŜ ǿŀǎ ǳǎŜŘ ŀƴŘ рлл ˃[ ƻŦ .ǳŦŦŜǊ 

AW2 was added and centrifuged at 20,000 x g for 3 minutes at room temperature. For collection 
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of the extracted DNA, user provided microcentrifuge tubes were used; these were washed in 

100 % bleach, 100 % ethanol and milli-Q water to remove any DNases present and were dried 

before use. Columns were placed in the cleaned microcentrifuge tubes and eluted with рл ˃[ ƻŦ 

Buffer AE. The samples were incubated at room temperature for three minutes before being 

centrifuged at 6,000 x g for 1 minute at room temperature. A second elution was carried out 

using another рл ˃[ ƻŦ .ǳŦŦŜǊ !9, incubation at room temperature for three minutes and a final 

centrifugation at 6,000 x g for 1 minute at room temperature. 

The gDNA was ethanol precipitated by adding. 0.1 x sample volume of 3 M sodium acetate (3 M 

NaOAc pH 5.2) and 2 x sample volume of ice cold 100 % ethanol. Samples were vortexed before 

placing at -20 °C for a minimum of 24 hours until required. 

3.2.2.2 Quality and Quantity of gDNA Extractions 

Quality of gDNA samples were assessed by measuring A260/A280 and A260/A230 ratios on a GE 

bŀƴƻ±ǳŜ ǎǇŜŎǘǊƻǇƘƻǘƻƳŜǘŜǊ όD9 .ƛƻǎŎƛŜƴŎŜǎΣ bŜǿ WŜǊǎŜȅΣ ¦{!ύ ǳǎƛƴƎ ŘŜŦŀǳƭǘ ǎŜǘǘƛƴƎǎ ŀƴŘ н ˃[ 

of Millipore water as a blank. Quality and contamination were also measured by electrophoresis 

with a 0.8 % agarose/м · ¢.9 ƎŜƭΣ ǎǘŀƛƴŜŘ ǿƛǘƘ лΦр ˃L of 10 mg/mL ethidium bromide at 70 V for 

60 minutes. All gels included р ˃[ лΦнм ς 21 kbp molecular weight marker (Sigma Aldrich, 

aƛǎǎƻǳǊƛΣ ¦{!ύ ŀƴŘ р ˃[ ƻŦ Ǝ5b! Ǉƭǳǎ м ˃[ ƻŦ ƭƻŀŘƛƴƎ ŘȅŜΦ 5b! concentration was also measured 

using the Qubit® 2.0 Fluorometer (ThermoFisher Scientific, Massachusetts, USA) by following 

ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻns. 

3.2.2.3 Gel Purification 

Following the CTAB extraction of gDNA, gel purification was performed using the GeneJET Gel 

Extraction Kit (ThermoFisher Scientific, Massachusetts, USA). gDNA was electrophoresed and 

visualised as previously described (Section 3.2.2.2). 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 incubation at 60 °C for 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 solution before being thoroughly vortexed again. The solution was then transferred to 

a GeneJET purification column and centrifuged at 12,000 x g (Eppendorf 5430R Centrifuge, New 

South Wales, Australia) for 1 minute at room temperature. The flow-through was discarded, 100 

˃[ ƻŦ ōƛƴŘƛƴƎ ōǳŦŦŜǊ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ŎƻƭǳƳƴ, and the solution was centrifuged at 12,000 x g 

for 1 minute at room temperature. The flow-through was discarded again, тлл ˃[ ƻŦ ǿŀǎƘ ōǳŦŦŜǊ 

was added to the column and then centrifuged at 12,000 x g for 1 minute at room temperature. 

The flow-through was removed and the column was spun again at 12,000 x g for 1 minute at 

room temperature to remove excess wash buffer. The column was transferred to a fresh 
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ŎƻƭƭŜŎǘƛƻƴ ǘǳōŜ ŀƴŘ нр ˃[ of elution buffer was added and centrifuged at 12,000 x g for 1 minute 

at room temperature. The purified gDNA was stored at -20 °C until used. 

The purified gDNA was checked by running a 0.8 % agarose gel/1 X TBE as described previously 

(Section 3.2.2.2)Φ 9ŀŎƘ ƭŀƴŜ ƘŀŘ ŜƛǘƘŜǊ р ˃[ ƻŦ ǇǳǊƛŦƛŜŘ Ǝ5b! ŀƴŘ м ˃[ ƭƻŀŘƛƴƎ ŘȅŜ ƻǊ р ˃[ ƻŦ лΦнм 

ς 21 kbp molecular weight marker (Sigma Aldrich, Missouri, USA). The gel was electrophoresed 

at 70 V for 60 minutes. 

3.2.2.4 Genome Sequencing 

gDNA was sequenced by GeneWiz (Shuzhou, China) using Illumina sequencing on an Illumina 

Iƛ{Ŝǉϰ нрлл ǎŜǉǳŜƴŎŜǊΦ ¢ƘŜ DŜƴŜ²ƛȊ ǿƻǊƪŦƭƻǿ ƛǎ ŀǎ ŦƻƭƭƻǿǎΤ ƭƛōǊŀǊȅ ǇǊŜǇŀǊŀǘƛƻƴ ǿŀǎ 

ŎƻƴǎǘǊǳŎǘŜŘ ǳǎƛƴƎ ǘƘŜ b9.bŜȄǘϯ ¦ƭǘǊŀϰ 5b! [ƛōǊŀǊȅ tǊŜǇ Yƛǘ for Illumina® (New England Biolabs, 

MA, USA), following the manufŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 9ŀŎƘ ǎŀƳǇƭŜ ƘŀŘ м ˃Ǝ ƻŦ ƎŜƴƻƳƛŎ 5b! 

randomly fragmented into < 500 bp by sonication using the S220 (Covaris, MA, USA). Fragments 

were treated with End Prep Enzyme Mix for end repairing, 5' phosphorylation and dA-tailing in 

one reaction; followed by a T-A ligation to add adaptors to both ends. Adaptor-ligated DNA then 

underwent size selection using AxyPrep Mag PCR Clean-up (Axygen, NY, USA), and fragments of 

approximately 410 bp (with an insert size of approximately 350 bp) were recovered. 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 flow cells to perform bridge PCR. The primer P7 

also carries a six-base index to allow for multiplexing. The PCR products were then cleaned up 

using AxyPrep Mag PCR Clean-up (Axygen, NY, USA), validated using an Agilent 2100 Bioanalyzer 

(Agilent Technologies, CA, USA), and quantified using a Qubit® 2.0 Fluorometer (Invitrogen, CA, 

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

Iƛ{Ŝǉϰ нрлл ƛƴǎǘǊǳƳŜƴǘ ŦƻƭƭƻǿƛƴƎ the ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ όLƭƭǳƳƛƴŀΣ /!Σ ¦{!ύΦ 

Sequencing was performed using a 2 x 150 PE configuration, and image analysis and base calling 

were completed using the HiSeq Control Software (HCS) + Real Time Analysis (RTA) 2.7 (Illumina, 

CA, USA) on the HiSeq instrument. 

Quality control of raw reads was achieved by demultiplexing using bcl2fastq 2.17 conversion 

software (Illumina, CA, USA) and discarding reads if they met the following criteria; reads 

contaminated with adapter sequences, reads with an N base content of more than 10 %, and 

reads where the ratio of low quality bases (Q < 20) was more than 0.5. Additional trimming of 

raw reads was completed in-house using AdapterRemoval v2.3.0 (Schubert et al. 2016) to 

remove known adaptor sequences from PE reads. 
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3.2.3 Genome Assembly 

Genome assembly was completed in-house by assembling the filtered reads into contigs using 

SPAdes v3.13.2 (Bankevich et al. 2012) and Unicycler v0.4.8 (Wick et al. 2017) using default 

settings. Assembled genomes were visualised using Bandage (Wick et al. 2015). Single, circular 

contigs, identified after assembly and presumed to be plasmids, were searched using the NCBI 

BLASTn suite (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify any similarity to other known 

H. pylori plasmids. 

Nullarbor v2.0.20191013  was used as an all-encompassing software on the raw reads to trim 

reads, identify the species, perform a de novo assembly, annotate and construct an MLST, 

resistome, virulome and variance classification for each isolate (Seemann et al. n.d.). Specific 

programmes used for each process are listed in Table 1.5. This software was utilised to create a 

full report of the items discussed above for each isolate and compared to traditional analysis. 

Within this chapter, only the assembly, annotation and MLST analysis are discussed; the 

resistome and virulome are discussed in Chapter 4. 

3.2.4 Phylogenetic Analysis 

3.2.4.1 DNA Sequence Datasets  

16S rRNA Dataset 

A phylogenetic tree based on the 16S rRNA gene sequence was used for preliminary genotypic 

identification of the four H. pylori isolates. 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 in Table 3.2. For isolate E only the last 1,079 bp were used in the dataset due to poor 

sequencing from the forward primer. A search within the Ribosomal Database Project (RDP) 

v11.5 (http://rd p.cme.msu.edu/) for H. pylori 16S rRNA sequences revealed 18 distinct 

sequences used in this study (Cole et al. 2014). Helicobacter acinonychis and Helicobacter 

cetorum were used as the two outgroups for this dataset. The dataset can be viewed in Table 

3.3. 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://rdp.cme.msu.edu/
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Table 3.2: Length of 16S rRNA gene for each isolate from Sanger sequencing used in phylogenetic tree 

construction. 

Isolate Length of 16S rRNA from Sanger sequencing (bp) 

A 1,320 

B 1,356 

C 1,356 

E 1,079 
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Table 3.3: Dataset for Sanger 16S rRNA phylogeny from the RDP. 

Strain name Accession number Reference 

Isolate A SAMN17734761*  This study 

Isolate B SAMN17734762*  This study 

Isolate C SAMN17734763*  This study 

Isolate E SAMN17734764*  This study 

H. pylori BHHPSKP 69 KC525432 Unpublished (Patel, S. K., Nath, G. 

and Jain, A. K.) 

H. pylori RIGLD HPD22 JN162414 Unpublished (Yadegar, A., 
Alebouyeh, M., Zali, M. R., Nazem 
Alhosseini, E., Mirzaei, T. and 
Shokrzadeh, L. 

H. pylori 0021 EF217410 Unpublished (Ye, S.) 

H. pylori 85D08 U00679 (Drazek et al. 1994) 

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

H. pylori DM68A DQ202380 (Khan et al. 2008) 

H. pylori DM5A DQ202378 (Khan et al. 2008) 

H. pylori DM20B10 DQ202382 (Khan et al. 2008) 

H. pylori ATCC49396 AF363064 Unpublished (Melito, P. L., Munro, 

C. K., Chipman, P. R., Woodward, D. 
L., Booth, T. F. and Rodgers, F. G.) 

H. pylori DH195 DQ202375 (Khan et al. 2008) 

H. pylori SJM180 CP002073 Unpublished (Kersulyte, D., 
Velapatino, B., Gilman, R. H. and 

Berg, D. E.) 

H. pylori 0035 EF217412 Unpublished (Ye, S.) 

H. pylori Lit69 AF535196 (Dailidiene et al. 2002) 

H. pylori G27 CP001173 (Baltrus et al. 2009) 

H. pylori BM012S CP006889 (Linz et al. 2013) 

H. pylori BM012A CP006888 (Linz et al. 2013) 

H. cetorum MIT 99-5656 AF292378 (Harper et al. 2000) 

H. acinonychis Eaton 90-119-3 M88148 Unpublished (Eaton, K. A., Radin, 

M. J., Albrandt, K. G., Paster, B. J., 

Dewhirst, F. E., Krakowa, S. and 
Morgan, D. R.) 

* = NCBI accession number 
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Whole Genome Sequence Dataset 

To identify the whole genome relationships between isolates A, B, C and E other H. pylori 

isolates, a dataset was created consisting of complete H. pylori genomes. A search of the NCBI 

genome database (https://www.ncbi.nlm.nih.gov/genome) for complete H. pylori genomes 

returned 176 entries. From this list, 21 duplicate sequences were identified by PhyloPhlAn2 and 

were subsequently removed, reducing the dataset to 155 complete H. pylori genomes. These 

genomes were used for comparison with isolates A, B, C and E and the complete genome of H. 

acinonychis strain Sheeba (NC_008229.1) was used as the outgroup for this dataset. The dataset 

may be viewed in Appendix A: Whole Genome Sequence Data Set. 

3.2.5 16S rRNA Phylogenetic Tree Construction 

Maximum likelihood analysis of 16S rRNA sequences were initially carried out using the 16S 

rRNA sequences generated by Sanger sequencing as described in Section 3.2.1.  A second 

analysis was done using 16S rRNA sequence extracted from the whole genome Illumina 

sequencing of isolates A, B, C and E described in Section 3.2.2. A comparison of data from the 

Sanger sequencing and Illumina sequencing was carried out to ensure the sequences from each 

isolate was consistent in both methods. The full length 16S rRNA gene was identified and 

extracted from the Illumina sequencing data through annotation of the genomes (described in 

Section 4.2.2). 

3.2.5.1 Maximum Likelihood Analysis of 16S rRNA Sequences 

A multiple sequence alignment of the dataset sequences was performed using the inbuilt 

MUSCLE algorithm v3.8.425 (Edgar 2004) integrated within Geneious v2020.0.4 

(https://www.geneious.com). Default parameters were selected. 

