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Summary

Helicobacter pylori infection is strongly associated with gastritis, peptic ulcer and 

gastric adenocarcinoma. Molecular mechanisms involved in H. pylori adaptation and 

clinical consequences of infection are unclear. This study aimed to investigate 

transcriptional response to acid exposure and inter-strain genetic diversity.

The mRNA expression profiles of H. pylori cells grown on pH 5.5 and 7.4 media were 

compared using differential display PCR. Expressions of seven genes, including ureB, 

flaA, topA, tufB, topA and pap57 (a novel sequence containing an EAL domain) and 

two sequences which had no significant homologues, were up-regulated in cells grown 

on acidic media. The mRNA level of atoE, however, was decreased. These 

differentially expressed genes may be involved in maintaining internal pH and 

counteracting acid damage on cellular biomolecules. The possibility that topA 

encoding topoisomerase A could function as a master-like regulator is also discussed.

The inter-strain diversities in genomic contents and the cag pathogenicity island were 

investigated using a number of molecular techniques. Several types of genetic 

diversity were identified. (1) Strain-specific genes that were possibly acquired by 

horizontal gene transfer or loss by genomic reduction. These strain-specific genes 

included two novel sequences (clone F5 and P32) and homologues of resi encoding a 

restriction enzyme ResI and JHP 704. (2) Chromosomal rearrangements that were 

possibly generated by accessory genetic elements. Three rearrangement loci including 

a locus of the “plasticity zone” randomly occurred in the clinical isolates. (3) Variation 

in the sizes of cagA and cag7 that were generated by long DNA repetitive elements. A 

new segment (/3 segment) involved in cagA variation was identified. (4) Allelic 

polymorphisms generated by mutation. Non-synonymous mutation occurred in cagA 

resulting in loss of tyrosine phosphorylation sites. (5) Instability of the cag

X



pathogenicity island. Deletion of cagA and/or cag7 was observed, which would 

conceivably abolish the function of the type IV secretion machinery in H. pylori. The 

status or the genotypes of nine genes/sequences, which represented these identified 

types of genetic diversity, were detected in 19 strains related to duodenal ulcer, 

intestinal metaplasia or gastric cancer. Each strain exhibited a unique distribution 

profile of these genes/sequences, indicating that extensive diversities exist within the 

H. pylori species.

Clone F5, a homologue of Dichelobacter nodosus GepA, was absent from the 

examined strains from patients with intestinal metaplasia, but present in a significantly 

higher fraction of strains from duodenal ulcer patients. The prevalence of the cag7 B- 

cagA 7i type strains was higher in patients with duodenal ulcer than that in patients 

with gastritis. The results suggested that these genetic traits (status of Clone F5 and the 

cag7 B-cagA y\ genotype) may be used as markers for predicting clinical outcomes of 

H. pylori infection.

This study is the first large scale investigation on the transcriptional response of H. 

pylori to prolonged acid exposure. Tremendous genetic divergences were observed in 

H. pylori. These results are useful in the understanding of bacterial adaptation and 

pathogenesis.
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GENERAL INTRODUCTION

1



1.1. History of Discovery

Helicobacter pylori {H. pylori), a spiral-shaped bacterium, was first isolated from the 

human stomach by Warren and Marshall in 1983 (Warren 1983; Marshall, 1983). 

However, this was not the first observations that spiral organisms were present in the 

stomach (Buckley and O ’Morain, 1998). In 1893, Bizzozero described the presence of 

gastric spiral bacteria in dogs. The bacteria were also found in the stomach of cats and 

mice in 1896. In 1906, Krienitz provided the first evidence o f spiral bacteria in humans 

when examining the gastric specimens from a patient with gastric cancer. In 1938, 

Doenges reported spirochaetes in 40% o f human stomachs post mortem. In 1954, 

Palmer reported the absence of bacteria in biopsies from 1,180 human stomachs, and 

thereafter, a general view was established that the bacteria seen in the stomachs were 

contaminants. In the 1970s several papers continued to report the presence o f bacteria 

in the stomachs of humans and associated the presence with gastric ulcers and chronic 

gastritis (Fung et a l,  1979). Finally, Marshall and Warren succeeded in culturing H. 

pylori from gastric biopsy specimens in 1983 and correlated the presence of the 

bacterium with gastric diseases. This was an important event in the acceptance o f this 

spiral bacterium’s role in gastric pathophysiology.

Originally, the spiral bacterium was named as Campylobacter pyloridis since it 

resembles other Campylobacters and is usually found in the pylorus o f the stomach 

(Marshall and Warren, 1984). In order to conform to Latin grammar, the bacterium 

was renamed as Campylobacter pylori (Marshall and Goodwin, 1987). The bacterium 

was finally given the name H. pylori in 1989 and was recognized as a new bacterial 

species (Goodwin et a i ,  1989).
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1.2. Other Helicobacter species isolated from humans

The species of Helicobacter pylori is a member of the Helicobacter genus. This genus 

belongs to rRNA homology group VI that includes Campylobacter, Arcobacter, 

Wolinella and Flexispira (Vandamme et a i,  1991). The number o f species in the genus 

Helicobacter has rapidly expanded since the identification of H. pylori. Currently, at 

least 24 formally named Helicobacters have been identified and an additional 35 or 

more novel Helicobacters await formal naming (Fox, 2002) Ten of these Helicobacter 

species have been isolated from humans (listed in Table 1.1).

1.3. Bacteriological Characteristics

H. pylori is a Gram-negative, slow-growing bacterium that colonizes the human 

stomach and is often found beneath the mucus layer. Isolation of H. pylori is achieved 

under microaerophilic conditions in an atmosphere of 5-10% CO2. However, some 

strains may grow aerobically (Xia et a l, 1994). The bacterium grows over a 

temperature range of 33 to 40 °C but optimally at 37 °C (Goodwin and Armstrong, 

1990). H. pylori is neutrophilic and grows within pH range 5.5-8.5 in vitro, but grows 

optimally between pH 6.9 and 8.0 (Owen, 1998). Typically, the colonies of H. pylori 

are grey, convex, circular (1-2 mm in diameter) and translucent. When cultured in 

liquid medium, the cells may enter stationary phase after 24 h or 48 h culture (Joyce et 

al., 2000; Worku et al., 1999).

When observed in vivo the bacterium has a spiral morphology (0.5-1.0 |jm wide and 2- 

4 |Lim long) but frequently has a curved rod-like appearance in vitro. The bacteria in 

older cultures or those growing in nutrient deficient media can transform from normal 

bacillary morphology to a coccoid morphology (Young et al., 2001; Worku et al.,
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Table 1.1. 'Hon-Helicobacterpylori Helicobacters isolated from humans®

Species Other hosts Primary site Other sites

H. rappini'^ Sheep, dog, mice Intestine Blood (humans); liver 

(sheep); stomach 

(dogs)

H. cants Dog, cat Intestine Blood (humans); liver 

(dogs)

H. cinaedi^ Hamster, rhesus 

monkey, dog

Intestine Blood, soft tissue, 

joints (humans); liver 

(monkey)

H. fennelliae Dog, macaque Intestine Blood

H. pullorum^ Chicken Intestine Liver (chicken)

H. canadensis NR Intestine NR

H. westmeadii NR NR Blood

H  winghamensis NR Intestine NR

H. heilmannii^ Dogs, cats, monkeys, 

cheetahs, wild rats, 

swine

Stomach NR

H. felis Dogs, cats, cheetahs Stomach NR

Adapted from Fox, 2002; ’’ some data suggest zoonotic potential; NR, not recorded



1999). It is unclear whether the coccoid form is viable or not. Kusters et al (1997) 

reported that this form was a morphological manifestation o f bacterial cell death 

(Kusters et al., 1997). Others provided evidence that coccoid H. pylori cells are actually 

viable and can revert to the spiral morphology (Andersen et al., 1997; Wang et al., 

1997).

In artificially contaminated milk, H. pylori could survive for up to 6 days at 4°C and 3- 

4 days at room temperature (RT). The bacterium does not survive any length of time in 

yoghurt (Vaira et al, 2001). When suspended in saline or chicken stock, the bacterium 

survives 2 days at RT and 3 days if  refrigerated, but at -20°C it survives at least 4 

weeks. Surface survival on wood, plastic and ceramic has also been investigated and 

viability is maintained from 30 to 90 min only, but if  cooled survival was 3 h (Vaira et 

al, 2001).

H. pylori produces substantial amounts o f urease which is used as a biochemical 

marker for identifying the bacterium (Megraud et al., 1985). Other enzymes including 

catalase, oxidase, acid phosphatase and alkaline phosphatase are also produced by the 

bacterium (Megraud et al., 1985).

I.4. Epidemiology

H. pylori is one o f the most common gastrointestinal pathogens, infecting almost 50% 

of the human population (Taylor and Blaser, 1991). In developing countries, the 

bacterium infects 70 to 90% of the population, while in the developed world the 

prevalence of infection is much lower at approximately 25% (Dunn et al., 1997).
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Although several workers have isolated H. pylori from domestic cats (Fox et al., 1995) 

and non-human primates (Dubois et al., 1994) and have detected it in water sources 

(Hulten et al., 1996), the only significant reservoir of H. pylori appears to be humans 

(Megraud and Broutet, 2000). The human gastric epithelium is the preferred 

environment for H. pylori but the bacterium has been shown to infect other epithelia 

such as the duodenum, oesophagus and the rectum (Sahay and Axon, 1996). However, 

in each of these cases heterotopis (presence of tissue in an abnormal location) and 

gastric metaplasia (transformation of gastric tissue) were prerequisites. H. pylori has 

been found in the lower oesophagus as a result of gastrooesophageal reflux disease and 

has also been cultured from gastric juices (Sahay and Axon , 1996; Newton et al, 

1997; Weston et al., 2000). However, more significantly, the bacterium has also been 

isolated and detected with varying success from both human faeces and saliva (Sahay et 

al., 1995; Thomas et al., 1992).

Peak acquisition of H. pylori occurs in childhood (Amarri and Celinska-Cedro, 2001). 

However, the prevalence of infection in the developed world increases with age, 

gradually rising from infancy to an age of about 60 years (Calam, 1996). This suggests 

that in the developed world more elderly people are infected than children. The 

explanation for this paradox lies in the finding that the incidence of H. pylori infection 

has declined in the developed world due to improvement in living conditions and 

sanitafion (Banatvala et al., 1993; Taylor and Parsonnet, 1995).

There is a significant correlation between seropositivity and the ethnic origin of the 

population (Dwyer, et al., 1988). This may be related to, among other factors, cultural 

practices or the relative lack of a public health infrastructure and social deprivation
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(Dwyer et a i ,  1988). Increased prevalence of H. pylori colonisation was found in 

individuals with lower family incomes (Fiedorek et a l ,  1991). Also, demographic 

factors (urban more than rural), lack o f a fixed hot-water supply and domestic 

overcrowding were demonstrated to be correlated to colonization by H. pylori (Elitsur 

et al, 1998; Mendall et al., 1992; Mitchell et al., 1992).

Close personal contact is important for transmission o f H. pylori (Malaty et al., 1991; 

Miyaji et al., 2000). A study of 1684 individuals indicated that seropositivity in 

children was more common in those whose mothers or older siblings were seropositive 

or in those who attended a nursery school (Miyaji et al., 2000). Another study also 

revealed that 40% of children of H. p^/on-positive parents were colonized by H. pylori, 

compared with 3% of children of H. pylori-negahYQ parents (Malaty et al., 1991). 

Transmission between couples in close contact, however, was unlikely (Perez-Perez et 

al., 1991; Polish e t a i ,  1991).

H. pylori is possibly transmitted via the gastro-oral route and the faecal-oral route 

(Vaira et al., 2001). The oral route of infection is consistent with the epidemiological 

transmission during childhood, and is supported by data from animals (Lee et al., 

1991). Gastric secretions or saliva are probably the vehicle o f transmission (Axon, 

1995; Polonczyk et al., 1996). Faecal-oral spread can occur either directly from an 

infected patient as in occupational exposure or from close contact (Rudi et al., 1997; 

Thomas et al., 1992; Kelly et al., 1994), or indirectly from the environment through the 

vehicle of sewage contaminating food or water (Klein et al., 1991; Lindkvist et al., 

1995).
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1.5. Consequences o f//, pylori infection

It is well established that H. pylori infection causes chronic active gastritis and is 

strongly associated with the development o f duodenal ulcer and gastric ulcer diseases 

and gastric mucosa-associated lymphoid tissue lymphoma (MALToma) (Cover and 

Blaser, 1992; Moran, 1997; Malfertheiner et a l ,  2002). It is a group I carcinogen for 

distal gastric adenocarcinoma (Parsonnet et al., 1991).