A model test  was performed using the inbuilt function within the MEGAX software v10.0.5 

(Kumar et al. 2018) to establish the most appropriate model to apply to the phylogenetic 

analyses. For the Sanger sequence dataset, this model was the Hasegawa, Kishino and Yano 1985 

(HKY85) model, while for the Illumina sequence dataset, it was the Kimura, 80 (K80) model. This 

was based on their having the lowest Bayesian information criterion (BIC) scores of 2362.11 and 

10865.19, respectively.  As most H. pylori isolates carry multiple copies of the 16S rRNA gene, 

which are usually identical, only one representative 16S rRNA gene for each isolate from the 

Illumina sequence dataset was included in this analysis. 

From the alignments, maximum likelihood trees were calculated using the PhyML (Guindon et 

al. 2010) v2.2.4 plugin for Geneious v2020.0.4 with either the HKY85 or K80 model, as 

https://www.ncbi.nlm.nih.gov/genome
https://www.geneious.com/
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appropriate. Statistical analysis of the trees was carried out using 1000 and 500 bootstrap 

replications for the Sanger and Illumina data, respectively. 

3.2.6 Multilocus Sequence Typing 

As described above (Section 3.2.3), part of the report Nullarbor produces is an MLST analysis. 

This analysis was completed in Nullarbor using MLST (https://github.com/tseemann/mlst) and 

the pubMLST database (Jolley et al. 2018). Isolates A, B, C, and E were also run manually through 

the H. pylori MLST database (https://pubmlst.org/helicobacter/), which is part of the pubMLST 

database (Jolley et al. 2018), by uploading the DNA FASTA files of each genome for comparison 

against the database. 

A phylogenetic tree was created based on the MLST alleles (ATP synthase, F1 alpha (atpA), 

elongation factor EF-P (efp), A/G-specific adenine glycosylase (mutY), Inorganic 

pyrophosphatase (ppa), anthranilate isomerase (trpC), urease accessory protein (urel) and 

GTPase (yphC) and vacuolating toxin (vacA)) and visualised using the Interactive Tree of Life 

(iTOL) plugin integrated within the pubMLST database (Jolley et al. 2018; Letunic and Bork 2016). 

Concatenated and aligned nucleotide sequences of the MLST alleles from 834 published isolates 

and the four isolates from this study were included (Breurec et al. 2011; Falush et al. 2003; Liao 

et al. 2009; Linz et al. 2007; Panayotopoulou et al. 2010; Wirth et al. 2004). The final tree was 

viewed and edited on the iTOL website (https://itol.embl.de/) where the continent of isolation 

for each isolate was overlaid. 

3.2.7 PhyloPhlAn2 

The whole genome dataset described in Section 3.2.4.1 and Appendix A: Whole Genome 

Sequence Data Set, was analysed using PhyloPhlAn2 (Segata et al. 2013) to create phylogenetic 

trees based on the derived sequences of 400 conserved proteins and their genes. PhyloPhlAn2 

v0.40 was used with the supermatrix (concatenation) approach with rapid bootstrapping for 

both nucleotide and amino acid trees. The GTRCAT model and 100 bootstrap replicates were 

used for the nucleotide tree while the PROTCATLG model with 500 bootstrap replicates was 

used for the protein sequence tree. Both trees were constructed using RAxML v8.2.12 and 

edited in FigTree v1.4.4 to produce the final figures.   

https://github.com/tseemann/mlst
https://pubmlst.org/helicobacter/
https://itol.embl.de/
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3.3 Results 

3.3.1 16S rRNA PCR Amplification 

Preliminary genomic identification of the new H. pylori isolates was done 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 agarose gel showing the expected 

product is shown in Figure 3.2. The positive control, E. coli, produced three bands, two of which 

are faint at approximately 2,000 and 900 bp. These two faint bands are likely a result of non-

specific binding due to the large amount of DNA within the sample. The middle and brightest of 

the three bands has amplified at the greatest efficiency and is the desired product size, 

suggesting this is the 16S rRNA gene. The NTC had no bands present indicating no contamination 

was present in the reaction. Isolate C, shown in Figure 3.2, has two bands present, one around 

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

 

Figure 3.2: Example of 1 % agarose gel for 16S rRNA PCR. E. coli used as positive control, NTC = 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 gDNA extraction, two different preparation 

methods and five different concentrations of RNase and proteinase K were tested (Table 3.1, 

Figure 3.3). The comparison of cell lysis methods (boiling vs bead beating) showed that bead 

beating was the appropriate preparation method for the CTAB extraction as gDNA was observed 

on the gel (Figure 3.3 A). Boiling appeared to degrade the DNA completely. gDNA extraction 

from each isolate (A-C and E) using bead beating followed by the CTAB method with 1 ˃ [ ƻŦ 

RNase A and 1 ˃ [ ǇǊƻǘŜƛƴŀǎŜ Y ό9·мΣ Table 3.1) showed a high molecular 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 degraded DNA (smearing) leading to a large amount of degraded RNA and small 

DNA at the bottom of the gel (Figure 3.3 B). This indicated that the gDNA extraction conditions 

were not optimal for Illumina sequencing. 

Using the six other enzyme conditions, outlined in  Table 3.1, did not improve the quality of the 

gDNA extractions (Figure 3.3 / ŀƴŘ 5ύΦ 5ƛŦŦŜǊŜƴǘ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ м ˃[ ƻŦ wbŀǎŜ ! ŀnd 1 ˃[ 

proteinase K (Figure 3.3 C) were tested to determine if one or the other was contributing to the 

poor gDNA quality observed in Figure 3.3 B. The gDNA quality was not improved by any 

combination, indeed without either of these enzymes, no gDNA was observed (EX2). Increasing 

ǘƘŜ ǉǳŀƴǘƛǘȅ ƻŦ wbŀǎŜ ! ŀƴŘ ǇǊƻǘŜƛƴŀǎŜ Y ǘƻ н ˃[ ǎǘƛƭƭ ŘƛŘ ƴƻǘ ƛƳǇǊƻǾŜ ǘƘŜ ǉǳŀƭƛǘȅ ƻŦ Ǝ5b! όFigure 

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 with small degraded DNA and RNA. In a final 

attempt to improve the quality of the CTAB gDNA extraction, gel purification was tested. Figure 

3.3 E shows the gDNA after CTAB extraction, prior to gel extraction. The band containing the 

gDNA is faintly apparent at the upper end of the gel, with 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 quantity of gDNA. 
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Figure 3.3: 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 DNA preparation and 1 ˃ [ ƻŦ 
RNase A and 1 ˃ [ proteinase K. (C) Presence (+)/absence (-ύ ƎŜƭ ǳǎƛƴƎ м ˃[ ƻŦ wbŀǎŜ ! ŀƴŘ ǇǊƻǘŜƛƴŀǎŜ YΦ ό5ύ 

Presence (+)/absence (-ύ ƎŜƭ ǳǎƛƴƎ н ˃[ wbŀǎŜ ! ŀƴŘ ǇǊƻǘŜƛƴŀǎŜ YΦ ό9ύ /¢!. ŜȄǘǊŀŎǘƛƻƴ ƎŜƭ ŦƻǊ ƎŜƭ ǇǳǊƛŦƛŎŀǘƛƻƴΦ 
Experiment # = RNase A and Proteinase K combinations from Table 3.1. 

3.3.2.2 Commercial Kit Extraction 

In order to improve the quality and quantity of the extracted gDNA, a silica column-based 

commercial kit was used as described in Section 3.2.2.1.  The commercial kit extraction of gDNA 

for each isolate is shown in Figure 3.4. This gel shows a distinct gDNA band for each isolate above 

the 21 kbp molecular marker. Slight smearing, degradation of DNA, is also present but is not as 

severe as seen for the CTAB extracted gDNA (Figure 3.3 B). From visual inspection of the agarose 

gels, the kit extraction has produced higher quality gDNA for all isolates. 
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Figure 3.4: 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 extraction for both extraction methods, CTAB and the 

commercial kit, are shown in Table 3.4. Generally, the quality of gDNA, based on spectrometric 

measurements, was similar between the two extraction methods. Both methods gave 

comparable A260/A280 ratio, of around 2 indicating the extractions had low protein contamination 

as they were close to the desired ratio of 1.8. The A260/A230 ratio, measuring other contaminants 

such as salt and carbohydrates, was not measured for the CTAB method. For isolates B and E, 

this ratio was high at 4.490 and 4.582, respectively, indicating some potential contaminants 

while the ration for isolates A and C were 2.045 and 2.221, respectively, closer to the desired 

ratio range of 2.0 - 2.2. The yield 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 initial steps of the CTAB 

method compared to the kit, as the kit extraction has a limit to the amount of material that can 

be applied to the column. 

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

Illumina sequencing. Thus, this was the method chosen for gDNA preparation. 
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Table 3.4: 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 (ng) 2,640,000 1,548,000 6,300,000 1,704,000 

Quality of DNA (A260/A280) 2.063 2.027 1.733 2.219 

Kit extraction 

Quantity of DNA (ng) 411.32 704.34 2,184 345.8 

Quality of DNA (A260/A280) 1.957 2.031 1.921 2.032 

Quality of DNA (A260/A230) 2.045 4.490 2.221 4.582 

 

3.3.3 Genome Assembly 

From Illumina high-throughput sequencing, approximately five million PE reads were obtained 

for each H. pylori isolate, with an average nucleotide coverage of around 1,000 times for each 

isolate (Table 3.5). Raw reads were of good quality and had a low error rate, as seen in the base 

content and distribution analysis and Phred quality score (Appendix B: Quality of Raw Reads) 

Table 3.5: Coverage of H. pylori genomes sequenced by Illumina 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 (isolate A) to 53 contigs (isolate E; Table 3.6). 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 of 127 for each isolate. The N50 and L50 values ranged from 



 

98 
 

65,734 (E) to 215,027 (B) and 3 (B) to 8 (E), respectively, indicating that the contigs produced 

were of reasonable quality (Table 3.6). 

Table 3.6: Assembly statistics of isolates assembled 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 

Number 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 the de novo assemblies using Bandage showed an estimation of the connection 

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 each (Figure 3.5). No plasmid was identified in isolate B. 

A BLAST search of the plasmids indicated high similarity with other known H. pylori plasmids 

(Table 3.7). 
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Figure 3.5: Assemblies of sequenced genomes ((A) A, (B) B, (C), C, (D) E) visualised with Bandage. Isolates A, C and 

E have a singular circular contig suggesting the presence of a plasmid. 

Table 3.7: BLASTn results of plasmids from isolates A, C and E. 

Plasmid Size 

BLASTn result 

Description Query cover E-value Percentage 
(%) identity 

Accession 

Isolate A 
plasmid 

2,993 H. pylori HUP-B14 
plasmid pHPB14 

84 % 0.0 91.81 % CP003487.1 

Isolate C 
plasmid 

9,121 H. pylori strain 
UM171 plasmid 

pUM171 

100 % 0.0 97.86 % KM583818.1 

Isolate E 
plasmid 

4,212 H. pylori strain 
UM291 plasmid 

pUM291 

95 % 0.0 92.75 % KM583821.1 

 

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, can be seen in Table 3.8. 

Similar G+C contents were calculated by each assembly method, as well as having a similar 

coverage for each nucleotide. The number of contigs assembled for each isolate differs between 

the assembly 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 L50 values were not produced in the report output. 

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 characterisations and comparisons for Chapters 3 and 4. 
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Table 3.8: Comparison of genome assemblies for each isolate using Nullarbor and Unicycler.  

 A B C E 

 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 
1,622,179 
(+2,993) 

1,669,367 1,669,418 1,550,668 
1,544,892 
(+9,121) 

1,632,175 
1,629,055 
(+4,212) 

N50 59,296 136,419 136,576 215,027 52,145 145,451 55,257 65,734 

Length of largest 
contig 

198,671 232,847 413,152 464,687 142,816 302,275 169,862 259,545 

      Numbers in brackets = length of circular 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, only the reverse sequence (1,079 bp) was of an 

acceptable quality and therefore was only used for future analysis (Table 3.2). 

Utilising Sanger sequencing data for the 16S rRNA gene phylogeny showed that isolates A, B, C, 

and E were H. pylori. Isolate A, B, C, and E were positioned within the same clade as other H. 

pylori 16S rRNA sequences with a bootstrap value of 95 %, providing sequenced-based 

identification that these isolates are H. pylori (Figure 3.6). This tree suggests that isolates A, C 

and E belong to the same clade, while isolate B has a different evolutionary history, forming its 

own clade. However, within this clade the bootstrap values were low, which indicates low 

resolution between 16S rRNA sequences of H. pylori isolates and highlights the need for further 

resolved phylogenetic tree analysis. 

 

Figure 3.6: Maximum likelihood tree based on 16S rRNA Sanger sequencing of the new H. pylori isolates and 16S 

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 analysis. Scale indicates number of substitutions per site. 

 



 

 

3.3.5 Comparison of Sanger and Illumina 16S rRNA Gene Sequences 

Due to delays in obtaining gDNA for Illumina sequencing, confirmation that the same isolates 

were sequenced using both Sanger and Illumina sequencing methods was performed. 

Comparison of 16S rRNA sequences showed that each isolate shared 100 % identity between 

both sequencing methods, suggesting that the same isolates were sequenced using both 

sequencing methods (Figure 3.7). BLASTn results show similar lengths of 16S rRNA genes from 

Illumina sequencing with other H. pylori isolates (data not shown). 
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Figure 3.7: MUSCLE alignment of Illumina and Sanger sequences of the four isolates 16S rRNA genes. Isolate E 16S rRNA Sanger is only represented by the reverse sequence (1,079 bp). 
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3.3.6 Il lumina 16S rRNA Tree 

The phylogenetic tree presented in Figure 3.8 is based on the Illumina sequenced, full length 16S 

rRNA genes of the isolates and utilises the dataset created for whole genome analysis (Section 

3.2.4.1, Appendix A: Whole Genome Sequence Data Set). The larger dataset was used to increase 

the resolution of the 16S rRNA tree, and to make direct comparisons with the PhyloPhlAn2 

phylogenetic trees (Section 3.3.8). From this rooted tree, it can be seen that all known H. pylori 

and isolates A, B, C, and E group into one clade, confirming the identification of the isolates as 

belonging to this species. One 16S rRNA gene, NC_017063, appears to be basal to all other 16S 

rRNA genes included in this dataset; this has not been found in previous 16S rRNA phylogenetic 

studies on H. pylori. In contrast to the 16S rRNA tree shown in Figure 3.6, each isolate from this 

study is positioned within a different clade. The 16S rRNA sequence of isolate E appears to have 

the same sequence as the last common ancestor from all other H. pylori in the dataset, except 

for that of NC_017063. The 16S rRNA sequence from isolate A appears to be the same as that of 

NC_014560 but is poorly supported with a bootstrap value of 42 %. The 16S rRNA sequence from 

isolates C and B are both within low 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 their respective clades. The spread of these isolates throughout the tree 

indicated that these isolates (A-C 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 radiation of H. pylori strains, this is 

generally not desirable as it does not allow for accurate and defined 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 understand the phylogeny of the H. pylori isolates 

may improve the quality of the trees. 
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Figure 3.8: Maximum likelihood phylogenetic tree of full length 16S rRNA genes from H. pylori. Isolates from this 

study are highlighted in red. Scale indicates number of substitutions per site. 
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3.3.7 MLST Analysis 

MLST analysis assesses relationships between the sequences shown in Table 3.9. MLST profiles 

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

methods showing identical results. MLST profiles for each isolate are presented in Table 3.9 and 

indicate that each isolate from this study is a new strain or ST of H. pylori. 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 within the database and therefore 

not observed before. Contrary to this, isolate E possesses all new alleles for the genes currently 

within the MLST database. 

Table 3.9: MLST profiles of each isolate (A, B, C and E) from Nullarbor and the H. pylori pubMLST database.  

MLST genes 

Isolate 

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 (greȅύ ǊŜƭŀǘŜ ǘƻ ŀ ǎǇŜŎƛŦƛŎ ŜƴǘǊȅ ǿƛǘƘƛƴ ǘƘŜ Ǉǳōa[{¢ ŘŀǘŀōŀǎŜ ŀƴŘ άbŜǿέ όƎǊŜŜƴύ ŘŜƴƻǘŜǎ ŀ ǳƴƛǉǳŜ ŀƭƭŜƭŜ 

not within the database. 

The MLST data was used to create a neighbour-joining tree to visualise the potential source 

continent of the isolates (Figure 3.9). This analysis suggests that isolate C came from Asia while 

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

supports the earlier finding from the 16S tree (Section 3.3.6) that these isolates are from 

differing sources. This tree highlihgts the variation of H. pylori isolates based on their continent 

of isolation and demonstrates that H. pylori isolated in NZ likely originated from a variety of 

different continental origins. 
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Figure 3.9: Neighbour-joining tree of concatenated MLST data of 834 H. pylori isolates and the four isolates from 

this study (A, B, C and E). Colours around the outside of the tree represent the continent of isolation metadata 
obtained from pubMLST and correspond to the branches within the Neighbour-joining tree. Isolates A, B, C, and E 

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

3.3.8 PhyloPhlAn2 

3.3.8.1 Nucleotide Tree 

The constructed nucleotide tree based on 400 conserved genes from whole genome data is 

presented in Figure 3.10. This figure has had minor clades collapsed to create an easier to read 

image, the full image may be viewed in Appendix C: PhyloPhlAn Trees. These have been 

collapsed as they did not contain any isolates from this study. This analysis shows that H. pylori 

is made up of two major clades, one with only three sequences (yellow box from NZ_CP011486, 

NC_017361 and NC_0221301) and the other consisting of all other H. pylori sequences 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 98 % (grey box; Figure 3.10); in support of the previous analyses, each isolate 

 
1 Since this analysis was completed NC_022130 has been removed from the RefSeq database. 
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is in a different clade. However, the clades they are in are different from those observed for the 

16s rRNA analysis. Isolate A is grouped with four other isolates, NZ_CP032908, NZ_CP032907, 

NZ_CP032096 and NZ_CP032478, albeit with a low bootstrap value of 24 %. In the Illumina 16S 

rRNA tree (Figure 3.8), isolate A was grouped with NC_014560. The subclade highlighted in blue 

in Figure 3.10 contains isolate B and is well supported with a bootstrap value of 100 %. Within 

this clade are four other H. pylori isolates, NZ_CP006820, NZ_CP006824, NZ_CP006827 and 

NZ_CP006821. Similar to the 16S rRNA tree, isolate E forms its own reasonably well supported 

clade (bootstrap value of 74 %); however for this tree, it does not appear to be ancestral to 

almost other H. pylori strains (green box; Figure 3.10). The clade highlighted in orange (Figure 

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

value of 100 % 

.  
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Figure 3.10: PhyloPhlAn2 tree of nucleotide sequences of 155 H. pylori complete genomes and four new H. pylori 
isolates. Red arrows indicate isolates from this study. Coloured blocks indicate major clades and red circles 

indicate major nodes. Scale indicates number of substitutions per site. 
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3.3.8.2 Protein Sequence Tree 

To identify any new or different relationships of the H. pylori isolates, based on the more 

conserved protein sequences, a phylogenetic tree was constructed in PhyloPhlAn2 using the 

amino acid sequences of the 400 proteins encoded by the genes used for the nucleotide analysis 

describe above (Figure 3.11). As with the nucleotide tree above (Figure 3.10), minor clades and 

subclades, without isolates from this study, have been collapsed and a full image may be viewed 

in Appendix C: PhyloPhlAn Trees. Similar to the nucleotide tree is the first basal lineage of three 

isolates, highlighted in yellow. This clade consists of the same isolates in the 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 a well-supported clade (bootstrap value of 98 

%), highlighted in 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 10 % whereas in the nucleotide tree many were below 20 %. This suggests 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 different H. 

pylori isolates and are positioned differently within the tree when compared to 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 two isolates are 

grouped with several other H. pylori isolates (NZ_CP006820, 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 grouped only with NZ_CP032907 and has a low 

support value of 42. 

Figure 3.11 suggests that isolate C (orange box) appears to have emerged most recently. This 

clade has good bootstrap support of 84 %; the only clade including isolates from this study to 

have a bootstrap value above the set threshold of 80 %. This observation is the same as seen in 

the nucleotide tree (Figure 3.10), with isolate C having the most recent emergence from all other 

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_AP014712. The larger clade this subclade resides in (red box), has a low support value of 41 

%, but has the same isolates present in the orange clade of the nucleotide tree (Figure 3.10). 

The low support of this red clade is similar to the other clades around it and the subclades 

isolates A, B and E fall into but is lower than the support values of the nucleotide tree (orange 

clade).  
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Figure 3.11: PhyloPhlAn2 tree of protein sequences of 155 H. pylori complete genomes and four new H. pylori 

isolates. The red arrows indicate isolates from this study. The coloured blocks indicate major clades and red 
circles indicate major nodes. Scale indicates number of substitutions per site.
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3.4 Discussion 

Phylogenetics is an important tool for the analysis and understanding of relationships and 

evolution of genes and species (Martiny et al. 2013). To understand the relationships between 

isolates A, B, C and E and between these isolates and other publicly available H. pylori isolates, 

phylogenetic analyses were employed. This chapter 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 E for further comparative analyses of 

antibiotic resistance. 

3.4.1 Genome Extraction 

Both single and multiple gene phylogenies were created to help understand the evolutionary 

relationships between the isolates A, B, C and E, and other H. pylori isolates. The single 16S rRNA 

gene was isolated using PCR amplification, whereas the multiple genes used in the MLST and 

PhyloPhlAn2 analyses were identified from whole genome data. gDNA was isolated using two 

methods: a non-commercial, CTAB-based method, and a commercial kit (Qiagen DNeasy Blood 

and Tissue Kit) to increase the quality of the extracted gDNA used for sequencing. 

The CTAB extraction method has primarily been used for the extraction of DNA from plant 

materials; however, it has been adapted for bacterial DNA extractions (Minas et al. 2011). The 

main advantages of this method are the low cost of reagents when compared to commercial 

kits, and its high yield of DNA (Minas et al. 2011). Unfortunately, sufficient quality gDNA was not 

extracted from isolates A, B, C, and E using this method - an essential component for down-

stream analysis. After changes to the CTAB method in an attempt to improve the gDNA quality 

were not successful, the commercial kit was used. Extraction of gDNA from H. pylori is primarily 

achieved through commercial kits (Dailidiene et al. 2002; Iwamoto et al. 2014; Yari et al. 2016). 

Limitations of the commercial kit used centre around the yield of DNA extracted due to a 

maximum cell density that is able to pass through the columns (Minas et al. 2011), although this 

limitation was not encountered in this study. 

It is also important to note the differences in time taken to complete the gDNA extractions. H. 

pylori may take three to seven days for adequate growth using currently available methods 

(Blanchard and Nedrud 2012). The two extraction methods varied greatly in the time taken to 

complete; the CTAB method took three days, compared to the commercial kit that only took a 

few hours. The results from this study indicate that the commercial kit is the superior method 

for extracting gDNA from H. pylori isolates, in terms of quality of DNA as well as time taken to 
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complete the extraction. The CTAB method requires further adjustments to successfully work 

with these H. pylori isolates. 

3.4.2 Genome Assembly 

In this study, the four isolates A, B, C, and E were only partially sequenced, producing draft 

genomes. Illumina HiSeq sequencing technology produces short read lengths of up to 150 bp 

(Quail et al. 2012). As previously discussed (Section 1.3.6.3), the short read lengths create 

difficulties when resolving short sequence repeats and assembling de novo genomes (Morozova 

and Marra 2008; Quail et al. 2012; Wold and Myers 2008). Assembling the large amount of data 

produced through Illumina sequencing produced a number of contigs for each genome, ranging 

from 36 - 53 (Table 3.6), therefore, the presence of multiple contigs have left these genomes in 

draft form. Draft forms of genomes may be missing important data that is not included in 

assembly (Ricker et al. 2012). To accurately complete these genomes a hybrid approach of 

single-molecule sequencing (e.g. PacBio or Oxford Nanopore), producing long read lengths of 10 

- 15 kbp, may be used along with Illumina sequencing to produce a highly accurate genome 

assembly (Mahmoud et al. 2019). The hybrid assembly uses the longer, single-molecule 

sequences as a scaffold for the Illumina sequences, as these shorter sequences have a lower 

error rate and can be used as correctors for the longer sequences (Mahmoud et al. 2019; Quail 

et al. 2012; Tyson et al. 2017). 

The assembled draft genomes of isolates A, B, C, and E were similar to other available H. pylori 

genomes on the NCBI database (https://www.ncbi.nlm.nih.gov/). At the time of this study there 

were 1,665 publicly available H. pylori genomes on the NCBI website. The number of contigs 

assembled in this study were within the range of the number of contigs obtained for other draft 

genomes of H. pylori, ranging from 1 to 3,766 contigs (Giannakis et al. 2008; Tomb et al. 1997). 

The presence of a single circular contig was identified in three out of the four isolates, which are 

assumed to be plasmids. H. pylori are common carriers of plasmids ranging in size between 2 

and 100 kbp, with approximately 50 % of isolates carrying them (Penfold et al. 1988). The size 

of the plasmids identified during assembly fit within the average size of plasmids identified in 

other H. pylori isolates and show high similarity to other known H. pylori plasmids. The 

assembled genomes ranged in size from 1,544,892 bp to 1,669,418 bp, fitting within the range 

of complete H. pylori genome sizes; 1,494,183 bp (Kersulyte et al. 2015) to 1,726,836 bp (Su et 

al. 2019a). G+C content was also comparable with the newly sequenced isolates averaging 38 %,  

while complete H. pylori genomes have a reported G+C content of 38 or 39 % (Avasthi et al. 

2011; Duncan et al. 2013). Although the genomes from this study are in draft format, they are 

still similar to other sequenced genomes of H. pylori. 

https://www.ncbi.nlm.nih.gov/
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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 standard. The ubiquitous 16S rRNA gene has become widely used 

in both identification and taxonomic classification of bacteria, as well as phylogenetic studies 

(Watts et al. 2017; Yang et al. 2016). Since 1985, the 16S rRNA gene has been used as a 

phylogenetic marker due to its combination of highly conserved and hypervariable regions; the 

latter being useful for phylogenetic analysis and the former for universal primer attachment 

(Lane et al. 1985; Wang and Qian 2009). Taxonomic classifications using this gene have become 

a popular tool in clinical laboratories, especially for fastidious or biochemically complex bacteria 

(Sabat et al. 2017). 