Patients infected with H. pylori develop two different phenotypes o f chronic gastritis 

with differing disease associations: antral predominant gastritis and pangastritis 

(Sepulveda et al., 2002). Antral predominant gastritis rarely progresses over time into 

the body of the stomach. It is associated with the development o f  duodenal ulcer in a 

subgroup o f patients. Pangastritis is characterised by mucosal inflammation in both 

antrum and corpus. Patients with pangastritis are prone to development o f gastric ulcers 

and progression to atrophy (multifocal atrophic gastritis). Intestinal type gastric 

adenocarcinoma may ultimately develop in a small fraction o f patients with pangastritis 

progressing through intestinal metaplasia and dysplasia. Patients with antral 

predominant gastritis and duodenal ulcer are relatively protected from gastric 

adenocarcinoma whereas those with pangastritis and gastric ulcer have a predisposition 

to the development o f gastric adenocarcinoma (Molloy and Sonnenberg, 1997; Asaka 

et al., 2001). It is hypothesized that the level o f acid secretion is important in 

determining whether antral-predominant gastritis or pangastritis will develop (Lee et 

al., 1995). Individuals with high acid output will have sparing o f the gastric body and 

such patients are at risk for duodenal ulceration. In patients with lower levels o f acid 

secretion, H. pylori may be more likely to cause inflammation in the gastric body and 

hence, pangastritis.
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Recent reports provide further evidence confirming the association between H. pylori 

infection and the development of gastric adenocarcinoma. Gastric adenocarcinoma was 

induced in 37% of specific pathogen-free (SPF) Mongolian gerbils inoculated with H. 

pylori (Watanabe et a l ,  1998). Histological examination o f the stomach of SPF gerbils 

inoculated with H. pylori at different intervals revealed the sequential process o f active 

gastritis-intestinal metaplasia-gastric adenocarcinoma. A prospective study from Japan 

(Uemura et al., 2001) observed 1,166 patients, who underwent endoscopy and follow- 

up. The study revealed that H. pylori infection was a prerequisite for the development 

o f gastric adenocarcinoma and H. py/on'-positive patients with duodenal ulcer appeared 

to be at very low risk for the development o f  gastric adenocarcinoma. Regression of 

intestinal metaplasia was found in some patients after eradication o f H. pylori (Asaka et 

a l,  2001; Correa et al., 2000; Ohkusa et al., 2001; Uemura et al., 1997).

Intricate relationships between H. pylori infection and oesophageal diseases including 

gastro-oesophageal reflux disease (GORD) and oesophageal adenocarcinoma have 

been suggested (McNamara and O ’Morain, 1999). H. pylori may offer protection 

against GORD and oesophageal adenocarcinoma. The suggestion comes from the facts 

including (1) a pronounced inverse relationship between infection rate o f H. pylori and 

prevalence o f these diseases (Chow et al., 1998; Varanasi et al., 1998); (2) Higher 

incidence o f GORD after eradication oiH . pylori (Hirschl et al., 1994; Schwizer et al., 

2001). However, observations contrary to those aforementioned have been reported 

(Malfertheiner et al., 2002; McNamara and O ’Morain, 1999). Prospective, multicentre 

studies and studies in animal models are required to clarify the relationship.
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H. pylori or other hehcobacter species may be related to extra-gastroduodenal diseases. 

The association of H. pylori with any of these diseases, however, has not been clearly 

demonstrated (Vaira et a i, 2002). These diseases include hepato-biliary diseases, 

inflammatory bowel disease, coronary heart disease, respiratory, neurological, skin, 

autoimmune, growth and miscellaneous disorders (Tsang et a l ,  1999; Vaira et al, 

2002).

I.6. Diagnosis

Numerous diagnostic tests are available for detecting H. pylori infection. These tests 

are based on either an invasive endoscopic procedure or non-invasive tests on blood 

samples, saliva and stool samples (Leodolter and Megraud, 1999). No single test is 

ideal for the detection of H. pylori, and hence, a combination o f the results derived 

from two tests with acceptable sensitivity and specificity is recommended for accurate 

diagnosis (Vaira et al., 2002).

1.6.1. Invasive tests:

Culture: Detection o f H. pylori by culture is considered as a “gold standard” for 

diagnosis. This method has a specificity o f 100%. The sensitivity o f this test ranges 

from 77-95% and was suggested to depend on the adequate storage and transport of 

samples, antibiotic administration and personnel expertise (Dunn et al., 1997). The 

biopsies are usually carried in special transport media such as nutrient broth. Brucella 

broth, Stuart’s medium, 20% glucose, chocolate agar slants, normal saline or 

commercially available media (Han et al., 1995; Kjoller et ah, 1991; Siu et al., 1998; 

van-der-Hulst et al., 1996;Veenendaal et al., 1993). To achieve a high rate o f recovery, 

the specimens are maintained under 4 °C (Han et al., 1995). The specimens, transported
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properly from the endoscopy units to the laboratory, are smeared on the agar surface 

with the lumen side face to the agar. Otherwise, the specimens are homogenized and 

inoculated onto the agar plates. Media for isolation of H. pylori from gastric biopsies 

include Mueller-Hinton agar, Columbia agar, Wilkins Chalgren agar and Brain Heart 

Infusion agar that are supplemented with horse, sheep or human blood at concentrations 

ranging from 5 to 10% (V/V) (Ansorg et al., 1991; Fresnadillo-Martinez et a l, 1997; 

TQQetal,  1991; van der Hulst e/a/., 1996; Xia e /a /., 1993). To increase the sensitivity 

or minimize the risk of possible contamination, selective medium is a better choice in 

which vancomycin, nalidixic acid, trimethoprim, or amphotericin B are selectively 

supplemented in the media (Fresnadillo-Martinez et al., 1997). A combination of 

selective and non-selective media would increase sensitivity (Piccolomini et al., 1997; 

Tee et al., 1991). Growth of the bacteria is at 37 °C under microaerobic environments 

in 98% humidity for five to ten days. Extended incubation may be required if the 

biopsies are taken from patients who have been administrated anti-//, pylori treatment. 

An advantage of culture is that the isolates recovered from the specimens can be used 

for antimicrobial susceptibility testing and detection of virulence factors, thus, 

benefiting the clinical management of//, pylori infection (Vaira et al., 2002).

Rapid urease test (RUT): H. pylori produces large amounts of urease which catalyzes 

urea to ammonia and carbonic acid, and thus, increases pH (Moran et al., 2002). RUT 

is based on the detection of an increase in pH in the gastric specimens. In untreated 

patients, the specificity of RUT ranges from 80 to 95% while the sensitivity range is 95 

to 100% (Midolo and Marshall, 2000). For patients that have been administrated with 

anti-//, pylori treatment, however, RUT is not recommended due to decreased 

sensitivity and specificity (Vaira et al., 2002).
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Histology: Histological identification o f H. pylori is widely used as it can 

simultaneously examine the pathology o f gastric mucosa and the bacterium. Several 

staining methods have been used for the detection o f H. pylori including haematoxylin 

and eosin staining, modified Giemsa, Warthin-Starry, modified McMullen's staining 

and immunohistochemical examination with anti-//, pylori antibodies (Fallone et a i, 

1997; Madan et al., 1988; Jonkers et al., 1997; Rotimi et al., 2000; Shimizu et al., 

1996; Simor et al., 1990;Tazawa et al., 1998). The sensitivity o f histological detection 

o f H. pylori is generally 93-98%, while the specificity is 95-98% (Dunn et al., 1997).

PCR related techniques: Detection o f H. pylori by PCR has a sensitivity o f 85-96% 

and a specificity of 90-100% (Dunn et al., 1997). PCR for this purpose is usually 

carried out by amplifying housekeeping genes, such as ureC, using specific primers (Lu 

et al., 1999; Kawamata et al., 1996). PCR restriction fragment length polymorphism 

(PCR-RFLP), PCR single strand conformational polymorphism (PCR-SSCP) and line 

probe assays (LiPA) have a good resolution of fingerprinting o f the infected strains 

(Matsuoka et al, 1999) Point mutation at 23 S rRNA gene (usually A-G) resulting in 

clarithromycin resistance can be detected by PCR, PCR-RFLP (Sevin et al., 1998) and 

LiPA (Ryan et al., 2001). The results from PCR amplification for detection of H. 

pylori, however, should be interpreted cautiously considering the extensive genetic 

diversity o f H. pylori. The target genes and the target regions on these genes to be 

amplified should be carefully selected to increase the specificity and also simultaneous 

amplification o f multiple loci will certainly reduce the false positive rate.
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Fluorescent in-situ hybridization: This technique was recently developed for detection 

of H. pylori (Russmann et a l, 2001; Trebesius et a i ,  2000). The results can be 

obtained in 3 hours with excellent correlation with other diagnostic techniques. The 

technique uses a set o f fluorescent labeled probes specifically annealed to the 16S 

ribosomal RNA gene (for detection of H. pylori) or 23S ribosomal RNA gene (for 

detection of clarithromycin resistance).

1.6.2. Noninvasive tests

Serological tests: The tests were the first noninvasive techniques based on the detection 

of a specific anti-//, pylori IgG antibody in patients’ sera. Others include antibodies to 

CagA, Vac A and Hsp60. The accuracy of serological tests may vary according to the 

antibodies to be detected, methods used and whether or not the patients had received 

anti-//, pylori treatment (Loy et al., 1996). The sensitivity and specificity o f the tests 

ranges from 88-95% and 86-95% respectively (Dunn et al, 1997). The sensitivity and 

specificity o f the ELISA test performed in an Irish population was 82.4% and 85%, 

respectively (Breslin et al., 2000). Serological test are convenient and low-cost and can 

play an important role in clinical practice, but do need to be validated in local 

laboratories (Leodolter and Megraud, 1999).

Urea breath test (UBT): The principle of the UBT is based on the CO2 produced from 

urea which is catalyzed by H. pylori urease. Following ingestion o f '^C or '“’C labeled 

urea, the CO2 produced by H. pylori urease passes through mucosa into the blood and 

can be detected in the breath. The sensitivity and specificity o f UBT are 97% and 95%, 

respectively (Vaira et al., 2002). The accuracy o f the test is altered in patients with
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gastric surgery, patients treated with H2 antagonists or proton pump inhibitors (Chey et 

al., 1997) and patients with bleeding peptic ulcer disease.

Stool antigen test: An enzymatic immunoassay was developed recently which detects 

the presence o f the H. pylori antigens in stool samples (Vaira et al., 1999). The 

sensitivity before treatment is 93.1% and the specificity is 92.8% (Vaira et al., 2001). 

This test is considered as an alternative for UBT, although its diagnosis o f H. pylori is 

not convincing in post-treated patients (Malfertheiner et a l ,  2002).

1.7. Treatment

H. pylori infection is associated with a wide range o f gastroduodenal diseases 

(Malfertheiner et al., 2002). Eradication o f the bacterium, however, is only 

recommended in a subgroup of patients infected with H. pylori. Currently it is 

universally accepted that anti-//, pylori treatment should be used in gastric and 

duodenal ulcer diseases, gastric MALToma, atrophic gastritis, post-gastric cancer 

resection, and in first-degree relatives of gastric cancer (Qasim and O'Morain, 2002).

The most recent eradication guidelines proposed at the Maastricht 2-2000 recommend 

the use o f proton pump inhibitors along with clarithromycin and amoxycillin or 

metronidazole for a minimum of 7 days (Malfertheiner et al., 2002). The combination 

of amoxycillin and clarithromycin is preferred because it may favour best results with a 

second-line proton pump inhibitor quadruple therapy. Eradication rates o f up to 88- 

95% have been achieved using current first-line regimens (Miwa et al., 2000; 

Veldhuyzen et al., 2000). The recommended second-line therapy includes a 

combination o f a proton pump inhibitor with bismuth salt (subsalicylate/subcitrate),
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metronidazole, and tetracycline for a minimum of 7 days. Extended proton pump 

inhibitor-based triple therapy can be used if  bismuth is not available.

The most common reason for primary treatment failure is poor compliance with the 

eradication guidelines (Lee et al., 2000). Antibiotic resistance may be a significant 

factor for treatment failure in certain geographical areas. The genetic background of 

patients may be an additional factor contributing to treatment failure (Furuta et al. 