Preliminary sequenced-based identification of the four isolates from this study (A, B, C, and E) 

was achieved using an incomplete sequence of the 16S rRNA gene using the Sanger sequencing 

platform. The 16S rRNA gene was specifically targeted using universal primers (27F and 1492R); 

however, sequences were trimmed due to low quality sequences observed around primer 

attachment regions; a known limitation of this platform (Binladen et al. 2007). As well as an 

incomplete sequence, only using the last 1,079 bp of isolate EΩǎ мс{ Ǌwb!, due to low quality 

sequencing of the forward primer, highlighted another limitation of the Sanger sequence data 

from this study. However, alignment with extracted 16S rRNA sequences from WGS data from 

the Illumina sequencing platform provided confidence that the 16S rRNA sequences were true, 

as well as confirming the same isolates were sequenced in both extractions. 

Phylogenetic analyses were completed with both the incomplete 16S rRNA sequences from 

Sanger sequencing as well as the full-length sequences from Illumina sequences. The presence 

of polytomy and low bootstrap values highlighted the poor resolution of these phylogenetic 

analyses performed on this single gene. Previous studies have also questioned the reliability of 

using 16S rRNA sequences for species-level identification of isolates within the Helicobacter 

genus due to their high sequence similarities (Vandamme et al. 2000). 

The basis of utilising the 16S rRNA gene for identification and phylogenetic analysis is centred 

around the hypervariable regions being species-specific. The specificity of these regions is based 

on ǘƘŜ άcomplexitȅ ƘȅǇƻǘƘŜǎƛǎέΣ that genes involved in transcription or translation are less likely 

to be transferred than housekeeping genes (Aris-Brosou 2005; Jain et al. 1999). Although original 

thoughts about sequence variation within these hypervariable regions was thought to be only 

due to evolutionary changes, it has since been shown that horizontal gene transfer can occur 
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within this gene, thus leading to potentially inaccurate assessments of evolution (Schouls et al. 

2003; Tian et al. 2015; Trieber and Taylor 2002). High frequencies of horizontal gene transfer in 

H. pylori has led to polymorphisms within varying loci being in linkage equilibrium as well as 

defining this bacterium as panmictic (Salaün et al. 1998; Suerbaum et al. 1998). More 

specifically, 16S rRNA genes within H. pylori isolates have demonstrated natural transformation 

through the exchange of mutations conferring tetracycline resistance (Trieber and Taylor 2002). 

Through the increased rate of genetic transfer and recombination within the H. pylori 

population, as well as directly within the 16S rRNA gene, this may help explain the inability for 

phylogenetic resolution using this gene alone. 

Dewhirst et al. (2005) demonstrated that using the 16S rRNA gene for phylogenetic analysis is 

not reliable for the Helicobacter genus due to horizontal gene transfer and mosaicism within the 

gene. They concluded that using the 16S rRNA gene itself is not the limiting factor of this method 

but the number of informative bases within the gene. Increasing the number of informative 

bases in a phylogenetic analysis may be achieved by choosing a larger gene such as the 23S rRNA 

or increasing the number of genes in the analysis (Dewhirst et al. 2005; Gontcharov et al. 2004). 

Increasing the number 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 A, B, C, and E and other H. pylori isolates. 

3.4.3.2 MLST Analysis 

MLST analysis is commonly used in clinical settings to identify and classify bacterial strains that 

may be of epidemiological significance (Bougnoux et al. 2002; Walker et al. 2012). As previously 

described, MLST data has been widely used with H. pylori data to track early human migration 

and to define seven major population types of this bacterium in modern day (Falush et al. 2003; 

Linz et al. 2007; Moodley et al. 2009). 

Conventional MLST analysis involves PCR amplification of relevant housekeeping genes with 

specific primers followed by sequencing (Maiden et al. 1998). However, in this study, the genes 

were identified from the annotated whole genome data. Utilising WGS data as the source of the 

sequences analysed using MLST is becoming more common as WGS becomes more accessible 

for more laboratories (Deurenberg et al. 2017). Extracting standard MLST data from complete, 

incomplete or short sequence reads of bacterial genomes has become a standard part of MLST 

databases (Jolley et al. 2018; Larsen et al. 2012). 

The isolates in this study being defined as new strains or STs based on the sequences available 

in the H. pylori pubMLST database was not an unexpected finding. H. pylori is known for having 
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a high amount of genome sequence diversity due to a high mutation rate and recombination 

frequency with unrelated strains; much higher than other pathogenic bacteria such as E. coli and 

N. meningitidis (Falush et al. 2001; Suerbaum et al. 1998). Due to this high amount of sequence 

diversity, some studies have indicated that each unrelated human may host its own unique 

strain or multiple strains of the bacterium (Akopyanz et al. 1992; Linz et al. 2007; Taylor et al. 

1995). Strains showing closer relationships to each other have been identified, but only within 

families (mother and child) or people living closely together (Raymond et al. 2004). Unrelated H. 

pylori strains may arise from coinfection through transmission from another human host or 

through migration of other strains present in different areas of the 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 subclades and are defined as separate STs. Genetic diversity observed 

between different strains of H. pylori is attributed to a variety of factors. Migration events 

between H. pylori strains within different parts of the stomach and secondary infections increase 

recombination between strains (Ailloud et al. 2019; Bugaytsova et al. 2017; Mendoza-Elizalde et 

al. 2019). As well as recombination, the lack of proofreading activity of DNA polymerase I also 

contributes to genetic diversity by the accumulation of mutations (García-Ortíz et al. 2011). 

These events all contribute to the genetic diversity observed between strains of H. pylori and is 

no different from the strains from this study. However, it was not known whether isolates A, B, 

C, and E were part of a mixed infection. 

The phylogenetic method employed in the MLST analysis indicated that isolates A, B, C, and E 

originated in different continental locations. There were two major clade groupings: Asia (red) 

and Africa (yellow); and isolates A, B, C, and E were each within different clades of the tree 

(Figure 3.9). This highlights the fact that each isolate from this study is from a different source 

and that the isolates are not unique to NZ. The diversity 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 destinations (Stats NZ Tatauranga Aotearoa 2020). Immigrant populations have 

shown an increased prevalence of H. pylori infections compared to the rest of the population in 

a variety of countries. It has been reported that migrants to countries such as the United 

Kingdom, Germany, the Netherlands and America, with a higher prevalence of H. pylori 

infections, are usually from third-world countries with lower socioeconomic conditions 

(Banatvala et al. 1994; Perez-Perez et al. 2005). Further, these H. pylori infections show an 

increase in metronidazole resistance, likely linked to an increased use of nitroimidazole 

antibiotics in their home country (Banatvala et al. 1994; De Vries et al. 2008; Perez-Perez et al. 

2005; Porsch-Ozcürümez et al. 2003). 
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The birthplace of immigrants has shown to also be a contributing factor with H. pylori infection, 

as those born in lower socioeconomic areas are at a higher risk of becoming infected with H. 

pylori (Chow et al. 1995). Although the route of transmission for H. pylori is still not fully 

understood, as discussed in Section 1.3.2.3, living in lower socioeconomic areas with untreated 

water; an absence of garbage collection, sewerage system or indoor plumbing; and living in 

overcrowded areas, all increase the chances of acquiring H. pylori (Goodman and Correa 2000; 

Mhaskar et al. 2013; Parente et al. 2006; Yücel et al. 2009). Migrants from lower socioeconomic 

regions that have an increased risk of H. pylori infections may increase the H. pylori population 

within NZ. This may result in greater diversity within the NZ H. pylori population due to 

recombination with local strains as well as adaptation to new environments and host diets. 

Therefore, future studies into the implications of migrant H. pylori affecting the genetic diversity 

of the local NZ population are required. 

From the Out of Africa migration, to migrations from the Old World to the New World, the 

expansion of humans across the globe has led to seven modern day populations and a number 

of subpopulations for H. pylori (Section 1.3.2.1) (Falush et al. 2003; Linz et al. 2007; Moodley et 

al. 2009; Thorell et al. 2017). Subpopulations have arisen from migrations to different places, 

exposing H. pylori to ethnically diverse hosts with varied diets and different stomach 

environments for H. pylori to adapt to (Thorell et al. 2017). With modern populations travelling 

and migrating, this will likely influence the genomic diversity of this species. A concern relating 

to the high rate of recombination of H. pylori, and increased migration of its hosts, is that the 

genome may begin to reflect the evolutionary history of its local gene pool, rather than its 

continent of origin, which would make understanding evolutionary relationships harder to track 

and observe (Thorell et al. 2017). Understanding the evolution of the H. pylori population in NZ 

and implications of travellers and migrants may help further understand how this bacterium is 

evolving and developing resistance to antibiotics. 

Several phylogenetic studies of H. pylori are 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. 2019; Duncan et al. 2012; Falush et al. 2003; Lamichhane et al. 

2019; Muñoz-Ramírez et al. 2017). Population structures are primarily identified using 

STRUCTURE software and MLST genes (Falush et al. 2003; Montano et al. 2015). These 

population structures have shown importance not only for tracking human migrations but also 

for the geographic spread of certain virulence genes (Sheh et al. 2013). Further analysis using 

software such as STRUCTURE to identify the modern-day population structures of these isolates 

may help to improve understanding of the origins and evolutionary history of these isolates 

based on geographic location. 
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In the current study, MLST analysis was performed based on MLST allele sequences and 

associated metadata submitted to the H. pylori pubMLST database. As of June 2020, there were 

over 2,600 isolates within the H. pylori pubMLST database. Analysis using the iTOL plugin within 

the pubMLST database is limited to 2,000 records. Due to this limitation, all records within the 

pubMLST database could not be included in 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 within the database, not associated with a publication, are 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 between H. pylori isolates. 

Utilising a multi locus approach 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 Illumina 16S 

rRNA tree (Figure 3.8) and the MLST tree (Figure 3.9), due to different datasets having been used 

and varying methods, both trees suggested that isolates A, B, C, and E are different sequences 

and arise from different sources. While MLST data are useful for identifying epidemiologically 

relevant strains of bacteria and discerning population structures for H. pylori, it is limited by 

sufficient representation of whole genome phylogeny due to a lack of informative bases 

retrieved from the internal fragments of housekeeping genes (Tsang et al. 2017). To further 

understand the relationships of isolates A, B, C, and E with available and complete H. pylori 

genomes, PhyloPhlAn2 was utilised. 

3.4.3.3 PhyloPhlAn2 

To improve the phylogenetic resolution in this study, PhyloPhlAn2 was used. This approach 

utilises 400 genes, greatly increasing the number of genes used in the phylogenetic analysis. To 

date, this is the first phylogenetic tree of H. pylori isolates constructed using 400 genes and 155 

complete genomes. Overall, both the nucleotide and protein sequence PhyloPhlAn2 trees 

showed similar patterns. Further, these trees were similar to the other trees suggesting rapid 

radiation of H. pylori strains likely the result of high rates of recombination and mutation. 

Increasing the number of genes included in the phylogenetic analysis was expected to increase 

the resolution of the trees and provide greater insight into the evolutionary histories and 

interspecies relationships of isolates A, B, C, and E with other H. pylori isolates. However, low 

bootstrap values were still observed in both the nucleotide and protein sequence trees (Figure 

3.10 and Figure 3.11). The low bootstrap values indicate rapid radiation has occurred at both 

the nucleotide and protein level. This is likely due to the high rates of mutation and 

recombination present within this species. 
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High mutation rates within H. pylori have been associated with duration of infection. During the 

initial, acute stages of infection, H. pylori shows a high mutation rate of 6.1 ς 8.4 x 10-4 changes 

per site per year, primarily observed in OMPs (Linz et al. 2014). In longer, chronic infections,  the 

mutation frequency appears to decrease to 1.38 x 10-5 to 2.5 x 10-5 per site per year (Didelot et 

al. 2013; Kennemann et al. 2011). The changes observed in mutation rates suggest that during 

initial infection the bacterium is adapting to the new host environment and, once established 

within the host, may survive (Linz et al. 2014). Initial adaptation to a new host through mutations 

primarily observed in OMPs contributes to the genetic diversification of isolates within this 

species and may contribute to the rapid radiation observed through the PhyloPhlAn2 trees. 

Recombination may also contribute to the genetic diversity of this species. As previously 

discussed in Section 3.4.3.2 coinfection with multiple unrelated strains of H. pylori can lead to 

recombination and increased genetic diversity (Didelot et al. 2013). While the genome of a single 

strain infection appears to be remain stable, the recombination frequency in multiple strain 

infections has been reported as 5.5 x 10-5 per initiation site per year (Falush et al. 2001; 

Kennemann et al. 2011). It is unknown whether the isolates from this study belonged to a mixed 

or single infection. Identifying and understating the rate of mixed H. pylori infections in NZ may 

help understand the evolution of strains. 

Although mutations and recombination with exogenous DNA cannot be excluded, PhyloPhlAn2 

does not identify where the variation is within the genes and proteins analysed. Further analysis 

would be required to identify the exact regions of diversity within the 400 genes and proteins 

included in the phylogenetic analysis. 

Without more data such as birthplace of the patient, date of isolation and outcome of infection, 

there is a limit to the amount of data that can be extrapolated from the PhyloPhlAn2 trees. 

Although the ancestry of these isolates is unable to be accurately estimated using this method 

the high bootstrap values observed at the tips of the branches provides greater support for 

identifying the closest relatives of these isolates. Based on the nucleotide sequence, the closest 

relatives for isolates A, B, C, and E have been identified as H. pylori 23-A-EK1 (NZ_CP032908), H. 

pylori oki102 (NZ_CP006820), H. pylori ML3 (NZ_AP014712) and H. pylori J182 (NZ_CP024947), 

respectively. 

The question still remains about how these isolates of H. pylori developed antibiotic resistance. 

Although this phylogenetic analysis did not primarily focus on genes related to antibiotic 

resistance, determining the evolutionary histories of these isolates may have provided clues 

about their acquisition of resistance.  As described in Chapter 2, isolate A was sensitive to all 

antibiotics tested, isolates B and E were resistant to > 256 ˃ Ǝ/mL of clarithromycin and 
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metronidazole, and isolate C was resistant to 24 ˃ Ǝ/mL 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, and E within these trees,  suggests that antibiotic resistance is not a 

deep-rooted trait and is instead likely to have developed independently and through different 

ways. Most antibiotic resistance mechanisms reported for H. pylori are the result of gene 

mutation (Section 1.3.5), likely as an adaptation to the changing environment. Rapid convergent 

evolution has been identified in H. pylori and is likely associated with micro-niches within hosts, 

geographic spread and differences between hosts, such as diet and genotype (Chattopadhyay 

et al. 2018). It is unknown whether these single isolates (A, B, C, and E) have developed 

resistance independently or if the clades they reside in have all developed similar resistance 

phenotypes. Using comparative genomics with the respeŎǘƛǾŜ ƛǎƻƭŀǘŜΩǎ ŎƭƻǎŜǎǘ ǊŜƭŀǘƛǾŜǎΣ ōŀǎŜŘ 

on the nucleotide tree, may help elucidate and increase our understanding of what causes the 

resistance phenotypes and how this resistance develops. This analysis is described in Chapter 4. 

To further increase the resolution of these trees and help resolve the ancestry of modern H. 

pylori populations, utilising a whole genome phylogeny approach or increasing the number of 

sequences may help. Employing a whole genome phylogeny, such as a SNP tree, will greatly 

increase the number of informative bases within the analysis and may provide greater 

understanding of the evolutionary relationships amongst this diverse species (Shakya et al. 

2020). 

As the genomes for the isolates A, B, C, and E were in draft format, a whole genome phylogenetic 

approach was unable to be used 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 

Section 3.4.2. Secondly, increasing the number of complete genomes may help further resolve 

the ancestry of modern-day isolates. In the last few years, the number of complete H. pylori 

genomes within the GenBank database has greatly increased. This is likely due to the reduced 

cost of sequencing and the clinical importance of this bacterium, especially in relation to 

antibiotic resistance  (Savoldi et al. 2018). As WGS becomes more accessible and more genomes 

are completed, including complete genomes from H. pylori strains isolated within NZ and 

worldwide may help further our understanding of how the H. pylori population within NZ is 

changing. Further studies are required to fully understand the evolutionary history of H. pylori 

isolates, especially in NZ; completing the genomes from this study is the first step to create a 

more robust and resolved phylogenetic tree. 

This chapter highlights the significance of genomic diversity seen within H. pylori genomes. Due 

to this extreme diversity, probably from a combination of recombination and mutation, using a 
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single gene such as 16S rRNA has failed to resolve interspecies relationships sufficiently enough 

to elucidate where isolates A, B, C, and E sit within the tree. Utilising MLST increased the number 

of genes used, identified isolates A, B, C, and E as new strains and highlighted that H. pylori in 

NZ did not originate form one source, but rather has had a range of continental origins. However, 

due to the limited informative sequences within the housekeeping genes selected it was not 

used as a representation for whole genome phylogeny. Further increasing the number of genes 

analysed to 400 in an attempt to increase the informative sequences, PhyloPhlAn2 was used to 

improve the resolution of the phylogenetic trees. This analysis, consisting of 155 complete H. 

pylori genomes and the four isolates from this study (A, B, C, and E) is, to date, the first 

phylogenetic analysis using PhyloPhlAn2 of this size for H. pylori. Although the ancestry of the 

isolates was not fully resolved using this method and inference could not be made directly about 

antibiotic resistance, the closest relative for each NZ isolate were identified. To further 

understand the mechanisms of resistance and how these mechanisms have developed, 

comparative genomic analysis was performed 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 4 Genomic Characterisation and Comparison of H. pylori 
Isolates 

4.1 Introduction 

Antibiotic resistance is a serious threat to public health, affecting individuals worldwide from all 

socioeconomic backgrounds (Laxminarayan et al. 2016; World Health Organization 2020). H. 

pylori has been defined as a high priority antibiotic resistant organism in need of new 

therapeutic treatments (Tacconelli et al. 2018). Resistance rates to common first-line treatment 

options for H. pylori vary worldwide but an increase towards clarithromycin and metronidazole 

has been observed, especially in NZ (Ahmed et al. 2004; Hsiang et al. 2013; Savoldi et al. 2018). 

Antibiotic resistance can have a negative effect on the treatment of an infection leading to 

treatment failure (Savoldi et al. 2018). The slow growing and fastidious nature of this organism, 

coupled with the lack of agreed and defined standards for antibiotic susceptibility testing 

(Section 2.4) calls for a fast and accurate diagnosis of resistance for an appropriate treatment 

regimen to be selected for eradication of the infection (Malfertheiner et al. 2017). 

Understanding the underlying, genomic features conferring antibiotic resistance will help in 

developing fast and accurate tests to understand the susceptibility profiles of bacteria (Su et al. 

2019b). Determining the genomic features of resistance will also help track these mechanisms 

and aid in the understanding of the evolution of antibiotic resistance (Hendriksen et al. 2019). 

From the previous two chapters isolates A, B, C, and E were characterised by their resistance 

profiles, their evolutionary relationships with other H. pylori isolates were analysed and their 

respective closest relatives were identified. All isolates were identified as new strains or STs and 

a high level of genomic diversity was observed throughout the phylogenetic trees 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 were both resistant to > 256 ˃Ǝ/mL of both 

clarithromycin and metronidazole and their closest relatives were H. pylori strains oki102 and 

J182, respectively. Finally, isolate C was resistant to 24 ˃Ǝ/mL of clarithromycin and its closest 

relative was H. pylori strain ML3. 

Comparative genomics is an important tool used to help further our understanding of biological 

processes through the comparison of genomic features (Xia 2013). H. pylori was the first bacteria 

to have two complete genomes sequenced and was subject to the first comparative genomic 

analysis (Alm et al. 1999). This tool has been applied to multidrug resistant bacteria such as A. 

baumannii and K. pneumoniae to elucidate resistance mechanisms and evolutionary patterns 
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(Fournier et al. 2006; Kumar et al. 2011). This comparative method has not been performed on 

H. pylori isolates from NZ. 

A review of the known or suggested mechanisms of resistance towards first-line treatment 

antibiotics for H. pylori infections was described in Section 1.3.5. As stated above, the isolates 

from this study only showed resistance towards clarithromycin and metronidazole; belonging to 

the macrolide and nitroimidazole drug classes, respectively. Thus, these two antibiotics and the 

mechanisms associated with their resistance will be the focus of this chapter. The review in 

Sections 1.3.5.3 and 1.3.5.4 highlighted a number of mutations within key genes associated with 

clarithromycin and metronidazole resistance, respectively. Key genes and associated mutations 

include mutations within domain V of the 23S rRNA gene relating to clarithromycin resistance, 

and amino acid substitutions within RdxA and FrxA, preventing metronidazole from being 

reduced into its bactericidal components (Jenks et al. 1999; Saranathan et al. 2020; Tran et al. 

2019; Versalovic et al. 1997). Although many potential mechanisms have been identified in 

resistant strains, some causes of resistance are still yet to be determined and defined (Chang et 

al. 1997; Smiley et al. 2013). Conducting further studies to advance the knowledge around 

resistance mechanisms within H. pylori is crucial for the accurate diagnosis and development of 

alternative treatment regimens as well as understanding what mechanisms of resistance are 

present within H. pylori isolates from NZ. 

The aims of this chapter were to further our understanding of the antibiotic resistance 

mechanisms within H. pylori isolates from NZ using comparative genomic techniques (Figure 

4.1). Isolates A, B, C, and E underwent genomic characterisation and comparative genomic 

analysis with the closest relatives identified from the nucleotide PhyloPhlAn2 tree from Chapter 

3 Phylogenetic Relationship of H. pylori isolates. 
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4.2 Methods and Materials 

4.2.1 Genomic DNA Extraction and Assembly 

H. pylori isolates were grown and gDNA was extracted following methods previously described 

in Sections 2.2.2 and 3.2.2.1 (commercial kit), respectively. Genomes were sequenced and 

assembled as described in Section 3.2.2.4 and 3.2.3, respectively. 

4.2.2 Gene Predication and Annotation 

Annotation of the genomes were conducted using three pipelines; RAST v2.0 (Aziz et al. 2008), 

Prokka v1.13.3 (Seemann 2014) and the previously mentioned Nullarbor v2.0.20191013  

(Seemann et al. n.d.). An overview of the workflow and use of output files may be viewed in 

Figure 4.2. RAST annotation was performed by uploading each H. pylori genome onto the RAST 

server (http://rast.nmpdr.org/). Prokka annotation was completed in-house using standard 

settings and parameters. Nullarbor was conducted in-house using standard parameters and H. 

pylori 26695 (NC_000915) was used as a reference. 

 

Figure 4.2: Workflow of genomic extraction, sequencing and functional annotation of isolates A, B, C, and E used 
in this thesis. Programmes used with different file types are presented at end of workflow. Dotted line indicates 

that the progressiveMauve alignment was used with ISEScan as well. AR = antibiotic resistance. 

4.2.3 Genomic Features 

CRISPR (clustered regularly interspaced short palindromic repeats) regions were identified using 

the online tool, CRISPRCasFinder (https://crisprcas.i2bc.paris-saclay.fr/). The *.fna file was 

uploaded to the webpage and analysed using default settings plus CAS gene detection (Couvin 

et al. 2018). Phage regions were identified using PHASTER (PHAge Search Tool Enhanced 

Release) (https://phaster.ca/). Once again, 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 InterProScan and through a BLASTp search 

http://rast.nmpdr.org/
https://crisprcas.i2bc.paris-saclay.fr/
https://phaster.ca/
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on the NCBI database to further identify conserved regions within hypothetical and phage-like 

proteins that may be involved in antibiotic resistance. Genes surrounding this region were also 

investigated for any points of potential interest relating to antibiotic resistance. ISs were 

identified through ISEScan, a pipeline used to identify both complete and partial ISs in 

prokaryotic genomes (Xie and Tang 2017). The *.fna files and the sorted and concatenated 

Mauve files were input into the pipeline and default parameters were selected. 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 used to rearrange the contigs and align the newly 

sequenced H. pylori genomes against reference genomes identified from the nucleotide 

PhyloPhlAn2 tree (Section 3.3.8.1, Table 4.1). To reorder the contigs the MCM algorithm was 

used and the respective closest relative was chosen as the reference. The sorted sequences were 

concatenated and circularised. The progressiveMauve algorithm was then run to align the 

genomes. The match seed weight was adjusted to 11, to match the approximate size of the H. 

pylori genomes (1.6 Mbp), and the minimum weight of the LCB was set as the default. 

Table 4.1: H. pylori 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. pylori 23-A-EK1 NZ_CP032908.1 (Ailloud et al. 2019) 

B H. pylori oki102 NZ_CP006820.1 (Satou et al. 2014) 

C H. pylori ML3 NZ_AP014712.1 (Wang et al. 2015a) 

E H. pylori J182 NZ_CP024947.1 (Su et al. 2019a) 

 

4.2.5 Whole Genome Analysis 

4.2.5.1 Nullarbor 

As previously described in Sections 1.3.6.4 and 3.2.3, Nullarbor produces a public health 

microbiology report using a range of different programmes. This report consists of previously 

described analyses (Section 3.2.3), as well as resistome, virulome and single nucleotide 

polymorphism (SNP) analyses. Features of this report were compared with other methods. 
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4.2.5.2 Virulome 

The virulence factor database (VFDB) 2019 (http://www.mgc.ac.cn/VFs/main.htm) was used to 

predict the virulome for isolates A, B, C, and E (Liu et al. 2019). Utilising the VFanalyzer 

(www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi?func=VFanalyzer), the GenBank file for each 

assembled draft genome, produced from RAST, was uploaded to the web-based interface. H. 

pylori 26695 was selected as the representative genome. 

4.2.5.3 Metabolic Potential 

The metabolic potential of isolates A, B, C, and E was determined using the KEGG database. The 

*.faa files for each genome were uploaded to the BlastKOALA webpage 

(https://www.kegg.jp/blastkoala/). The bacteria taxonomic group was selected and the 

species_prokaryote KEGG GENES database was selected. The genomes were annotated and 

genes were assigned KO numbers and uploaded to the KEGG Mapper ς Reconstruct Pathway 

webpage (https://www.kegg.jp/kegg/tool/map_pathway.html) to identify genes present within 

the pathways within the KEGG pathways database. 

4.2.5.4 Clusters of Orthologous Groups Assignment 

To assign OGs to each isolate genome (A, B, C, and E), the *.faa files were uploaded to eggNOG-

Mapper (http://eggnog-mapper.embl.de/). The default settings were selected before running 

the analysis (Huerta-Cepas et al. 2017; Huerta-Cepas et al. 2018). The closest relative for each 

isolate (Table 4.1) was also analysed through eggNOG-Mapper for a comparison with each 

isolate (A, B, C, and E). The annotated eggNOG files were imported into Excel v1908 and 

normalised to create a bar graph to visualise the OGs assignments. 