2001). The proton pump inhibitors are mainly metabolised by cytochrome P450 2C19 

in the liver. The genotypes of this enzyme affected the cure rate of the treatment 

regime with proton pump inhibitors (Furuta et al. 2001).

1.8. General features of the genome

Two H. pylori strains, 26695 and J99, have been sequenced (Aim et al., 1999; Tomb et 

al., 1997). Strain 26695 was originally isolated from a patient with gastritis. This strain 

is able to colonise piglets, elicit an immune and inflammatory response and is also 

known to be toxigenic, plasmid-free and naturally competent (Akopyants et al., 1995; 

Eaton et al., 1989 & 1992; Tomb, et al., 1997). Strain J99 was originally isolated from 

a patient with duodenal ulcer disease (Aim, et al., 1999). The general features o f the 

two genomes are shown in Table 1.2. Each strain contains a circular chromosome with 

a size o f approximately 1.67 Mega-bp in 26695 and 1.64 Mega-bp in J99. The average 

G + C content of the chromosome is 39%. Ninety-one percent o f the genome are 

protein coding regions, whereas 6.0% are intergenic regions. In strain 26695, 1,590 

open reading frames (ORF) have been predicted, whereas 1,495 ORFs have been 

predicted in strain J99. The true number o f the open reading frames in H. pylori 

genome, however, might be less than that o f the original annotations based on the
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Table 1.2. General comparative features of the H. pylori genomes

Genome features H. pylori 26695 H. pylori J99

Size (base pairs) 1,667,867 1,643,831

(G+C) content (%) 39 39

Regions of different G/C content 8 9

AG AG ATT repeats at bp=l 26 2

vacA genotypes slb /m l sla /m l

Open reading frames

Percent of coding region 91.0 90.8

Predicted number 1,590 1,495

Functionally classified 875 895

Conserved with unknown function 275 290

H. pylori specific 345 367

Number with signal sequence 517 502

Average length (bp) 954 998

Percent of AUG initiation codons 81.8 82.7

Percent of GUG initiation codons 9.7 6.7

Percent of UUG initiation codons 8.1 10.4

Percent of other initiation codons 0.4 0.2

Insertion elements

Complete IS605 copies 5 0

Partial IS605 copies 8 5

Complete IS606 copies 2 1

Partial IS606 copies 2 2

RNA elements

Percent of genome (stable RNA) 0.75 0.75

23S-5S rRNA 2(3) 2

16srRNA 2 2

tRNAs 36 36

Adapted from Aim et al., 1999



analysis o f the length distribution o f the conserved protein-coding genes (Skovgaard et 

a l ,  2001). Two-thirds of the predicted ORFs are of known functions revealed largely 

by analysis o f their similarity to counterparts in other species.

1.9. Virulence genes

The bacterium produces several virulence genes that facilitate colonisation, induce 

inflammatory cell infiltrates and intoxicate epithelial cells. These virulence genes are 

discussed below.

1.9.1. Type IV  secretion system and the effector molecule cagA

Bacteria possess type I, II, III and IV secretion systems to secrete toxins or translocate 

protein/protein complexes into host cells. The structure o f the type IV secretion system 

resembles the conjugative pilus (Baron et al., 2002). This secretion system is able to 

translocate DNA or proteins into host cells (Censini et al., 2001). At least nine bacterial 

species such as Agrobacterium tumefaciens and H. pylori possess a type IV secretion 

system. The genes coding for the type IV secretion system in H. pylori are located in 

the cag pathogenicity island (PAI) (Censini et al., 1996). Products of the cag  PAI are 

primarily involved in assembling this secretion machinery. The functions o f this system 

include; (1) induction of pro-inflammatory cytokine interleukin-8 (IL-8) release from 

gastric epithelial cells (Segal et a i, 1997). This induction is probably mediated by 

translocation o f an unidentified protein into host cells or by contact o f the machinery to 

the membrane of host cells (Fischer et a l ,  2001). The cytokine IL-8 is a potent 

chemotactic and activating factor for neutrophils; (2) translocation o f the cytotoxin 

associated gene A protein (CagA), the effector molecule, into the epithelial cells 

(Backert et al., 2000; Odenbreit et al., 2000; Stein et al., 2000). CagA is a 128 kDa
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protein encoded by cagA located at the right end of the cag pathogenicity island 

(Censini et a l ,  1996; Covacci et a l ,  1993). The translocated cagA is activated by 

phosphorylation at tyrosine residues (Odenbreit et a i,  2000). The host c-Src kinases are 

responsible for this process (Selbach et ah, 2002; Stein et al., 2002). Subsequently the 

activated CagA binds to SHP-2 and induces growth factor-like cell changes 

characterised by actin polymerisation, elongation and spreading o f cells (Higashi et al., 

2002; Stein et al., 2000). The functions o f cag genes are listed in Table 1.3. The 

majority o f cag genes are essential in induction o f IL-8 secretion and translocation of 

cagA. However, several genes (HP0520, HP 0521, HP0535, HP0536) are not required 

in these functions. HP0526, HP0538, HP0545 genes are partially required for both 

functions (Fischer et al., 2001).

1.9.2. Vacuolating cytotoxin A (VacA)

H. pylori secretes a unique vacuolating cytotoxin (VacA, Atherton et al., 1995). VacA 

is produced as a 140 kDa protoxin, which subsequently undergoes both N-terminal and 

C-terminal processing and yields an -9 0  kDa mature VacA toxin (Nguyen et al., 2001). 

It is secreted into the extracellular space and is also partially retained on the bacterial 

cell surface. VacA purified from broth culture appears as a large oligomeric complex 

with a mass >900 kDa (Cover and Blaser, 1992). Individual VacA oligomer has a 

flower or snowflake-like appearance (Iwamoto et al., 1999). The secreted VacA is able 

to associate itself with VacA receptors on the eukaryotic cell surface and thus binds to 

the cell membrane (Seto et al., 1998; Yahiro et al., 1997). VacA induces formation of 

vacuoles containing both late endosomal and lysosomal markers (Molinari et al., 1997; 

Papini et al., 1998). VacA also induces pore formation in the plasma membrane and 

apoptosis in various epithelial cell lines (Peek et al., 1999).
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Table 1.3. Genes and crossed nomenclature o f the cag PAI and effects of inactivation 
on IL-8 secretion, NF-/cB activation and CagA translocation.

Nomenclature o f the cag genes Properties o f individual genes inactivation

Tomb Akopyants Censini
(homology)

IL-8
secretion

NF-/cB
activation

CagA
translocation

HP0520 cagl ORF6 cagt ++ ND ++

HP0521 cag2 0RF7 cage ++ ND ++
HP0522 cag3 ORF8 cag8 - ND -
HP0523 cag4 0RF9 cag^ (virD4) - ND -
HP0524 cag5 ORFIO caga(v irB ll) ++ ND -
HP0525 ORFll cagZ - ND -
HP0526 cag6 ORF12 ND + ND +
HP0527 cag7 ORF13-14 cagY (virBlO) - ND -
HP0528 cag8 0RF15 cagX (yirB9) - ND -
HP0529 cag9 0RF16 cagfV (virBS) - ND -
HP0530 caglO ORF17 cagV - ND -
HP0531 c a g ll 0RF18 cagU - ND -

HP0532 cagl2 0RF19 cagT (virBT) - ND -

HP0534 cag] 3 ORF20 cagS ++ ND +
HP0535 cag 14 ORF21 cagQ ++ ND ++
HP0536 ca g l5 ORF22 cagP ++ ND -H-

HP0537 cagl6 ND cagM - - -
HP0538cag77 ND cagN + + +
HP0539 cag l8 ND cagL - - -
HP0540 cagl 9 ND cagl ++ - -
HP0541 cag20 ND cagH - - -
HP0542 cag21 ND cagG + - -
HP0543 cag22 ND cagF + - -H-

HP0544 cag23 ND cag (virB4) - - -
HP0545 cag24 ND cagD + - +

HP0546 cag25 ND cag C - - -

HP0547 cag26 ND cagA + /- - -

The list is based on the references from Covacci and Rappuoli, 2000 and Fischer et al, 
2001. Twenty-seven cag genes are listed in the table. Other genes are excluded, as they are 
unlikely to encode proteins or to be involved in pathogenesis. These genes include HP0533, 
tnpA, tnpB, cagR, cagO, cagB, HP0548, HP0549 (glr). ++ efficient translocation or 11-8 
secretion; + partial; - loss o f functions; +/- uncertain; ND, not determined.



1.9.3. Lipopolysaccharides (LPS)

H. pylori LPS is composed o f lipid A, an oligosacccharide core and the antigenic O- 

polysaccharide chain. Compared with LPS o f other bacteria, H. pylori LPS and lipid A 

induce low immunological activities in a range o f test systems (Moran, 1999). 

Nevertheless, these reduced levels o f LPS-induced cytokines and toxic oxygen may 

facilitate the persistence of the bacterium at the gastric mucosal surface (Moran, 1999). 

Fucosylated oligosaccharides in H. pylori LPS mimic Lewis x and Lewis y blood group 

antigens present in humans (Appelmelk et al., 1996; Monteiro et al., 1998; Moran et 

al., 1996; Moran, 1999; Moran and Prendergast, 2001). Approximately 85% of H. 

pylori isolates express at least one o f the Lewis antigens (Moran and Prendergast, 2001; 

Wirth et ah, 1996). The molecular mimicry o f H. pylori Lewis antigens might allow the 

bacterium to effectively evade the host immune response (Wang et al., 2000) or induce 

autoantibodies directed against gastric parietal cell canaliculi (Negrini et al., 1991). 

However, it has been suggested that Lewis antigens in H. pylori may mediate adhesion 

to gastric epithelial cells and facilitate colonisation, rather than mediating immune 

evasion or induction of autoantibodies (Appelmelk et al., 2000; Moran et al., 2001).

1.9.4. H. pylori neutrophil-activating protein (HP-NAP)

H. pylori usually does not enter the gastric epithelial cells or penetrate through the 

gastric epithelium. Therefore, dense infiltration o f the gastric lamina propria by 

neutrophils and monocytes is probably recruited by soluble bacterial products. HP-NAP 

is a dodecamer composed of identical 17-kDa subunits (Evans et al., 1995, Tonello et 

al., 1999). It is a chemoattractant for neutrophils and monocytes and triggers the 

formation and release o f toxic oxygen radicals (Satin et al., 2000). HP-NAP is also 

antigenic since the majority o f H. pylori infected individuals produce antibodies
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specific for it. Therefore, it plays an important role in H. pylori-indViCtd inflammation 

(Dundon et al., 2001).

1.9.5. Blood-group antigen-binding adhesin A (BabA)

BabA is a 78-kDa protein produced by H. pylori babA gene. Two alleles, babAl and 

babA2, have been identified. The sequences o f the two alleles are almost identical 

except for a 10 bp insert in babA2. The insert creates a frame shift and enables 

expression o f babA2. BabA mediates adherence o f H. pylori to human Lewis*’ blood- 

group antigens on gastric epithelial cells (Boren et al., 1993). In vitro analysis revealed 

that the binding is lineage-dependent (Falk et al., 1993). In transgenic mice expressing 

the human Lewis*’ epitope in gastric epithelial cells, Lewis*’ mediates the binding of H. 

pylori attachment to epithelial cells and consequently colonisation o f H. pylori induces 

gastritis and gastric atrophy (Falk et al., 1995; Guruge et al., 1998).

1.9.6. Other virulence associated factors

Urease is a hexameric molecule composed o f UreA (30-kDa) and UreB (62-kDa) 

subunits (Austin et al., 1991; Ha et al., 2001). The enzyme plays a crucial role in acid 

survival o f the bacterium by buffering the intracellular pH and is essential for 

colonisation o f H. pylori in animal models (Eaton et al., 1991; Karita et al., 1995; 

Tsuda et al., 1994). Two flagellin proteins, FlaA and FlaB, are essential for full motility 

o f H. pylori and essential for colonisation (Eaton et al., 1996; Suerbaum et al., 1993). 

The protease o f H. pylori may be involved in degradation o f the gastric mucus and may 

be an important factor that contributes to duodenal ulcer disease (Moran, 1996).
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1.10. Genetic diversity

Variability o f the organisation and gene order in H. pylori has been revealed by pulse- 

field gel electrophoresis (PFGE) (Jiang, et a i ,  1996; Saunders et a i, 1997) and 

restricted fragment length polymorphism (PCR-RFLP) analyses (Stone et a l, 1997). 

The variable PFGE or RFLP patterns between isolates are most likely resultant from 

the high rate o f silent mutations and gain or loss o f genes (Aim et al., 1999).

Comparison of the two sequenced genomes also revealed that 6%-7% of the genes were 

only found in one of the two genomes. These genes are referred to as strain-specific 

genes (Aim et al., 1999) and are usually not essential for survival o f the organism. 

Bacteria gain such genes possibly for better interaction with, or adaptation to the host 

(Jain et al., 2002; Ochman et al., 2000). Loss o f genes results in genomic reduction and 

probably occurs to remove potentially deleterious genes. From the bacterial 

perspective, gain or loss of genes is a major mechanism to achieve better adaptation. It 

is observed as variable genomic sizes and varied fingerprinting patterns among strains. 

From the host’s perspective, however, this process often leads to modification of 

bacterial virulence and varied pathogenicity among bacteria. In H. pylori, three 

categories o f strain-specific genes are frequently found: (1) cag pathogenicity island 

that is a major virulence determinant as described above (Censini et al., 1996); (2) 

Type II restriction-modification systems which consist o f a restriction endonuclease 

and a methyltransferase cleaving at the 4-5 bp sequences or preventing cleavage by 

methylation (Aras et al., 2001; Lin et al., 2001; Nobusato et al., 2000; Takata et al., 

2002); (3) Genes encoding H. pylori-specific or conserved hypothetical proteins (Aim 

eta l., 1999).
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Divergent sequences caused by mutation occur frequently in H. pylori. Comparison of 

two sequenced genomes revealed occurrence o f substantial silent mutation in the 

genetic loci (Aim et a l,  1999). Examples of non-synonymous point mutation, however, 

have also been identified in H. pylori. Mutations in the 23 S RNA gene (A-G transition 

at nucleotide position 2143 o 2144) confer resistance o f the bacteria to clarithromycin 

(Debets et al., 1998; Versalovic et ah, 1997).

Homologous recombination within a locus could lead to insertions and deletions. 

Varied numbers o f a 108 bp repeat sequence are present in the 3' end o f the cagA alleles 

(Yamaoka et al., 1998). Strand slippage mispairing is another mechanism responsible 

for genetic diversity. A number of homopolymeric tracts and dinucleotide repeat 

regions have been identified from analyses o f  the two genomes (Aim et al., 1999; 

Saunders, et al., 1998). Slipped strand mispairing o f these repeats within coding 

sequences may result in the loss or gain o f a unit, such that the ORF may be in or out of 

frame with an upstream translation initiation codon, or may result in mutations 

preventing formation of a functional protein. A short homopolymeric sequence repeat 

has been identified in fliP  (Josenhans et al., 2000). Strains h a r b o u r i n g w i t h  a Cs 

repeat have full motility and normal flagella. Strains harbouring fliP  with a Cg repeat, 

however, have no flagella and have totally lost motility. In addition, sequence 

variations resulting in the varied phenotypes have also been identified. VacA alleles 

exhibit a mosaic structure in their signal region (5 region) and mid-region {m region) 

(Atherton et al., 1995). Three types, namely s i  a, s ib  and s2 were found in the s region 

and three types m l, m la  and m2 (Strobel et al., 1998) occur in the m region. Strains 

harbouring a s l /m l  type vacA produce higher amounts o f VacA than vacA s2/m2
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strains. Extensive diversity has also been found in virulence-associated loci such as 

flaA.flab  and ureB (Forbes et a l, 1995; Han et a l, 2000).

Genetic diversity may also occur at the promoter sequences. Sequence variability in the 

vacA promoter regions leads to altered promoter strength and therefore the varied 

transcriptional level among strains (Forsyth et a l,  1998). Analysis o f the genome also 

revealed that 27 genes had homopolymeric tracts and dinucleotide repeat regions in 

their promoter regions (Saunders, et al., 1998). Slipped strand mispairing is likely to 

alter the nucleotide length of tracts and hence switch on or off the expression of the 

genes.

1.11. Techniques for analysis of genomic diversity

Comparison of the complete genome sequences of different strains is no doubt the most 

powerful approach to investigate the genetic diversity. However, the substantial cost 

and labour involved with this approach limit its application. Two approaches are 

frequently used in the analysis of the genomic differences between organisms.

Microarray: This technique is used to compare the genomic compositions between a 

reference organism (driver) and an organism to be probed (tester). The analysis 

involves construction of DNA arrays, probing the arrays and data collection and 

analysis. Compared to genome sequencing, the technique is powerful and cost- 

effective. The application of microarray analysis however, is limited since the 

construction of gene arrays is dependent on knowledge of genomic sequences which 

makes identification of novel genes unlikely (Boucher et al., 2001). In addition, the 

requirement for complex equipment also limits its use.
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Subtractive hybridisation: An alternative approach for genomic composition 

comparison is subtractive hybridisation. This technique can also be used to identify the 

differentially expressed genes between two conditions (Jiang et a i, 2000). The 

principles of the technique are to remove common sequences between two closely 

related nucleic acid populations, thereby allowing the enrichment of differential 

sequences between the two populations. Several subtractive hybridisation approaches 

have been developed (Akopyants et al., 1998; Jiang et al., 2000). These approaches 

differ in the strategies for hybridisation to remove the common sequences to the tester 

and the driver nucleic acid and in the strategies for enriching the differential sequences. 

A PCR-based subtractive hybridisation has been used to compare the genomic contents 

between strains of H. pylori (Akopyants et al., 1998). A simplified subtractive 

hybridisation approach, rapid subtractive hybridisation, was developed to identify the 

differentially expressed genes in mammalian cells (Jiang et al., 2000, refer to Chapter 

4.1). Cost-effectiveness and the capacity to identify novel sequences are advantages of 

subtractive hybridisation.

1.12. Genotypes and clinical outcomes

The outcomes of H. pylori infection are diverse. The correlation between genotypes 

and clinical diseases has been studied, with many of the works focusing on the cagA, 

vacA and iceA genotypes.

1.12.1. Status o f  cagA

Based on the status of cagA gene in the isolate, H. pylori is grouped into cagA+ or 

cagA- strains (Covacci et al., 1993). In most Western European and American countries

22



5

cagA'^ strains are more prevalent in peptic ulcer diseases and distal gastric cancer 

(Blaser 1995; Covacci et a l,  1993; Ryan et a l ,  2000). Furthermore, cagA* strains are 

significantly associated with the presence o f epithelial damage, higher degree of 

lymphocyte and neutrophilic cell infiltrates, atrophy and the presence of intestinal 

metaplasia (Nogueira et al., 2001). The cagA^ strains can activate mitogen-activated 

protein kinase cascades and induce expression o f proto-oncogenes c-fos and c-jun 

(Hirata et al., 2001; Meyer et al., 2000). Patients infected with cagA^ strains may have 

increased risk for the development o f severe diseases (Blaser and Berg, 2001). 

However, conflicting results were also observed. In East Asia, nearly all H. pylori 

strains possess cagA, irrespective of the clinical outcomes (Yamaoka et al., 1998; 

Kersulyte et al., 2000). In addition, cagA^ strains are not associated with the clinical 

outcomes in certain America strains.

1.12.2. The vacA genotypes

The nucleotide sequence of vacA is significantly divergent among H. pylori isolates. 

The vacA alleles can be divided into conserved and highly divergent regions (Atherton 

et al., 1995). Three signal sequence types have been idenfified, namely s i  a, s ib  and s2 

(van Doom et al., 1998b). The mid-region is basically typed into m l and m2. 

Nevertheless, additional mid-region variants have been idenfified in different 

geographical regions, for example, m la  was found in German isolates (Strobel et al., 

1998) and m lb  and mlb-m2  in Chinese isolates (Pan et al., 1998).

Strains with s la /m l  mosaic genotypes produce higher levels o f VacA in vitro and 

induce vacuolation of epithelial cells (Atherton et al., 1995). Severe histological 

damage such as epithelial damage, atrophy and intestinal metaplasia has been observed
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in patients infected with such strains. High prevalence o f s i  type strains was found in 

individuals with peptic ulcer diseases and gastric cancer (Miehlke et al., 2000; Rudi et 

a l,  1998). However, most strains from East Asia have s la  types (van Doom et al., 

1998b). The m l type is predominant in Japanese isolates, while m2 is predominant in 

Chinese isolates (Kersulyte et al., 2000).

1.12.3. The iceA genotypes

Adherence o f H. pylori to gastric epithelial cells induces expression of a gene, 

designated as iceA (for induced by contact with epithelium) (Peek et al., 1995). The 

iceA alleles can be divided into iceAI and iceA2. The association between the iceA 

genotypes and clinical outcome is uncertain. Strains o f iceA I type were initially found 

to be more prevalent in peptic ulcer diseases and therefore were associated with the 

development o f peptic ulcer diseases (van-Doom et a i ,  1998a). Subsequent studies 

however did not confirm this association (Wong et al., 2001; Yamaoka et al., 1999). 

The nucleotide sequences of 19 strains o f iceAI type and 19 of iceA2 have been 

determined. Sequence analysis indicates that there is a strong nucleotide sequence 

homology between iceA and nlalllR encoding a restriction endonuclease. Frameshift 

mutations, insertions and deletions are frequent in iceA o f either type (Figueiredo et al., 

2000). It is, therefore, unlikely that iceA would have significant impact on virulence 

considering its substantial diversity at amino acid level.

1.12.4. The combined genotypes

Simultaneous analysis of multiple genotypes has been suggested to be a better predictor 

of the clinical outcomes o f infection than genotyping a single gene. Gerhard et al 

(1999) reported that strains o f cag+/vacAsl/iceAI were associated with severe gastric

24



I

diseases. Conflicting results, however, have been reported (Yamaoka et a l, 1999). In 

addition, genotyping of H. pylori strains may be complicated as an individual may be 

infected with multiple strains. An isolate from an individual, for example, may 

simultaneously possess cagA+lcagA- subpopulations, vacA sl/s2 , vacA ml/m2  or 

icQAMiceAl subpopulations (Arents et al., 2001; van Doom et al., 1998). The results, 

therefore, should be interpreted with caution. Molecular typing o f other virulence genes 

or marker genes is required to predict the outcomes of infection.

1.13. Transcriptional regulation

Bacteria usually survive and grow in rapidly changing and unfavourable environments. 

To cope with the harsh environments, bacteria evolve complex mechanisms to control 

transcription (Ishihama, 2000). Transcription is completed by a DNA-dependent RNA 

polymerase (RNAP) in three sequential steps: initiation, elongation and termination. 

Bacteria, such as E. coli, contain the simplest forms o f cellular RNAP consisting o f two 

large subunits (|8 and i8’) that associate with two copies o f a smaller subunit, a, to form 

the core RNAP (Wosten, 1998). A sigma (a) subunit binds to the core enzyme in a 

reversible manner to form the holoenzyme which is capable o f initiating transcription at 

a specific start site on the DNA template (Burgess and Antony, 2001). The binding of 

RNAP holoenzyme to the promotor results in a so called “ closed complex” which is 

converted into an “opened complex” by melting of a short DNA region within the 

sequence bound by the enzyme (Wosten, 1998). In the resulting ternary complex, the 

holoenzyme starts to produce 2 to 12 bp nascent mRNA molecules. Following 

disassociation o f a subunit, the RNAP core enzyme elongates through kilobases of 

DNA and finally stops at specific sequences on the terminator (Burgess and Antony, 

2001). Transcription in each of these processes is elaborately modulated and hence
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ensures the expression of genes at a required level (Wosten, 1998). The nascent 

mRNA, however, may undergo degradation that also contributes to regulation of gene 

expression in a cell (Akeda et a l, 2000).

H. pylori uniquely inhabits the acidic gastric environment. The bacterium is exposed to 

acidic gastric contents when passing through the gastric lumen and periodically 

encounters acid attack even after it successfully colonizes the gastric mucosa 

(McGowan et al., 1996). In addition, H. pylori may have to cope with other stresses 

including the oxidative stress resulting from inflammation, temporal exposure to 

varying temperature, antibiotics and mutagens in the diet. The gene transcription in H. 

pylori therefore, must be regulated accordingly. Currently, the emerging data have 

begun to uncover the mechanisms of transcriptional regulation in H. pylori.