4.2.6 Identification of Potential Antibiotic Resistance Genes and Mutations 

To identify genes or mutations that may be involved in antibiotic resistance within isolates A, B, 

C, and E, multiple methods were used. As part of the Nullarbor pipeline a resistome report is 

produced from a search within CARD. A manual curation of genes and mutations from the 

literature was also conducted. As well as a ŘƛǊŜŎǘ ǎŜŀǊŎƘ ǘƘǊƻǳƎƘ /!w5Ωǎ wDL ŀƴŘ hǊǘƘƻ±Ŝƴƴн ǘƻ 

identify novel genes of interest shared between resistant isolates that may be associated with 

antibiotic resistance. Each of these methods are described below. 

4.2.6.1 Manual Curation of Known Antibiotic Resistance Genes from H. pylori 

From Section 1.3.5 a number of genes or proteins and mutations were discussed that are 

associated with antibiotic resistant H. pylori. Genes associated with clarithromycin resistance 

(Section 1.3.5.3), 23S rRNA, translation initiation factor IF-2  (infB) and ribosomal protein L22 

(rpl22); proteins associated with metronidazole resistance (Section 1.3.5.4), RdxA (rdxA, oxygen-

http://www.mgc.ac.cn/VFs/main.htm
http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi?func=VFanalyzer
https://www.kegg.jp/blastkoala/
https://www.kegg.jp/kegg/tool/map_pathway.html
http://eggnog-mapper.embl.de/
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insensitive NADPH nitroreductase), FrxA (frxA, NADPH-flavin oxidoreductase) Fur (fur, ferric 

uptake regulator) and RecA (recA, recombinase A) were extracted from the Genbank format files 

of isolates A, B, C, and E and from their respective closest relative genomes (Table 4.1). Eflux 

pumps, HefABC (hefA, outer membrane protein; hefB, membrane fusion protein; hefC, 

cytoplasmic pump protein), HP1184 (hp1184, multidrug efflux MATE transporter) and HP1181 

(hp1181, multidrug efflux MFS transporter) were also extracted from the GenBank format files 

of their isolates and respective closest references. The H. pylori type strain, 26695, was used as 

a general reference and all genes mentioned above were extracted from its Genbank file. Each 

gene and/or predicted protein sequence was analysed by multiple sequence alignment using 

the MUSCLE algorithm v3.8.425 within Geneious v2020.0.4. 

4.2.6.2 Novel Antibiotic Resistance Determinants 

CARD 

CARD was used to identify potential antibiotic genes  through their online tool (RGI; 

https://card.mcmaster.ca/) and through Nullarbor. The RGI was used to identify potential 

resistomes in each of the isolates from this study. The DNA sequence for isolates A, B, C, E and 

their respective closest relatives (Table 4.1) 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 criteria were adjusted to include perfect, strict and loose hits to 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, and E) were tested against; macrolides, nitroimidazoles, 

tetracyclines and penicillins. The RGI output of genes associated with macrolide and 

nitroimidazoles was visualised using a heatmap. The percentage similarity of genes associated 

with macrolides and nitroimidazoles were incorporated into a heatmap using the heatmap.2 

function from gplots v3.0.4 (Warnes et al. 2015) in R v3.6.1 (R Core Team 2019) and visualised 

using Rstudio v1.3.1073 (RStudio Team 2020). 

Protein predictions of the genes identified were analysed through InterPro 

(https://www.ebi.ac.uk/interpro/) and the NCBI BLASTp search tool 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify and analyse predicted protein families, 

conserved sites and domains and to observe similarity to other known protein sequences. 

OrthoVenn2 

OrthoVenn2 was used to compare whole-genome orthologous clusters between the isolates 

from this study. The *.faa files for each isolate were uploaded to the web-based interface 

https://card.mcmaster.ca/
https://www.ebi.ac.uk/interpro/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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(https://orthovenn2.bioinfotoolkits.net/home). Analysis was carried out using the default 

settings of an E-value of 1x10-2 and an inflation value of 1.5. 

To identify orthologous protein clusters (OPC) that may be involved with antibiotic resistance a 

number of comparisons were carried out. As isolate A was sensitive to all antibiotics tested it 

was used as a negative control for comparison to the other isolates. Isolate A was compared to 

isolates B, C and E individually and OPCs that were present only within all isolates B, C, and E 

were collated. OPCs that were only present in the resistant strains were also collated. As isolates 

B and E share the same resistance phenotypes, OPCs shared between only these two isolates 

were also collated. 

The protein sequences for each identified cluster from the comparisons described above were 

searched through InterPro and NCBI BLASTp search, as described in Section 4.2.6.2 (CARD).  

4.2.7 Presence/Absence of A2147G Mutation Associated with Antibiotic 

Resistance 

To observe the evolution of the known antibiotic resistance mutation, A2147G from the 23S 

rRNA, identified in isolates B and C, these mutations were overlaid onto the nucleotide 

PhyloPhlAn2 tree from Chapter 3 (Section 3.3.8.1). The 23S rRNA gene was identified in the 

PhyloPhlAn2 dataset (Appendix A: Whole Genome Sequence Data Set) through the inbuilt BLAST 

search tool within Geneious v2020.0.4. The sequences were aligned using the MUSCLE algorithm 

within Geneious and the A2147G mutation 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 metronidazole resistance. 

  

https://orthovenn2.bioinfotoolkits.net/home
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4.3 Results 

4.3.1 Gene Prediction and Annotation 

RAST, Prokka and Nullarbor were used to predict and annotate genes. A summary of the number 

of coding genes, rRNAs and tRNAs each programme identified can be viewed in Table 4.2. Each 

programme identified a varying number of genes, with RAST calling the highest number. 

Nullarbor was unable to identify any tRNA genes, therefore questioning its accuracy with gene 

prediction. 

As well as a different number of genes and proteins identified, the description of identified 

proteins can differ between programmes. Nullarbor does not produce a searchable file for 

annotated genes, therefore, only Prokka and RAST gene calls were compared, as well as a 

BLASTX search in CDS = coding sequence. 

Table 4.3. This table demonstrates that both RAST and Prokka were able to call predicted 

proteins, however, the description of these proteins differed. This highlights the importance of 

using both programmes to predict protein functions.  

 



 

 

1
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Table 4.2: Summary of genes and RNAs predicted for each isolate (A, 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. 

Table 4.3: Comparison of gene annotations between RAST, Prokka and BLASTX for isolate A. 

Prokka locus tag RAST description Prokka description 

BLASTX result 

Description E-value Accession 

INKADMOK_01020 Type IIS restriction enzyme M protein (mod) Restriction enzyme BgcI subunit alpha 
N-6 DNA 

methylase 
0.0 WP_108576009.1 

INKADMOK_01028 
ABC transporter, ATP-binding protein 

HP_1465 
Methionine import ATP-binding protein 

MetN 2 

ABC 
transporter 
ATP-binding 

protein 

0.0 WP_023526679.1 

INKADMOK_01117 (S)-2-hydroxy-acid oxidase Putative FAD-linked oxidoreductase 
glycolate 

oxidase subunit 

GlcD 

0.0 WP_101005179.1 

INKADMOK_01554 Outer membrane protein (omp27) Hypothetical protein 
Hop family 

adhesin HopQ 
0.0 WP_128072307.1 
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4.3.2 Genomic Features 

General genomic features of the H. pylori genomes are displayed in Table 4.4. Genome sizes 

ranged from 1.54 Mbp (isolate C) to 1.67 Mbp (isolate B). The average G+C content was 

approximately 38 % for each genome. RAST identified one copy of each rRNA gene (5S, 16S and 

23S) in each isolate along with 34 (A and B) and 35 (C and E) tRNA genes in each respective 

genome. Isolates C and E were found to have one and four CRISPR repeat regions, respectively, 

and one phage region was identified in Isolate B. Both complete and partial ISs were identified 

in all isolate genomes. 
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Table 4.4: Genomic features of draft genomes of isolates A, B, C and E and three plasmids from RAST. 

Features A A plasmid B C C plasmid E E plasmid 

Genome size (bp) 1,622,179 2,993 1,669,161 1,544,892 9,121 1,629,055 4,212 

GC content (%) 38.9 35.4 38.7 38.8 33.7 38.9 37.8 

Number of contigs 35 1 39 36 1 53 1 

Total genes 1,682 3 1,760 1,631 11 1,737 6 

Protein encoding 

genes (%) 

1,626 (96.67%) 3 (100 %) 1,689 (95.97%) 1,573 (96.44%) 11 (100 %) 1,673 (96.32%) 6 (100 %) 

Hypothetical proteins 

(% of CDS) 

419 (25.77%) 1 (33.33%) 466 (27.59%) 379 (24.09%) 4 (36.36%) 461 (27.56%) 4 (66.67 %) 

Genes assigned to 

COGs (% of CDS)  

1,345 (82.72%) 1 (33.33%) 1,372 (81.23%) 1,333 (84.74%) 1 (9.09%) 1,382 (82.61%) 1 (16.67 %) 

Total RNA genes 37 0 37 38 0 84 0 

rRNA genes (5S, 16S, 

23S rRNA) 

3 (1, 1, 1) 0 3 (1, 1, 1) 3 (1, 1, 1) 0 3 (1, 1, 1) 0 

tRNA genes 34 0 34 35 0 35 0 

CRISPR repeats1 0 0 0 0* 0 0* 0 

Phage regions2 0 0 1 0 0 0 0 

Insertion sequences3 2Ë 0 3Ë 4Ë 0 6Ë 0 

1 = identified using CRISPRCas finder. 2 = identified using PHASTER. 3 = identified using ISEScan. * = incomplete CRISPR regions identified. Ë = total number of IS identified (both complete and partial).
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4.3.2.1 CRISPR Regions 

One potential CRISPR region was identified in isolate C and four potential CRISPR regions were 

identified in isolate E (Table 4.5). All regions identified contained only two direct repeats (DR) 

and one spacer, with an assigned evidence level of one. This low evidence level, calculated by 

the low number of DRs and spacers, indicates that these short arrays are unlikely to be true 

CRISPR regions. A BLASTn search of these DR sequences indicates that these regions have been 

identified in other H. pylori isolates, including the cagA region, but not in any known CRISPR 

regions. No Cas regions were identified. 

Table 4.5: Identified potential CRISPR repeats in isolates C and E. 

Isolate Length 

of DR 
(bp) 

DR sequence DRs in 

CRISPR 
locus 

Number 

of spacers 

Evidence 

level 

C 23 ACTTGAGCGTAAATGGGCTCTTC 2 1 1 

E 27 TTTTTTAAAAAAACCCTTGAGTGTTTT 2 1 1 

E 23 GATGAGCCCATTTACGCTCAAGT 2 1 1 

E 37 GTTTTTTTGAAATAATCTCTTCGGTAACGCTAGAGAG 2 1 1 

E 26 CATGCGAGAAGTAGTGGTTCAAGAAC 2 1 1 

DR = direct repeat. 

4.3.2.2 Phage Analysis 

One incomplete phage 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 region and had a G+C content of 34.54 % (Figure 4.3). 
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Figure 4.3: PHASTER genome viewer of phage region identified in contig 4 of isolate B. Att = attachment site, Int = 

integrase, PLP = phage-like protein, Tra = transposase, Hyp = hypothetical protein. Arrows indicate direction of 
gene.  

Analysis of the hypothetical proteins and phage-like proteins identified by PHASTER did not 

return any domains or homologues to other proteins related to antibiotic resistance previously 

established (data not shown). The transposase region was identified as belonging to the 

transposase IS607 family, the phage-like protein preceding this region was also identified as a 

transposase belonging to the IS200/IS605 family, specifically OrfB. Genes surrounding this 

incomplete phage region were also analysed further for association with known antibiotic 

resistance mechanisms. No genes of interest were identified through this extended analysis. 

4.3.2.3 Insertion Sequences 

Both complete and partial ISs were identified in all isolates (Table 4.6), primarily belonging to 

the IS21 and IS200/605 families, with only one insertion sequence belonging to the IS595 family 

identified in E3. Complete sequences that were identified belonged to the IS200/605 family. 

Both the separate contigs and the rearranged and concatenated genomes (Section 4.3.4) were 

analysed using ISEScan to identify partial and complete ISs. Two additional ISs were identified in 

the rearranged and concatenated genomes of isolates B and E that were not identified when 

analysing the separate contigs of the respective isolates. In isolate E, the IS E6 was located over 

two contigs. This IS may be an artefact of the contig rearrangement in Mauve as when contigs 

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, IS B2 was 

identified in the Mauve genome rearrangement but not within the search 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 required to determine whether this is a true 

IS. The IS identified within Section 4.3.2.2 was also identified through this analysis (B3). 

The BLASTp search (Table 4.6), conducted for both complete and partial ISs returned top hits 

related to the movement and replication of IS, except for E6. This analysis indicated that this 

protein is an OMP belonging to the Hop family, aiding in adhesion of the bacterium to gastric 
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tissue (Coppens et al. 2018). This suggests that this may not be a true IS and further investigation 

into the sequence is required; however, this is beyond the scope of this study. 

The positions of the ISs in each draft 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 antibiotic resistant genes of interest were identified based on the RAST 

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, 

respectively. Although these ISs are located next to these antibiotic resistance genes, they do 

not appear to have caused any alterations to the genes. 
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Table 4.6: Insertion sequences identified from isolates A, B, C and E and BLASTp results. 