I.13.1. Transcription apparatus

RNA polymerase: The three polypeptides in the RNAP core enzyme are usually 

encoded by three genes {rpoA, rpoB and rpoC). In most Gram-negative bacteria, rpoB 

and rpoC  are separated by a short, untranslated linker of 50-100bp. These two genes, 

however, are fused in H. pylori (Zakharova, et al., 1998). The resultant |3-)3’ fused 

protein is approximately 300 KD when separated on the SDS-PAGE gel. A fused 

rpoBC  may be a common feature of the Helicobacter genus as it is also present in 10 

species of Helicobacter (Zakharova, et al., 1999). The fused |S-)3’ protein does not 

provide any advantages over the growth or survival o f H. pylori. The natural fused 

protein is possibly an evolutional accident (Raudonikiene, et al., 1999).
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Sigma factors: Based on sequence similarity, the bacterial sigma factors are grouped 

into two families, ff̂ *̂ -Iike factors and factors (Wosten, 1998). The family 

consists o f three groups, the primary factor (group 1), non-essential a™ like factors 

(group 2) and alternative factors (group 3). H. pylori contains only three sigma factors, 

and in contrast to the seven sigma factors in E. coli (Aim et al., 1997; 

Blattner et al., 1997). The genome o f H. pylori lacks group 2 sigma factors such as 

RpoS which is a major factor during entry into the stationary phase and a global 

regulator in acid stress (Tomb et al., 1997).

The group 1 bacterial sigma 70 factors or primary sigma factors are responsible for the 

transcription o f most genes expressed in exponential growth (Wosten, 1998). Four 

conserved amino acid sequence regions are identified in E. coli (Burgess, 2001; 

Wosten, 1998). These four regions are divided into many subregions according to their 

respective functions. The subregions 2.4 and 4.2 recognize the -1 0  and -35 promotor 

elements, respectively. In E. coli, this promotor sequence recognized by a™ is 

characterized by two stretches of six nucleotides, TATAAT and TTGACA, centered 

around positions -1 0  and -35 respectively, from the transcription start point (+1). A 

dinucleotide TG at position -15  and -14 is also conserved in E. coli promoters and is 

known as the “extended -1 0 ” promotor element (TGnTATAAT). The strength o f the 

promotor is dependent on the conservation of these promoter elements as well as the 

size o f the spacer located between the -35 and -10 elements.

A group 1 or primary sigma factor, namely factor as its molecular mass is 

approximately 78.7 kDa, is present in H. pylori (Beier et al., 1998). The a factor is 

comprised o f approximately 680 amino acid residues. Region 1.1, a non-conserved
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region is missing and replaced with homology to a regulatory protein from Bacillus 

subtilis phage SPOl (Vuthoori et al., 2001). The conserved region from 2.1 to 4.2 has 

greatest identity to a group of gram-positive bacteria including Staphylococcus aureus, 

Listeria monocytogenes, and Enterococcus faecalis  (Solnick et al., 1997). The function 

o f a  might be less constrained than its counterpart in E. coli because o f its greater rate 

of amino acid replacement. This might enable o to recognize relatively less conserved 

promotors resulting from significant plasticity o f the H. pylori genome. The consensus 

promotor sequences recognized by o have been suggested as TTAAGC-x( 19-23)- 

TATAAT (Vanet, 2000). The -1 0  promotor sequences from 21 genes with 

experimental evidence are aligned here (Figure 1.1). The results suggest that the most 

frequent sequence is TAAAAT at the -1 0  region. However, if  one nucleotide 

substitution in the -10  element is allowed, the most frequent sequence (16/21) is 

TATAAT as suggested although this sequence itself is only present in two genes. The 

extended -10  element is found in 8 genes, suggestive o f the frequent use o f this 

element in H. pylori. The majority of genes under control o f a™ in E. coli have both -  

10 and -35  promoter elements. In the aligned H. pylori genes, however, -35 element is 

only present in 6/21. This suggests H. pylori does not frequently use the -35  promoter 

element for transcription initiation.

H. pylori also possesses two additional sigma factors: and a (Tomb, et ah,

1997). Both sigma factors are involved in transcriptional regulation o f classes of 

flagellar genes ( Colland et al., 2001; Josenhans et al., 2002; Spohn and Scarlato, 

1999b). The factor belongs to group 3 sigma factors or alternative sigma factors and 

recognises a 4 nucleotide (nt) sequence TAAA at -35 region and an 8 nt sequence 

GCCGATAA at the -10  region relevant to the transcription start point (TSP). The
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AAACTCATTTTATAATTAGAATTTAAGCTAATTTTTTAG'l'iJ^'JAACAAAGG rp o D

ATAAGATAAAATAATAAAAACGCATCATTAACCATTGATTGAATACCACTAGA‘*/^|0A1ACCCCAT H P1408

CTAAAACCCTTATAAGTTATGGATAAAAACTTAAAGAATAGGGTAAAATAAACGCA H P1243

CGATTCACATTTTTACCCACAATTAACAAAAATTTGCTAAAATGAAAGAAC ca g B  P2

ATTGATAGATTATTAACTTTTTATGCTATAATGCGAGGG dnaK

TTTTTTCAATATTAATAATGATTAATGAAAAAAAAAAAAAATGCTTGATATTGTTGTATAATGAGAATG cagA

ATCTTGTTGAGTTTTATGTTTATTTACCTTAATTTGATAAAAGTTTAATA va  cA

AGAAAAAGACCAATAATCTAAAGATGTTAGGGTAAAATAACATTTTGAC h p a A

TTAAGAAAAGATTTACCAAAAAGTATTAAAAAATGATTACAATACGGCTA so d B

TAATAAACGCTTCTGTTAATATTAGTAAATCAAAACATTGCTACAATTACATCCAA u re A

TTATTTTTAAGATATTTTCAAGGTATCTTTAATAATAAAATGCTAGAATTAGTCCC H Pl 6 6

AATTGAATCTTGTTAGTCTTTGTATT^ACAAATTATGTAATAATCACCACA k a  tA

ATTATTGTCGGTCAAGGTAATTTTAATCAAAACATGCTATTATTTGGAAT ch eY

TTTGTTTTTATGGCTTGACTTATCCCTAAAAATGCGCTATAGTTGTGTCG h s p A

TGACCCTTACAATTTTTCAAACCAATCGTTTAATGCGATTAAATATGGCTATATATACTACAATA H P l 19

AGCGCCGTTATAGTTTTTA top i5

TTGACTTATCCCTAAAAATGTGCTATAGTTATGTCG g ro E S

TTGATTGACTAACACTAAAGATTTATGATAGTATTC c ip A

AATGGTTAGTCAAGGTGAGCACATGAAGCGTTCTAAAAATAGTTTGGTTT c a g B  P3

AGCGTGTTTATGGGGTTGTATTTGATTTATGGCATCATTCGGTGGCTCTT COpA

CCTTAGCGTTTTAATAACCCTTATAAGTCCGCCAAGACTTCTTAAGGGTT r e p A

Figure 1.1. Alignment o f H. pylori -10, extended -1 0  and -35  promoter sequences in 21 

genes. The most frequent -10  promotor sequence is TAAAAT which is present in 4 

genes. If one nucleotide substitution in the promoter sequence is allowed, however, the 

most frequent sequence is TATAAT which is also recognized by E. coli o ’” (16/21). If 

two nucleotide substitutions in the promoter sequence are allowed, TATAAT is present in 

19 of 21 genes. The extended -10  promoter element and -3 5  element is found in 8 genes 

and 6 genes, respectively. The -10, extended -10  and -3 5  elements are in red, pink and 

blue respectively. The TATAAT and those with one nucleotide substitution in the -10  

element are highlighted.



length of the spacer between the two regions is 15 nt. (Burgess, 2001; Wosten, 1998).

The holoenzyme comprised of RNA polymerase and requires an enhancer protein to

28be fully functional. The consensus promotor sequence recognized by a is TGGCAC 

at the -24 region TTGCW at the -12 region with a 5nt spacer (Fujinaga et a l,  2001).

1.18.2. Two-component system

The two-component system, usually consisting of a sensor histidine kinase and a 

cognate response regulator, is a common mechanism for signal transduction in bacteria 

(Hoch, 2000). The sensor kinase has an N-terminal input domain perceiving 

environmental stimuli and a C-terminal core domain, referring to the transmitter 

domain (Fabret, 1999). Signal binding causes activation of the sensor kinase resulting 

in ATP hydrolysis and auto-phosphorylation of a histidine residue on the transmitter 

domain (Stock et ah, 2000). The activated sensor kinase subsequently transfers a 

phosphoryl group to a receiver domain of a cognate response regulator (Stock et al., 

2000). The phosphoryl group resides as an acyl phosphate of an aspartic acid residue 

on the receiver domain (Hoch, 2000; Stock et al., 2000). The receiver domains 

normally inhibit the output domain on the response regulator and phosphorylation 

relieves this inhibition freeing the output domain to carry out its function (Falke et al., 

1997; Hoch, 2000). The response regulators usually function in transcription activation, 

but may also interact directly with other proteins (Falke et al., 1997).

Genomic analysis reveals that H. pylori contains 4 histidine kinases and 6 response 

regulators (Tomb et al., 1997). The smaller number of these genes, compared to that in 

B. subtilis and E. coli, is consistent with the paucity of global regulatory networks in H. 

pylori and reflects the tight adaptation of H. pylori to its restricted niche (Doig et al..
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1999). Each of the kinases couples with a cognate response regulator, while the 

remaining two orphan response regulators have no identified corresponding histidine 

kinases (Table 1.4). The functions o f HP165-HP166, HP244-HP703 (JlgR) and 

HP1364-HP1365 pairs are likely to be involved in transcription regulation (Beier et al., 

2000; Dietz et al., 2002). The CheA-CheY two component system, however, is 

necessary for chemotaxis and colonization which are possibly carried out by direct 

interaction with flagellar motor proteins (Foynes et al., 2000).

In strain 26695, HP 165 was annotated as two open reading frames (Tomb et al., 1997). 

This may be a sequencing error as it is a single open reading frame in strain J99 (Aim 

et al., 1999). The predicted product o f HP 165, a 414 amino acid kinase is possibly 

attached to the cytoplasmic membrane. In vitro phosphorylation analysis demonstrated 

that it exclusively activates HP 166 regulator (Beier et al., 2000). HP 166 is essential for 

survival as inactivation of this gene results in a lethal phenotype (Dietz et al., 2002). 

The activated HP 166 regulator at least positively regulates transcription o f two subsets 

o f genes which encode H. py/on-specific hypothetical proteins (Table 1.4). It binds to 

a 26 bp m otif located upstream of the target genes. Mutation analysis, however, 

demonstrated that these target genes were not essential for survival. It is possible that 

the unphosphorylated HP 166 regulator may be functional and regulate a set o f essential 

genes. Transcription o f HP 166 is autoregulated, which is carried out by the binding of 

the phosphorylated HP 166 regulator to the promotor sequence (Dietz et al., 2002). 

HP703 regulator, a NtrC homologue, is exclusively activated by HP244 and regulates 

transcription o f a set o f flagellar genes (Dietz et al., 2002).
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Table 1.4. Functions o f the two-component systems in Helicobacter pylori

Histidine
kinases

Response
regulators

Target
genes

Adaptive
roles

HP0165 HP0166 (OmpR) HP1408-1412 Unknown, HP 166

regulons; HPl 18, is essential for

HP119 survival in vitro

HP0244 HP0703 (NtrC), flaA , flaB, JlgE Flagellar

M R biosynthesis

HP0392 (cheA) HP 1067 (CheY), Unknown Motility

cheY

HP1364 HP 1365 (OmpR) Unknown Unknown

N/A HP 1043 (OmpR) Unknown Essential

N/A HP 1021 (NH) Unknown Essential

N/A, no homologues of the corresponding kinases. NH, no homologue in the public 

database.



1.13.3. Transcriptional regulation o f the cag genes

Transcription of cagA is under the control o f the promotor as shown in Figure 1.2. 

An identifiable -35 and the extended -10  promoter sequences are not observed (Spohn 

et at., 1997). Expression of cagA varies in response to environmental stimuli. 

Transcription levels o f cagA increase gradually as the growth time extends and reaches 

the maximum level at 48 h when bacteria are grown in Brain Heart Infusion (BHl) 

broth (Karita et al., 1996). Increased expression o f cagA has also been observed when 

cells grown for 48 h in BHI broth were briefly exposed to acidic Mcllvain’s buffer. 

Duration o f exposure (5-50 minutes) to acid does not appear to have a significant 

impact on cagA transcription. Free iron in the media contributes to transcription 

regulation of vacA but does not affect transcription o f  cagA (Szczebara et al., 1999). 

The varied expression of cagA indicates that a regulatory factor is likely to be involved 

in the transcription regulation of cagA or that a posttranscriptional regulation 

mechanism is involved. Quorum sensing and two component systems are major global 

regulatory networks which are responsible for virulence gene expression in other 

bacteria (Latifi et al., 1995; Sperandio et a l, 1999). In H. pylori, the quorum sensing 

system, however, does not affect transcription o f cagA (Joyce, et al., 2000).

Transcription o f nine cag genes {cagl, caglO-11, cagl3-16, c a g ll  and cag25) has been 

examined using gene fusion with ureB (Joyce et al., 2001). Each o f these genes 

possesses an upstream region with promotor activity. Co-culture with an epithelial cell 

monolayer was shown to result in 14-fold increase in expression o f cag 15 and cag2J 

(Joyce et al., 2001). However, both genes are not involved in the translocation of CagA 

(Joyce 2001).
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1.13.4. Transcriptional regulation ofvacA

Transcription o f vacA is initiated at nucleotide position 119 upstream of the AUG start 

codon (Forsyth et a i, 1998). Transcription o f vacA is started by a single promotor in 

the majority o f strains. In rare cases, transcription of vacA may start at other positions 

(Forsyth et a l ,  1998). The sequences o f promotor -1 0  and -35  elements have been 

identified as TAAAAA and TTTATG respectively (Forsyth and Cover, 1999). Like 

cagA, an extended -10 element (TG) is necessary for transcription of vacA. Expression 

of vacA is growth-dependent. Peak levels o f vacA transcription are reached at the onset 

of stationary phase and subsequently decline over time (Forsyth et a l,  1998). 

Differential expression of vacA was seen between vacA s l/m l and vacA s2/m2 strains 

(Forsyth and Cover, 1999). The higher vacA transcriptional level in vacA s l/m l strains 

resulted in a higher amount of VacA in the supernatant. Heterogeneity in vac A 

transcription level among strains, therefore, is an important determinant for the 

different vacuolation phenotypes induced by VacA. Regulatory elements involved in 

growth phase-dependent transcriptional regulation of vacA are not fully understood 

(Forsyth and Cover, 1999). Mutation of the upstream region o f -35 element has been 

shown not to affect the expression level o f vacA (Forsyth et al., 1998). The bacterial 

quorum sensing system is involved in diverse physiological processes. In Agrobacteria 

species, virulence gene expression is under control o f a quorum sensing system (Luo 

and Farrand, 2001). Transcription of vacA in H. pylori, however, is not regulated by 

luxS (Forsyth et al., 2000; Joyce et al., 2000).
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basal body and hook proteins, as well as the regulators FlgM and for transcription 

of the class 3 flagellar genes (Colland et al., 2001; Josenhans et a i,  2002). FlgR is a 

response regulator of a two-component system with HP0244 as the histidine sensory 

kinase (Spohn and Scarlato, 1999b). HP0244 specifically transfers a phosphate to a 

conserved aspartate residue in FlgR in vitro and subsequently activates FlgR (Spohn 

and Scarlato, 1999a). The class 3 genes include the major filament subunit FlaA, hook 

proteins and four hypothetical proteins which are possibly involved in flagellar 

assembly. Transcription of the genes in this class is under control of a factor (FliA) 

and an anti-J^* factor (FlgM, HPl 122) (Colland et a l, 2001). No flaA  transcript can be 

detected in the fliA  defective mutants of H. pylori, indicating that flaA  expression is 

positively regulated by fliA. The fliA  defective mutants have truncated flagella, 

morphologically similar to those in flaA  deficient mutants (Josenhans et al., 2002). In 

flgM  defective mutants, the level offlaA transcript is approximately 2.5 to 4 fold higher 

than that in the wild-type strain, whereas the morphology of the flagella in flgM  

defective mutants is similar to the wild-type strain (Colland et al., 2001). FlgM 

interacts with the sigma factor FliA and subsequently prevents the interaction between 

FliA and the /3-subunit of RNA polymerase antagonising the transcription mediated by 

a^^-holoenzyme (Colland et al., 2001). The interacting domain is a 29-residue region 

located at the C-terminal of FlgM (Colland et al., 2001). In anti-a^* factor containing 

bacterial species, transcription activation of late genes is usually achieved by secreting

the anti-a^^ factor from the cell on sensing the completion of basal-body-hook assembly

28and enabling RNA polymerase to associate with o transcribing late genes. In H. 

pylori, it is unclear if transcription of class 3 genes is dependent on secretion of FlgM. 

H. pylori FlgM cannot be exported efficiently in S. typhimurium although it can 

complement the S. typhimurium mutants deficient in FlgM (Josenhens et al., 2002).
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H. pylori cells can adapt the mechanical properties of the flagellar filament by varying 

the relative amounts o f FlaA and FlaB in response to environmental signals (Suerbaum, 

1995). In addition to the regulators described above, DNA topology affected by gyrase 

and topoisomorase I is likely to be associated with regulation of flaA  and flaB  

expression (Spohn and Scarlato, 1999a). Evidence for the involvement o f gyrA and 

topA comes from the observations including (1) topA and flaB  are oppositely oriented 

and their promoters are overlapped (Suerbaum et a l ,  1998a), (2) gyrA is co-transcribed 

with flgR  which regulates flaB  transcription (Spohn and Scarlato, 1999a); (3) 

expression of fla B  increases when the gyrase activity is inhibited (Spohn and Scarlato, 

1999a); (4) the short spacer region makes flaA  expression very sensitive to DNA 

topology (Suerbaum et ah, 1998a);

I.14. Adaptation and the consequences of H. pylori infection

The basic requirements for a bacterium to establish colonisation involve overcoming 

the numerous physical, cellular and molecular barriers presented by the host (Ochman 

and Moran, 2001; Weiss, 2002). Typically, this entails contacting and invading the host 

body, exploiting the nutrient sources from the host, avoiding host defences, persisting 

in the particular niches, and finally infecting a new host. H. pylori uniquely colonises 

the human stomach (Blaser and Berg, 2001). To adapt to this niche, the organism faces 

a variety o f challenges from the host. Acid stress is the most common challenge 

encountered by H. pylori when invading and persisting in the human stomach (Moran 

et al, 2001). In addition, the organism has to adapt to diverse individual hosts that 

differ significantly in their genetic background, to cope with the dynamic environments 

resulting from physiological (e.g. age-related) and pathological changes (for example.
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from superficial inflammation to atrophy) in a particular host, and to deal with 

exposure to a number of potential harmful factors (e.g. antibiotics) during ingestion.

1.14.1. Acid adaptation

The habitat of H. pylori is the human stomach or in rare cases, the primate stomach 

(Handt et al., 1995). The organism usually colonises beneath the mucous layer where 

pH approaches neutrality. However, H. pylori experiences acid stress when passing the 

gastric lumen or even when persisting in the mucous layer (McGowan, et al., 1996). 

The bacterium is able to survive at external pH 2 for 30 min in vitro (Bauerfeind et al., 

1997). Pre-adaptation to weak acid (such as pH 6) increases the survival rate of the 

bacterium (Karita et al., 1998). The phenomenon is known as adaptive acid tolerance 

response (ATR). The bacterium is able to grow at pH 5.5 in vitro, although grows 

optimally between pH 6.9 and 8.0 (Owen, 1998).

Survival in the acidic conditions requires the production of urease. The activity of urea 

to produce ammonia by hydrolysis of urea is necessary for the survival of H. pylori in 

acidic environment in vitro (Mobley et al., 1988). Surface-bound urease could buffer 

the acidic environment in vitro (Krishnamurthy et al., 1998). Later studies, however, 

revealed that internal urease is also required for survival of the organism (Stingl et al., 

2002a; Stingl et al., 2002b). Urel, a component of urease regulons is a pH-gated urea 

channel (Weeks et al., 2000). The channel is fully open when environmental pH falls 

below 5.5 and permits influx of urea. Subsequently, urease is likely to maintain internal 

pH close to neutrality by catalysis of urea into ammonium (Stingl et al., 2002b). In 

addition, acid resistance pathways independent of urease cluster are also possibly 

involved in survival and growth of H. pylori (Bijlsma et al., 1998; Bijlsma et al., 2000).
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Enterobacterial species, such as E.coli and Salmonella typhimurium, encounter acid 

stress when passing through the human stomach. The major mechanism accounting for 

the acid resistance in these bacteria is to alter the expression of groups of genes (Foster, 

1999). For H. pylori, a similar mechanism may be used. Identification of these acid 

responsive genes is required to understand such acid adaptation (refer to Chapter 3).

1.14.2. Genetic divergence and adaptation

Bacterial adaptation to hosts is a cycle of processes: invasion, persistence in the host 

and preparation for invading another host of the same or even a different species. A 

number of molecular mechanisms are involved in bacterial adaptation (Giraud et al., 

2001; Ochman, 2001). Through horizontal gene transfer, bacteria acquire novel 

properties to transmit to and persist in a new niche of the same host or a new host 

(Ochman, 2001). Transformation, transduction and conjugation are responsible for the 

horizontal transfer of genes (Ochman et al., 2000). Conversely, loss of genes (a 

phenomenon termed ‘evolution by reduction’) occurs if  the genes are not required for 

life within the host (Dobrindt and Hacker, 2001). Adaptive mutation confers new traits 

for bacteria to survive and grow in a new host or unfavourable conditions (Giraud et 

al., 2001). Antibiotic resistance resulting from mutation exemplifies the importance of 

mutation in bacterial adaptation (Versalovic et al., 1997). New traits generated from 

intra-genome recombination also contribute to adaptation (Suerbaum et al., 1998b; 

Webb and Blaser, 2002). These molecular mechanisms ultimately lead to 

diversification of the bacterial genomes, displayed as chromosomal rearrangements, 

strain specific genes and allelic polymorphisms. For H. pylori, two unrelated strains 

are unlikely to have identical fingerprinting (Jiang et al., 1996), indicating there is a
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high degree of inter-strain genetic divergence. Comparison o f the genomes of two 

strains also reveals similar results (Aim et al., 1999; Tomb et al., 1997). These inter­

strain diversities in clinical isolates, however, have not been fully characterised. 

Analysis o f genetic divergence among strains is important for understanding the 

adaptation mechanisms used by H. pylori (refer to Chapters 4 and 5).

1.14.3. Genetic diversity and pathogenesis

Through diversifying the genome, bacteria acquire the capacity to adapt to individual 

hosts with different genetic backgrounds. A major clinical concern is whether such 

adaptation leads to severe clinical outcomes. One assumption is that evolution selection 

favours the best adapted bacteria regardless o f whether the ultimate consequence is 

harmful, benign or beneficial (Ochman and Moran, 2001). For E. coll, a normal 

resident o f  the mammalian intestinal flora, acquisition o f a single pathogenicity island 

is sufficient to confer pathogenetic properties upon benign strains (McDaniel and 

Kaper, 1997). Another assumption is that the virulence o f “well-adapted” bacteria is 

usually attenuated (Weiss, 2002). These assumptions are based on the analysis of inter­

species genetic diversities. For a particular species, as in the case o f H. pylori which is 

well adapted (estimated to colonise half the human population), the consequences of 

bacterial adaptation through genomic diversification are unclear. Most strains o f H. 

pylori possess the cag pathogenicity island which is an important determinant for the 

consequences o f infection. Investigation of the divergences o f the cag pathogenicity 

island would aid our understanding of the complicated impacts o f adaptive evolution.
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1.15. Aims:

The aims o f the studies described here were to investigate the transcription response of 

H. pylori to acid exposure and inter-strain genetic divergences, and thereby, to 

understand bacterial adaptation mechanisms and the impacts o f adaptation on cHnical 

outcomes.

Specifically, the objectives of the studies described here were as follows.

(1) To identify H. pylori genes regulated by prolonged acid exposure using differential 

display-PCR.

(2) To investigate the inter-strain differences in the genomic contents within H. pylori 

species and the relevance of the genomic diversities to the consequences of 

infection.

(3) To analyse the composition diversity and sequence variations in the cag 

pathogenicity island.