Isolate IS IS Family and Cluster Description Query cover E-value % identity Accession number 

A1 IS200/IS605_155 DNA methylase [H. pylori] 43% 0.00 96.79% EJB82799.1 

A2 IS21_259 P Chromosomal replication initiator protein DnaA [H. pylori] 82% 0.00 99.31% WP_128044524.1 

B1 IS21_259 P Chromosomal replication initiator protein DnaA [H. pylori] 96% 0.00 99.12% WP_127945629.1 

B2* IS200/IS605_155 Eco57I restriction-modification methylase domain-containing protein [H. pylori] 99% 0.00 98.37% WP_001170013.1 

B3 IS200/IS605_155 Eco57I restriction-modification methylase domain-containing protein [H. pylori] 42% 0.00 96.11% WP_001170013.1 

C1 IS200/IS605_96 P Transposase [H. pylori] 92% 6.00E-58 96.63% WP_120901692.1 

C2 IS21_259 P Chromosomal replication initiator protein DnaA [H. pylori] 83% 0.00 99.56% WP_060759823.1 

C3 IS200/IS605_430 P IS200/IS605 family transposase [H. pylori] 99% 3.00E-58 98.99% WP_162966965.1 

C4 IS200/IS605_96 IS200/IS605 family element transposase accessory protein TnpB [H. pylori] 99% 0.00 99.30% WP_154569861.1 

E1 IS21_259 P Chromosomal replication initiator protein DnaA [H. pylori] 86% 0.00 99.34% WP_128039963.1 

E2 IS200/IS605_96 P IS606 transposase [H. pylori] 91% 3.00E-56 93.62% BAW74872.1 

E3 IS1595_235 P IS1595 family transposase [H. pylori] 64% 0.00 99.41% WP_001969827.1 

E4 IS200/IS605_449 P IS200/IS605 family element transposase accessory protein TnpB [H. pylori] 74% 0.00 99.10% WP_108262961.1 

E5 IS200/IS605_96 IS200/IS605 family element transposase accessory protein TnpB [H. pylori] 99% 0.00 99.06% WP_108529583.1 

E6*  IS200/IS605_430 Hop family outer membrane protein HopJ/HopK [H. pylori] 70% 0.00 95.83% WP_097568304.1 

* = not identified in contig search.  Number after underscore = IS cluster. P = Partial sequence.
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4.3.3 COG Assignment 

The categorisation of genes into COGs for each isolate and associated reference can be seen in 

Figure 4.4. Distribution of COG assignment is similar amongst all isolates and their respective 

references. This provides further confirmation that the isolates (A, B, C, and E) are H. pylori. The 

COGs were classified into 22 out of 26 functional categories, of which the largest groups across 

all isolates were function unknown (S), translation, ribosomal structure and biogenesis (J), and 

cell wall/membrane/envelope biogenesis (M). No COGs were identified belonging to the general 

function prediction only (R), extracellular structures (W), nuclear structure (Y), and cytoskeleton 

(Z) categories. 

 

Figure 4.4: COG distribution of isolates (A, B, C and E) and reference genomes (23-A-EK1, oki102, 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 complete 

genomes of their respective closest relative identified from the nucleic acid PhyloPhlAn2 tree. 

The alignments for each isolate and their identified closest relative are presented in Figure 4.5. 

Isolate A had a minimum LCB weight of 571 nt and this parameter produced 29 LCBs (Figure 4.5 

A). Nine inversions were identified in isolate A compared to its reference 23-A-EK1; however, 

these were small regions of the genome. Isolate B had a larger minimum LCB weight of 177,250 

nt, producing two LCBs (Figure 4.5 B). The two LCBs indicate the presence of one large 

homologous region (green) and then one smaller homologous region (red). Within the middle 

of the green LCB in isolate B, is a white region, this indicates that isolate B is missing a number 

of genes that the reference genome (oki102) has within this genome section. These white 

regions are also observed in the reference genome (oki102) in both the green and red LCBs but 

are much smaller. This indicates that isolate B has additional genes that oki102 does not have 

based on nucleotide sequence homology. The alignment of isolate C against its closest relative 

produced one LCB and therefore no minimum LCB weight (Figure 4.5 C). There are two large 

white gaps observed in the reference genome (ML3) that indicate additional genes are present 

in isolate C that are not present within H. pylori ML3. Finally, isolate E had a minimum LCB weight 

of 209 nt, producing 19 LCBs (Figure 4.5 D). Six inversions were observed when compared to its 

reference (J182). The gaps within the isolates (A, B, C, and E) may be due to the incomplete 

nature of the genomes. However, these gaps were examined further, and no known antibiotic 

resistant determinants were identified. Gaps present in the reference genomes, which are 

complete, were also analysed further but no known antibiotic resistance genes were identified. 
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Figure 4.5: 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 below the line 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 VFDB and Nullarbor analyses. The full virulome report from Nullarbor and 

the VFDB may be viewed in Appendices Appendix D: Nullarbor Report and Appendix E: VFDB 

Output. These two approaches identified different genes with Nullarbor identifying 112 genes 

across all isolates and the VFDB identifying 95 genes across all isolates; with 73 genes identified 

in common. A summary of the most clinically relevant virulence factors, for H. pylori, are 

presented in Table 4.7. All isolates possess the genes for the cagA, vacA, urease enzymes and 

major OMPs. None of the isolates appear to possess the gene dupA, which is involved with the 

development of duodenal ulcers (Talebi Bezmin Abadi and Perez-Perez 2016). Isolates B, C, and 

E all possess the iceA gene; however, it was not identified in isolate A by these analyses. Absence 

of the iceA gene in isolate A was confirmed by a subsequent BLAST search within the genome. 

These major virulence factors were identified using both methods. 
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Table 4.7: Summary of clinically relevant virulence factors identified in isolates A, B, C and E from the VFD and 

Nullarbor. 

Virulence 

gene 
Gene product 

Presence/absence of gene in isolates 

A B C E 

cagA Cytotoxin-associated gene A (CagA) V V V V 

vacA Vacuolating cytotoxin (VacA) V V V V 

dupA Duodenal ulcer promoting gene (DupA) U U U U 

iceA Induced by contact with epithelium gene A (IceA) U V V V 

Urease 

(ureA, ureB) 
Urease alpha and beta subunits (Urease) V V V V 

OMPs (babA, 

sabA, oipA) 

Blood-group-antigen-binding adhesin (BabA), 

Sialic-acid-binding adhesin (SabA), Outer 

inflammatory protein A (OipA) 

V V V V 

V = present, U = absent, OMP = outer membrane protein. 

4.3.6 Metabolic Potential 

4.3.6.1 Carbohydrate Metabolism 

Pathway analysis indicates that the draft genomes from the H. pylori isolates in this study each 

possess an incomplete glycolysis pathway (Figure 4.6). This suggests that the isolates are unable 

to convert glucose into important metabolites using this metabolic pathway alone. These results 

are consistent with previous studies of H. pylori glucose metabolism (Dandekar et al. 1999; 

Mendz and Hazell 1991). 

All H. pylori isolates appear to lack the standard genes required to uptake extracellular D-

glucose. However, a putative glucose/galactose transporter (gluP) has been identified within the 

H. pylori 26695 genome (Tomb et al. 1997). Through a BLAST search of all four isolates, this gene 

was present suggesting that the isolates may use this channel to import extracellular glucose or 

galactose. 

Once D-glucose or galactose enters the cell, it may undergo phosphorylation using glucokinase 

(EC 2.7.1.2) to form D-glucose-6P. A reversable reaction using glucose-6-phosphate isomerase 

(EC 5.3.1.9) can then convert D-glucose-6P into D-fructose-6P. However, all isolates lack two key 

enzymes required to complete the conversion of glucose into pyruvate; 6-phosphofructokinase 

(EC 2.7.1.11) and pyruvate 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 Entner-Doudoroff or nonoxidative pentose 

phosphate pathway to complete the breakdown of glucose (green arrows; Figure 4.7). D-

glucose-6P enters the Entner-Doudoroff pathway and is converted to D-glucononate-6P. The 

isolates would then use their enzymes capable of dehydrating and cleaving D-gluconate-6P to 

produce pyruvate: phosphogluconate dehydratase (EC 4.2.1.12) and 2-dehydro-3-

deoxyphosphogluconate aldolase (EC 4.1.2.14). Through the nonoxidative pentose phosphate 

pathway (blue arrows; Figure 4.7), D-fructose-6P can potentially be converted into D-ribose-5P 

through a series of reversable reactions. D-ribose-5P may then be used for the synthesis of 

nucleic acids. 
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Figure 4.6: Glycolysis pathway for isolates A, B, C, and E. Green EC numbers indicate presence of the enzyme, 
white EC numbers indicate enzymes were not identified. Green arrows indicate potential flow of the pathway. 

Dashed arrows indicate that a substrate is either from or entering a different pathway. Red arrows indicate 

missing genes that inhibit pathway. 
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Figure 4.7: Pentose phosphate and Entner-Doudoroff pathways for isolates A, B, C, and E. Green EC numbers 
indicate presence of the enzyme, white EC numbers indicate enzymes were not identified. Green arrows indicate 

potential flow of pathway. Blue arrows indicate nonoxidative pentose phosphate pathway. Dashed arrows 
indicate that a substrate is either from or entering a different pathway. 

4.3.6.2 Citric acid cycle 

The KEGG citric acid cycle (CAC) identified in the isolates (A, B, C, and E) appears to differ from 

ǘƘŜ ΨǎǘŀƴŘŀǊŘΩ /!/ όFigure 4.8). The absence of the key enzyme succinyl-CoA synthase (EC 

6.2.1.5; red arrows; Figure 4.8), required to convert succinyl-CoA into succinate, makes this an 

incomplete, noncyclic pathway. It has been suggested that H. pylori possess a branched CAC, 

consisting of a dicarboxylic and tricarboxylic arm (green arrows; Figure 4.8), due to the absence 

of this key enzyme. The isolates possess the genes encoding pyruvate ferredoxin oxidoreductase 

alpha subunit (EC 1.2.7.1) and 2-oxoacid oxidoreductase (EC 1.2.7.11), to convert pyruvate to 

acetyl-coenzyme A (CoA). Through the tricarboxylic arm of the pathway, the isolates possess the 

genes encoding enzymes required to convert oxaloacetate to citrate, isocitrate and -h

ƪŜǘƻƎƭǳǘŀǊŀǘŜΦ ¢ƘŜ ŜƴȊȅƳŜ ʰ-ketoglutaraǘŜ ŘŜƘȅŘǊƻƎŜƴŀǎŜ ό9/ мΦнΦпΦнύΣ ǳǎŜŘ ǘƻ ŎƻƴǾŜǊǘ ʰ-

ketoglutarate to succinyl-CoA was not identified in the isolates; however, 2-oxoglutarate 

synthase (EC 1.2.7.3) and 2-oxoacid oxidoreductase are present instead. In the dicarboxylic 

branch of the pathway, malate synthase (EC 2.3.3.9) or malate dehydrogenase (EC 1.1.1.37; 

orange arrows; Figure 4.8) are not present to convert oxaloacetate into malate. However, 

activity of this enzyme has been observed in other H. pylori isolates even though these enzymes 

have not been identified in the genome of other isolates (Pitson et al. 1999; Tomb 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 exhibited in H. pylori (Kather et al. 2000). Malate:quinone 

oxidoreductase was identified in isolates A, B, C, and E. The isolates do possess genes encoding 

fumarase (EC 4.2.1.2) and fumarate reductase (EC 1.5.3.4) to convert malate 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 other H. pylori isolates; however, further 

investigation is required to identify the genes encoding enzymes required to convert 

oxaloacetate to malate. 

 

Figure 4.8: Citric acid cycle for isolates A, B, C, and E. Green EC numbers indicate presence of the enzyme, white 
EC numbers indicate enzymes were not identified within 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 missing from genome however, activity has been identified in other H. pylori isolates. Red arrow 
indicates missing gene that inhibits pathway. 

4.3.6.3 Nitrogen metabolism 

Nitrogen is utilised in H. pylori to synthesise key components required for the formation of DNA, 

proteins and other important molecules (Price et al. 2002). In the gastric environment there are 

two main sources of nitrogen for H. pylori to utilise: amino acids and urea (Weeks et al. 2000). 

Urea is present in small amounts within the stomach of humans (Weeks et al. 2000). H. pylori 

are able to take up this extracellular urea through an acid activated urea channel, encoded by 

the ureI gene. According to the KEGG annotation, only isolate B, C, and E possess the ureI gene; 

however further analysis through a BLAST search and annotation by VFDB shows that all isolates 
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(A, B, C, and E) possess this urea channel. The VFDB analysis is described above (Section 4.3.5). 

All isolates also possess urease (EC 3.5.1.5), which is able to hydrolyse urea to ammonia and 

carbon dioxide, once inside the cell. 

Amino acids are also present within the gastric environment and provide H. pylori with a source 

of both nitrogen and carbon (Komorowska et al. 1981). There are several amino acids that are 

required for the growth of H. pylori; arginine, histidine, isoleucine, leucine, methionine, 

phenylalanine and valine; with some strains also requiring alanine and serine (Reynolds and 

Penn 1994). Based on genomic data alone, the isolates from this study are unable to synthesise 

arginine, histidine, isoleucine, leucine, methionine, phenylalanine, valine, alanine and serine; as 

they are missing key enzymes in the biosynthetic pathways. However, isolates A, B, C, and E 

possess a number of genes that aid in the catabolism of some amino acids that produce 

ammonia as a by-product (Table 4.8). 