39



CHAPTER 2 

GENERAL MATERIALS AND METHODS
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2.1 General Materials 

2.1.1. Molecular reagents

All reagents used were analar grade and purchased from Sigma-Aldrich except where 

otherwise indicated. Water used in all experiments was purified by reverse osmosis, 

deionisation and UV treatment to attain an 18 MO quality (Maxima Four, Elga). The 

following solutions were prepared by standard methods as outlined by Sambrook et al. 

(1989).

0.5 MEthylenediamine-tetraacetic acid (EDTA), p H  8.0: purchased in solution form. 

Phosphate buffered saline (PBS): purchased in tablet form.

IM  Tris (hydroxymethyl methylamine)-hydrochloride (Tris-HCl): purchased in solution 

form.

Tris acetate EDTA (TAE) buffer (IX): 40 mM Tris-acetate, 0.1 mM EDTA, pH 8.0.

Tris borate EDTA (TBE) buffer (0.5X): 45 mM Tris-HCl; 45 mM boric acid; ImM 

EDTA, pH 8.0.

Tris EDTA (TE) buffer: 10 mM Tris-HCl, pH  7.4; Im M  EDTA, p H  8.

Agarose gel loading buffer: 0.25 (w/v) bromophenol blue and 50% glycerol in 0.5X 

TBE.

Ammonium acetate (7.5M): 57.8 g ammonium acetate was dissolved (BDH) in 80ml 

water, then brought to 100 ml volume with water and filter sterilised (Millex 0.45 jum 

syringe filter unit, Millipore)
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Ethidium bromide staining solution (0.5mg/l): Diluted ethidium bromide stock solution 

(10 mg m l ') was prepared at 1:20000 ratio with water to give a final concentration of 

0.5 mg r'. Stored in the dark at room temperature (RT).

Proteinase K  (100 mg): Dissolved 100 mg proteinase K in 5 ml water (20 mg ml ') and 

aliquoted in 500 ii\ volumes. Stored at -20  °C.

RNase (Dnase-free) (Boehringer Mannheim, 500 iig/ml): The ready-for-use solution 

was diluted 1:100 in sample DNA to give a final concentration of 5 /ig ml ', in 

accordance with the manufacturer’s instructions.

Sodium acetate (3M): Dissolved 40.8 g sodium acetate trihydrate in 80 ml water, 

adjusted to pH 5.2 with glacial acetic acid, brought to 100 ml with water and sterilised 

by autoclaving at 121 °C for 15 min.

2.1.2. H. pylori strains

The H. pylori strains used in this study included clinical isolates and a type strain 

NCTC 11638 that was obtained from the National Collection of Type Cultures, 

Colindale, London.

Primary isolation o f  H. pylori strains: Clinical H. pylori isolates were isolated from 

the gastric biopsies in this study or from the culture stocks. The gastric biopsy 

specimens were obtained from patients undergoing upper gastrointestinal endoscopy at 

the Meath and Adelaide Hospital, Dublin, Ireland. Biopsy specimens were inoculated 

with mucosal side downwards onto the surface of two fresh blood agar plates consisting 

of Columbia agar base (LAB M, UK) supplemented with 7% horse blood. Plates were
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incubated at 37 °C for 4-7 days under microaerophilic conditions by flushing the 

anaerobic jars with CO2 or using a CO2 Generation Kit (Oxoid, UK). H. pylori was 

identified by Gram staining, typical colony morphology and urease activity 

(Christensen’s agar slopes containing 40% urea, Oxoid, UK).

Storage: H. pylori strains were sub-cultured in duplicate onto blood agar and incubated 

under microaerophilic conditions for 3 days. The bacterial cells were collected and 

placed into a sterile 2 ml freezer vial containing 1 ml o f storage medium. The medium 

comprised of Brain Heart Infusion Broth (BHI, Oxoid), 20% (v/v) glycerol and 10% 

(v/v) filtered horse serum. The vials were then vortexed briefly and stored at -80 °C.

Recovery o f  H. pylori strains: Vials containing the strains were defrosted at RT. The 

suspension was then removed from the vials with a sterile loop and inoculated onto two 

blood agar plates. Each plate was inoculated at 4 areas with 10 ii\ suspension each. The 

plates were then incubated for 4 to 7 days.

2.2. DNA Manipulation 

2.2.1. Extraction o f genomic DNA

Genomic DNA was extracted using the method described by Ausubel et al (1987). 

Using a sterile loop, bacteria were harvested from 3 to 5 days old cultures and washed 

twice in 1ml of sterile distilled water or PBS. The bacteria were pelleted using a 

bench-top microcentrifuge at 3000 g  for 5 min. The pellet was resuspended in 567 1̂ of 

TE buffer and 30 /xl of 10% sodium dodecyl sulphate (SDS, w/v) and 3 ^1 of proteinase 

K (20 mg ml ') was added. The suspension was incubated in a 37 °C water bath. After 

1 h 100 jtil of 5 M NaCl was added and mixed thoroughly. Then 80 pi\ of cetyltrimethy
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ammonium bromide (CTAB)-NaCl solution [10 % (w/v) CTAB in 700 mM NaCl)] 

was added and the suspension was incubated for 10 min at 65 °C. An equal volume o f  

chloroform: isoamyl alcohol (24:1) was then added to the solution and it was mixed 

thoroughly before centrifugation for 5 min. The upper aqueous layer was removed to a 

clean microcentrifuge tube and an equal volume o f phenol: isoamyl alcohol (24:1) was 

added. The solution was mixed thoroughly and centrifuged as before. Again the 

aqueous layer was removed to a clean microcentrifuge tube and 0.6 volume o f  

isopropanol was added to precipitate the genomic DNA. The DNA was pelleted by 

centrifugation for 30 min at 4 °C. The pellet was washed with 1 ml o f 70 % (v/v) 

ethanol and then air-dried. The genomic DNA was resuspended in 50-100 /xl of TE 

buffer (pH 7.6).

The ultraviolet spectrophotometric method and/or agarose gel electrophoresis method 

as outlined by Sambrook et al (1989) were used to determine the concentration, 

quality, and relative purity of the DNA samples. Briefly, for spectrophotometrical 

quantification o f  DNA samples, appropriate volume o f a DNA sample (5 /il in most 

cases) was diluted with distilled water. The sample was then measured at 260 nm and 

280 nm wavelength. The A26O at 1 was equivalent to 50 l̂g ml ‘ DNA (40 jxg m f' RNA  

or PCR generated DNA). For determining the purity, the A 260/A 280 ratio greater than 

1.8 for DNA (1.9 for RNA) suggests a pure DNA sample. For determining the DNA  

concentration with agarose gel analysis, a DNA sample was run on 1% agarose gel in 

parallel with a series o f  DNA standards o f known amounts {e.g. 0, 2.5, 5, 10, 20, 30, 

40, 50 iig m f'). The concentration o f the DNA samples was then estimated by 

comparing the intensity o f  the sample DNA band with the DNA standards.
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2.2.2. Purification and concentration ofDNA

The DNA solution was treated with equal volume of phenol:chloroform: isoamyl 

alcohol (25:24:1), mixed by inversion and then centrifuged at 12,000 g  for 10 min. This 

step was repeated until the upper aqueous layer was clear. The upper aqueous layer was 

removed to a fresh microcentrifuge tube. An equal volume o f chloroform:isoamyl 

alcohol (24:1, Sigma) was then added, mixed by inversion and then centrifuged at 

12,000 g  for 10 min. The upper aqueous layer was removed to a clean microcentrifuge 

tube and mixed with 1/10 volume of 3 M sodium acetate (pH 5.2) and cold absolute 

ethanol (the volume equal to twice of the total volume o f upper aqueous layer plus 

sodium acetate). The mixture was then placed in -2 0  °C for 1 h to overnight. The 

sample DNA was pelleted at 4 °C for 30 min at 12000 g  and washed twice in 70% 

ethanol. The DNA sample was air-dried and then resuspended in appropriate buffer.

2.2.3. Agarose gel electrophoresis and visualisation.

DNA was routinely separated on 0.8 to 2% agarose gels in 1 X Tris acetate-EDTA 

(TAE) buffer or 0.5 X TBE buffer. Gel loading buffer was added to all DNA samples at 

a ratio o f 1:5. Electrophoresis of restriction endonuclease digested chromosomal DNA 

was performed using a Hoefer® HE 100 SuperSub^"^ horizontal tank (Hoefer 

Pharmacia Biotech) and a chiller unit (Mini Chiller Model 1000, Bio-Rad). All other 

electrophoresis was performed using Bio-Rad horizontal electrophoresis tanks. Gels 

were prepared using type II medium EEO agarose (Sigma) and freshly diluted TBE 

(0.5X). Electrophoresis was preformed under the following conditions:
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DNA samples Agarose concentration Voltage

% (w/v) (V)

PCR products <800 bp 2 75

PCR products >800 bp 1.5 75

Chromosomal DNA 0.8 75

Digested chromosomal DNA 0.8 30

Gels were stained in ethidium bromide (0.5 mg 1'') for 10 min immediately after 

electrophoresis. Excess ethidium bromide was removed by washing in water for 10 

min. Otherwise, gels were pre-stained by adding ethidium bromide (10 mg ml ') to the 

cooled molten agarose to a final concentration of 0.5 mg/ml. Gels were viewed on a 

transluminator (2011 Macrovue, LKB) under UV light at 312 nm and photographed 

with an MP4 land camera using Polaroid 667 film and a 23A Wratten filter. When 

negatives were required, Polaroid 665 film (Sigma) was used. Photographs were 

scanned with an Epson Perfection 1240U Colour Image Scanner to a Gateway 450 

personal computer. Images were processed with Adobe Photo Shop post-production 

software (Version 5.0).

2.2.4. Polyacrylamide gel electrophoresis

For differential display PCR of RNA, 6%(w/v) denaturing gels were routinely used. 

The gels were made by mixing 30% (w/v) acrylamide solution [29% (w/v) acrylamide, 

1% (w/v) N, Â ’-methylenebisacrylamide], urea (7M) in 1 X TBE, 0.1% (w/v) 

ammonium persulphate, 0.1% (v/v) AW, TV’, Â ’-tetra-methylene-bisacrylamide 

(TEMED). DNA samples were loaded onto the gels, run constantly at 42 W for 3 h.
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After completion o f electrophoresis, the gels were stained using a silver staining kit 

(Promega) following the manufacturer’s instructions.

2.2.5 Labelling o f DNA probes with Digoxigenin (DIG)

Double-stranded DNA was labelled with Digoxingenin-ll-dUTP (DIG-11-dUTP) 

using DIG-High Prime reagents (Roche). The DNA template [16 n\ (30-100 ng) /il ')] 

was denatured at 100 °C for 10 min, cooled on ice immediately and 4 fi\ of DIG-High 

prime reagent was added. The mixture was incubated at 37 °C for 2 to 12 h and the 

reaction stopped by addition of 2 ^1 EDTA solution (200 mM, pH 8.0). Then 0.1 

volume o f 4 M LiCl and 2.5 volume of ethanol were added to the reaction and it was 

placed at -7 0  °C for 30 min. The DNA was pelleted in a bench-top microcentrifuge at 

12,000 g  for 15 min at 4 °C and then washed with 100 ptl o f  70% (v/v) ethanol. The 

pellet was air-dried and resuspended in 50 fil o f sterile distilled water.

2.2.6. Southern hybridisation

Southern hybridisation was carried out as outlined by Sambrook et al. (Sambrook et al., 

1989). Genomic DNA was digested with an appropriate restriction endonuclease. The 

digested DNA was loaded onto a 0.8% agarose gel in 0.5 X TBE buffer. 