Table 4.8: Enzymes present in isolates A, B, C, and E that are involved in catabolism of amino acids. 

Gene name Enzyme EC number Reaction 

ald Alanine dehydrogenase 1.4.1.1 Converts alanine to pyruvate + ammonia 

aspA Aspartate-ammonia lyase 4.3.1.1 Converts aspartate to fumarate + ammonia 

ansB L-asparaginase II 3.5.1.1 Converts L-asparagine to L-aspartate + ammonia 

gdhA Glutamate dehydrogenase 1.4.1.4 
wŜǾŜǊǎƛōƭŜ ǊŜŀŎǘƛƻƴ ŎƻƴǾŜǊǘƛƴƎ ʰ-ketoglutarate + 
ammonia to 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 3.5.3.1 Converts arginine to urea 

amiF Formanidase 3.5.1.49 Converts formamide to formate + ammonia 

amiE Aliphatic amidase 3.5.1.4 
Hydrolysis of short-chain amides to carboxylic 
acid + ammonia 

dadA D-amino acid dehydrogenase 1.4.5.1 Oxidation of D-amino acids 
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4.3.7 Manual Curation of Known and Potential Antibiotic Resistance 

Determinants from H. pylori 

To assess whether 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 clarithromycin and metronidazole, only mechanisms 

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 rRNA (Kanoh and Rubin 2010). Domain V of the 23S rRNA gene is therefore 

of keen interest in resistance to this macrolide. Through alignment of the 23S rRNA genes, from 

the isolates and their respective reference genomes, the A2147G mutation (red box; Figure 4.9) 

was identified in isolates B and C, and reference genomes 23-A-EK1 and ML3. The A2146G 

mutation was not identified in any of the isolates; however, two other mutations were identified 

in domain V, T2186C (isolates C, E, and ML3; green box, Figure 4.9) and A2227G (isolates C and 

E; orange box, Figure 4.9). 

Of the three mutations identified, two of the isolates (C and E), had multiple mutations within 

domain V. Isolate C had three mutations, A2147G, T2186C and A2227G; and isolate E had two 

mutations, T2186C and A2227G. These mutation combinations have been identified before; 

however, the A2147G, T2186C and A227G combination has been associated with a 

clarithromycin susceptible strain (Tran et al. 2019). 

The G160A mutation within the infB gene or the 9 bp insertion or 3 bp deletion within rpl22 

were not identified in any of the isolates or their respective reference genomes (data not 

shown). These results suggest that target alteration of the 23S rRNA gene is a contributor to the 

resistance of isolates B and C for clarithromycin resistance. However, the mechanism of 

clarithromycin resistance for isolate E is still not defined, based on these known mutations, 

suggesting another mechanism is involved in resistance. 
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Figure 4.9: MUSCLE multiple sequence alignment of 23S rRNA genes from isolate 26695 (reference genome),  isolates (A, B, C, and E) and their respective closest relatives (23-A-EK1, oki102, ML3, 

and J182). Blue box shows a zoomed in view of the mutations present in domain V of the 23S rRNA. The three mutations present within this domain are A2147G (red box), T2186C (green box), 

and A2227G (orange box). 
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4.3.7.2 Metronidazole Resistance 

As metronidazole is a prodrug it requires reduction once within the cell to release its bactericidal 

components. Mutations within key reductases genes in H. pylori (rdxA and frxA) are commonly 

associated with metronidazole resistance (Marais et al. 2003). A number of mutations were 

identified in both reductase genes in all isolates and reference genomes. Within isolates B and 

E, two missense mutations in the rdxA gene were identified leading to R16H and A118S (red and 

blue boxes respectively; Figure 4.10 A) amino acid substitutions in the RdxA protein. Isolate B 

contained both substitutions whereas isolate E only contained the A118S amino acid 

substitution. Isolate A also possessed a missense mutation causing at position 118, causing a 

change from alanine to threonine (A118T); however, this isolate is metronidazole sensitive (blue 

box; Figure 4.10 A). Mutations in these positions have been identified in other metronidazole 

resistant strains of H. pylori before (Kwon et al. 2000c). No mutations were found in any of the 

reference genomes in these positions. 

Mutations were also identified in the frxA gene in isolates A, B, C, E, and the reference genome 

23-A-EK1. The three metronidazole resistant strains, isolates B and E, and the reference genome 

23-A-EK1 did not share any common mutations within the frxA gene. Figure 4.10 B shows the 

consequences of the mutations within the frxA gene. Isolate B possesses a 32 amino acid 

deletion at the start of FrxA (black box; Figure 4.10 B). A 20 amino acid deletion was observed 

at position 189 in this protein in strain 23-A-EK1 (yellow box; Figure 4.10 B). Isolate C also had a 

number of mutations within the frxA gene, including creation of a stop codon at amino acid 

position 207 (orange box; Figure 4.10 B) leading to premature truncation of this protein. 

However, this isolate is not phenotypically resistant to metronidazole. No major mutations were 

identified in frxA of isolate E. 

No premature truncation or significant mutations shared between resistant isolates were 

identified in Fur or RecA (data not shown).
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Figure 4.10: MUSCLE protein alignments of RdxA (A) and FrxA (B) from isolates A, B, C, E, closest relative genomes 23-A-EK1, oki102, ML3, and J182, and reference genome 26695. Red box 
highlights R16H mutation within RdxA. Blue box highlights A118 mutations within RdxA. Black box highlights 32 AA deletion in FrxA of isolate B. Yellow box highlights 20 AA deletion at position 

189 in FrxA of 23-A-EK1. 
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4.3.7.3 Efflux pumps 

The efflux pump genes hefABC, hp1184 and hp1181 were identified in all isolates and their 

respective reference genomes. Alignment of the translated sequences revealed a number of 

mutations within all isolates and their respective closest relatives. However, there is limited data 

available on the resistance profiles of the closest relatives, with only 23-A-EK1 known to be 

clarithromycin resistant. Therefore, inference on the effects these mutations may have on 

conferring antibiotic resistance can only be made in reference to the isolates from this study (A, 

B, C, and E). 

Within the RND-type efflux pump genes, hefABC, identified in all isolates, a number of mutations 

were identified compared to the reference sequence from 26695 (Table 4.9). Overall, resistant 

isolates had a higher number of missense mutations than the sensitive strain (isolate A). 

However, in hefC both isolate E and 23-A-EK1 shared the same number of missense mutations 

with isolate A. For each efflux pump gene, mutations shared amongst resistant isolates only 

were identified. A complete list of the consequences of the missense mutations within each 

efflux pump may be viewed in Appendix F: Efflux SNP Analysis. Within hefA only one missense 

mutation was present that was common amongst isolates B, C, and E, causing the amino acid 

change I304L in HefA (outer membrane protein); this mutation was also present in ML3. No 

mutations were present in only isolates B and E, that share the same resistance profile (> 256 

˃Ǝ/mL MIC towards clarithromycin and metronidazole). Within hefB, no mutations were shared 

between isolates B, C, and E only; however, two missense mutations were shared only between 

isolates B and E leading to amino acid substitutions in HefB (membrane fusion protein), G104S 

and T108N; both of which were also present in ML3. Within hefC one missense mutation was 

identified in common between isolates B, C, and E, leading to an amino acid substitution in HefC 

(cytoplasmic pump protein), Q615E, this change was also observed in oki102 and ML3. Two 

other missense mutations, common amongst isolates B and E were also identified leading to 

V330I and H614G changes, of which the former was also identified in isolates 23-A-EK1 and 

oki102. The N177T missense mutation within the hefA gene, encoding a protein potentially 

involved in clarithromycin efflux (HefA), was identified in isolates A, B, C, and E, as well as, 23-A-

EK1, ML3 and J182. However, the presence of this mutation in the sensitive isolate (A) suggests 

that this mutation may not be involved with clarithromycin efflux. 



 

153 
 

Table 4.9: Number of mutations identified in HefABC of  isolates A, B, C, and E and their respective closest 

relatives. 

 
Resistance profile 

Number of mutations 

 HefA HefB HefC 

Isolate A Sensitive 16 2 14 

Isolate B 
CLR and MTZ 

resistant 
18 4 16 

Isolate C CLR resistant 18 5 30 

Isolate E 
CLR and MTZ 

resistant 
23 6 14 

23-A-EK1 CLR resistant 30 3 14 

oki102 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, as well as an absence of 

known antibiotic resistance mechanism identified in isolate E, a search for novel resistance 

determinants was conducted using CARD and OrthoVenn2. 

4.3.8.1 CARD 

To identify other antibiotic resistance genes related to the nitroimidazole and macrolide, isolates 

A, B, C, and E were analysed using CARD, through manual analysis as well as in the Nullarbor 

report. According to the Nullarbor output, isolates A, B, C, and E do not have a resistome. 

Through manual analysis, the RGI identified 32 genes associated 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 on the plasmids of isolates A, C, and E.  
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Table 4.10: CARD hits with multiple copies identified. 

Isolate 

Gene, gene product, and number of hits 

macB msbA adeR tetA(58) tet44 

Macrolide 
export ATP-

binding/permea
se (MacB) 

Lipid A export 
ATP-

binding/permea

se protein 
(MsbA) 

Efflux system 
DNA-binding 

response 

regulator 
(AdeR) 

Tetracycline 
efflux pump 

(TetA(58)) 

Ribosomal 
tetracycline 
resistance 

protein 
(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 2 2 

 

Genes identified from the RGI output relating to the drug classes above, are compiled in 

Appendix G: RGI Output where percentage of amino acid similarity to CARD sequences may be 

viewed. No perfect hits were identified, only strict and loose hits. Twenty-one genes were 

identified in association with tetracycline resistance. However, as none of the isolates (A, B, C, 

and E) were phenotypically resistant to tetracycline, these genes were not studied further. CARD 

hits relating to macrolide and tetracycline resistance were visualised using a heatmap (Figure 

4.11). From this heatmap, no one gene is associated with macrolide or nitroimidazole resistance 

across all isolates. However, it does highlight two genes with high sequence similarities 

associated with macrolide and metronidazole resistance; the 23S rRNA mutation (A2147G) and 

hp1181, respectively (dark blue bars; Figure 4.11). 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 between 23.18 % (lpeB (subunit of LpeAB 

efflux pump, LpeB); isolate B) and 44 % (lsaC (ABC-F subfamily protein, LsaC); isolate B; Appendix 

G: RGI Output). 

In total, there were 15 genes identified through CARD analysis, across isolates A, B, C, and E 

associated with macrolide resistance. The 23S rRNA mutation, A2147G, was identified in both 

isolates B and C but absent in isolates A and E; this is in agreement with what was observed in 

Section 4.3.7. No genes were identified that 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 MIC towards clarithromycin (> 

256 ˃Ǝ/mL), ermY and mexJ. The ermY gene was originally identified in a plasmid from 

Staphylococcus aureus and encodes a protein (ErmY) associated with antibiotic target alteration, 

which results in methylation of the 23S rRNA gene at position 2058 (E. coli 23S rRNA position) 
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(Matsuoka et al. 1998). The mexJ gene encodes the membrane fusion protein (MexJ) of the 

MexJK efflux pump originally identified in Pseudomonas aeruginosa (Chuanchuen et al. 2002). 

These two genes share low similarity scores at the amino acid level of 25.84 % (isolate B) and 

25.11 % (isolate E) with ErmY, and 23.65 % (isolate B) and 25.12 % (isolate E) for MexJ. 

Only two genes were identified in the CARD analysis that were associated with nitroimidazole 

resistance, msbA and hp1181. These two genes were present in all isolates (A, B, C, and E). The 

hp1181 hit had a high sequence similarity score of ~97 %, at the amino acid level, with the 

HP1181 entry within CARD. This finding is in accordance with Section 4.3.7.3 where hp1181 was 

also found in all isolates. However, the msbA gene had multiple hits within each isolate (Table 

4.10) with a range of percentage similarities, at the amino acid level, from 27.31 % (isolate C) to 

32.89 % (isolate B). The msbA gene encodes a multidrug resistance transporter protein homolog 

(MsbA)initially characterised in E. coli (Zhou et al. 1998). This gene is essential for cell viability 

due to its transportation of lipid A, an integral component of the outer membrane of Gram-

negative bacteria (Ghanei et al. 2007; Zhou et al. 1998). This transporter was identified in all 

isolates, likely due to its integral nature. 
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Figure 4.11: Heatmap comparisons of CARD hits and percentage identity of resistance proteins associated with 

macrolides and nitroimidazoles for isolates A, B, C, and E. The blue colour key indicates the amino acid % 
similarity between CARD gene hits and the isolates. Protein names are highlighted in coordination with their 
resistance mechanism. Orange = antibiotic target alteration. 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 similarity scores to further elucidate the function of these genes. An 

analysis of all predicted amino acid sequences of the genes from Figure 4.11 may be viewed in 

Appendix H: CARD Hit Analysis. From the InterPro search results, determinants 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 with efflux 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, conducted through the NCBI database, provided another layer of evidence 

towards the function of the genes identified in isolates A, B, C, and E. Overall, the BLASTp results 

showed a similar pattern to the InterPro results where determinants associated with antibiotic 

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 superfamilies (Appendix H: CARD Hit Analysis). 












































































































































































