Electrophoresis was carried out at 4-6 V cm ’ for 1 to 2 h. For denaturation o f the 

sample DNA, the gels were submerged into the appropriate volume o f denaturation 

solution (0.5 M NaOH, 1.5 M NaCl) with constant shaking for 30 min and this process 

was repeated. The DNA was then neutralised (1 M Tris-HCl, pH 8.0, 1.5 M NaCl) 

twice for 30 min with shaking. The DNA was transferred to a positively charged nylon 

membrane (BrightStar-plus, Amibon) using southern capillary transfer in 20 X SSC 

buffer (3 M NaOH, 0.3 M sodium citrate) overnight. The membrane was air-dried and
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baked at 80 °C for 2 h to fix the DNA to the membrane. Prehybridisation was carried 

out by placing the membrane in the hybridisation solution [5 X SSC (750 mM NaCl, 75 

mM Sodium citrate), 0.1% (w/v) N-lauroylsarcosine, 0.02% (w/v) SDS, 1% blocking 

reagent (Sigma)] for 2 to 4 hours at 68 °C. Hybridisation was then performed for 20 h 

with an appropriate volume of fresh hybridisation solution. The DIG-labelled probe 

was added into the hybridisation buffer immediately after denaturation at 100 °C for 10 

min and immediately cooled on ice for 5 min. Following hybridisation, the membrane 

was washed twice in 2 X SSC buffer with 0.1% SDS at room temperature for 15 min 

(low-stringency wash). The membrane was then washed twice under high-stringency 

conditions (0.1 X SSC buffer with 0.1%) SDS at 68 °C) for 15 min each. The 

hybridised signals were detected using DIG-High Prime DNA labelling and Detection 

Starter Kit (Roche) following the manufacturer’s instructions.

2.2. 7. Polymerase Chain Reaction (PCR)

The PCR amplification was carried out in a final volume of 50 jul containing 1 /il DNA 

template (20-100 ng /xf'), 1.5 mM MgCl, 0.4-0.8 fxM each primer, 1.5 U Taq 

polymerase (Qiagen or Sigma), 200 /xM each of dATP dCTP dOTP dTTP, and 1 X 

PCR buffer. The reaction solution was overlaid with mineral oil when appropriate. The 

thermal cycling parameters were 1 cycle of 94 °C followed by 30 to 35 cycles of 

denaturing at 94 °C (0.5 ~ 1 min), annealing at appropriate temperature (0.5 ~ 1 min) 

and extension at 72 °C (0.5 ~ 1 min). A final extension at 94 °C (5 ~ 30 min) was 

included in the amplification. The primers were designed using the primer design 

program available on the Internet (http://www. ebi.ac. uk). The primers were located at 

the most conserved DNA regions revealed by alignment (Clustal W,

http://www. ebi. ac. uk) o f the known sequences deposited in the GenBank
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(http://www.ncbi.nih.ors). Synthesis of the primers was provided by the service from 

MWG Biotech Ltd, London, UK.

2.2.8. Cloning and sequencing

For cloning the PCR products, the amplicons obtained from amplification with a final 

extension for 30 min were purified using a PCR Purification Kit (Qiagen) following the 

manufacturer’s instructions. The purified PCR products were subsequently cloned into 

appropriate vectors using the corresponding cloning kits (Invitrogen) following the 

manufacturer’s instructions.

Determination of the nucleotide sequences was provided by the service from MWG 

Biotech Ltd. Sequence analyses were then carried out using the appropriate programs 

available on the Internet (http://www.ebi.ac. uk or http://www.ncbi.nih.ors). These 

programs included Blast N/P/X, Fasta 3, ORFinder, Clustl W.

2.3. RNA manipulation 

2.3.1. Northern Hybridisation

Total RNA was extracted using Tri-reagent following the manufacturer’s instructions. 

The concentration and the relative purity was determined using an ultraviolet 

spectrophotometric method as outlined by Sambrook et al. (1989) (see also section 

2.2.1). The integrity of the RNA samples were determined using agarose gel 

electrophoresis. Samples of total RNA were loaded onto a 0.8% denaturing agarose 

gel. Electrophoresis was carried out at 4-6 V cm ' for 1 h. RNA was transferred to a 

positively charged nylon membrane (BrightStar-plus) using a capillary transfer method 

with a downward transfer apparatus. The transfer continued for approximately 1.5 h (15

49



min per millimetre o f gel thickness). The membrane was rinsed briefly in 1 X TBE 

buffer, air-dried and baked at 80 °C for 2 hours to fix the RNA. Prehybridisation was 

carried out by placing the membrane in the hybridisation solution (Amibon) and 

incubating at 42 °C for 2 to 4 h. The heat-denatured Dig-labelled DNA probe was 

added into the hybridisation solution and incubated overnight. Following hybridisation, 

the membrane was washed twice in 2 X SSC buffer for 15 min and washed twice in 0.1 

X SSC buffer at 42 °C for 15 min with agitation. The hybridised signals were detected 

using a DIG-High Prime DNA labelling and Detection Starter Kit (Roche) following 

the manufacturer’s instructions.
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CHAPTER 3

IDENTIFICATION OF HELICOBACTER PYLORI GENES 

REGULATED BY PROLONGED ACID EXPOSURE
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3.1. Introduction

Bacteria usually survive and grow in rapidly changing and unfavourable environments. 

To cope with these harsh environments, bacteria evolve complex mechanisms to 

regulate transcription (Ishihama, 2000). Transcription in bacteria is completed by a 

DNA-dependent RNA polymerase (RNAP) in three sequential steps: initiation, 

elongation and termination (Wosten et a l ,  1998). Transcriptional regulation occurs in 

each step to alter the expression of multiple genes. Varied gene expression in response 

to environmental signals has been observed in H. pylori, for example, elevated amounts 

offu r  and vacA transcripts in response to low free iron (Szczebara et al.. 1999), ahered 

expression of hspR regulons in response to heat shock (Huesca et al., 1998; Spohn and 

Scarlato, 1999b) and varied expression in response to acid stress (McGowan et 

al., 1998).

Increased environmental acidity is the signal most frequently encountered by H. pylori. 

The organism experiences extremely low pH (pH 1-2) when it passes through the 

gastric lumen prior to reaching the protective mucosal surface (McGowan et a l, 1998). 

In vitro studies demonstrated that short exposure of H. pylori cells to acid altered the 

transcriptional level o f an LPS-associated gene wbcJ, cagA and hsp70 (Huesca et al., 

1998; McGowan et a l, 1998; Karita et al., 1996). In addition, H. pylori encounters 

prolonged acid exposure in vivo (Lee et al., 1993). Gastric acidity fluctuates under 

physiological conditions such as increased acid output at ingestion. Damage in the 

protective mucus layer may also decrease the local pH. Chronic H. pylori infection 

leads to increased gastric acid secretion (McColl. et al., 1997). Such prolonged acid 

exposure may serve as an important environmental signal to regulate gene expression. 

Bacteria grown on acid (pH 6) media after 5 successive passages gave rise to colony
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variation and enhanced ability to adhere and invade epithelial cells (Bukholm et ai, 

1997). Moran and his colleagues (2002) observed acid-induced phase variation of Le^ 

and Le^ in H. pylori cells grown in liquid culture. These observations suggest that 

prolonged acid exposure possible regulates H. pylori gene expression (Moran, et al., 

2002).

Differential display PCR (DD-PCR) was initially used to identify differentially 

expressed genes in mammal cells between two different conditions (Liang and Pardee, 

1992). The technique used random primers capable of frequently annealing to the 

reverse-transcribed cDNA. Consequently, PCR amplification could yield a range of 

products which could be resolved on a sequencing gel. The amplification conditions 

differed from regular PCR by using random (10 mer) primers, lower concentration of 

dNTP and shorter elongation time (30 sec). Total RNA or mRNA was reverse 

transcribed into cDNA using poly (dT) primers such as TuCA. In bacteria, however, 

most RNA transcripts lack the poly (A) tails. In order to overcome this problem and 

apply DD-PCR to identify differentially expressed genes in bacteria, 11-mer random 

primers for reverse transcription were designed based on the computational analysis of 

E. coli genomic sequences (Fislage et al, 1997). Amplifications with the combination 

of 11-mer and 10-mer primers yielded reasonable binding patterns on the sequencing 

gels.

The aim of this section of the study was to investigate the influence of prolonged acid 

exposure on the transcriptional regulation of H. pylori. DD-PCR with different 

combinations of 11-mer and 10-mer primers was used to detect mRNA expressing 

profiles in H. pylori cells successively passaged on acidic (pH 5.5) and neutral media
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(pH 7.4). The differentially displayed genes were then identified based on the 

comparison of the profiles between the two conditions.
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3.2. Materials and Methods

3.2.1 Strain and culture conditions

H. pylori strain 98587 was isolated from the antrum of the stomach of a patient with 

duodenal ulcer disease. The strain was cagA positive/vac^ s l/m l detected by PCR 

using previously described conditions (Atherton et al, 1995; van Doom et a l, 1998a) 

(see appendix for detail). To prepare the acidic media, 1.35 ml o f concentrated HCl 

was added into 1 litre Mueller-Hinton agar (Oxoid) supplemented with 7% horse blood 

immediately before pouring the plates. The pH o f the agar plates was determined using 

a surface pH meter and the value ranged from 5.5 to 5.7. The neutral media (pH 7.4) 

were prepared as for preparation of the acidic media except for addition o f HCl. H. 

pylori strain 98587 was recovered from the stock on neutral plates and subsequently 

grown on acidic (pH 5.5) and pH 7.4 Mueller-Hinton agar plates in parallel under 

microaerophilic conditions at 37°C for 3-5 days. Bacterial cells grown for 5 successive 

passages were collected for extraction of total RNA.

3.2.2 Differential display PCR

Total RNA from H. pylori cells that had been collected from acidic and neutral media 

was extracted using Tri-reagents (Sigma) according to the manufacturer’s instructions. 

Residual DNA contaminations were removed by RNase-free DNase I (one unit per 

microgram total RNA) treatment. The concentration o f RNA was determined by 

spectrophotometric analysis and the purity was demonstrated by agarose gel 

electrophoresis. For the synthesis of the first strand o f cDNA, samples o f  total RNA 

were reverse transcribed in six independent reactions using six different non-anchored 

11-mer primers with an AT-rich 3’- end (E al, Ea2, Ea3, Ea4, Ea6, Ea8) as previously 

described by Fislage, et al. (1997) (Table 3.1). Each reverse transcription reaction
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Table 3.1. Sequences o f the 11-mer and 10-mer primers for DD-PCR

RT Sequence G+C
primers (5'-» 3')__________ (%)

E a l  TTTTATCCAGC 36

Ea2 ACTTTACGCAG 45

Ea3 TTTATCCAGCG 4 5

Ea4 TCAGCGTTTTA 3 6

Ea6 TTTTTTCAGCA 27

Ea8 ATCATCCAGCA 4 5

PCR Sequence G+C
Primers (5'-» 3')___________ (%)

E s l  GCTGGAAAAA 4 0

E s3  GAAGTGCTGG 6 0

E s 5  TGGCGGCGGC 90

E s 7  ArGCGCTGGC 70

E s 8  TGCCGATGAA 50

E s l  3 ATGGCGATGA 50



contained 1 X RT buffer, 20 )^M dNTPs, 0.2 |xM of one primer, lOOu M-MuLV reverse 

transcriptase (Roche) and 2 |^g o f total RNA as template. A negative control (water) 

was always included for each reverse transcription. The reaction was incubated at 37 

°C for 60 min followed by incubation at 75°C for 10 min to inactivate the enzyme. 

PCR was carried out in a final volume o f 25 |il containing 2 |xl cDNA template, 3 mM 

MgCb, 20 |aM of the same 11 -mer primer used for the reverse transcription, 20 of 

one o f six 10-mer primers (Esl, Es3, Es5, Es7, Es8, E sl3 ) (Table 3.1), 8 ^imol dNTP, 

1.5U Tag polymerase, Stoffel fragment (Perkin-Elmer). The sequences o f the Ea and 

Es primers are shown in Table 3.1. The thermal cycling parameters were as follows: 5 

low stringency cycles of 94°C for 1 min, 40°C for 2 min and 72°C for 1 min, followed 

by 35 high stringency cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 30 sec, 

and a final extension cycle at 72°C for 5 min. A 3.5 ^1 aliquot o f PCR product was 

mixed with 1.5 (il loading buffer, heated at 95°C for 5 min for denaturation and run on 

a 6% sequencing gel for 3 h. Gels were stained using a silver staining method, air- 

dried and exposed to APC film (Promega).

3.2.3 Re-amplification and cloning of putative candidates

The DD-PCR products for cells grown on acidic and neutral conditions were visually 

compared. Putative candidate differentially expressed genes were identified based on 

the difference in the intensities of the bands. Amplifications were repeated for those 

lanes in which putative candidate differentially expressed genes were identified. The 

candidates were only identified from the lanes in which the banding patterns were 

reproducible. Bands o f interest were cut from the gels and eluted in 100 \i\ distilled 

water overnight at 4°C. Five microliters of eluted DNA samples were re-amplified in a 

final volume of 50 ^1 with an appropriate pair o f primers using the high stringency
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PCR conditions as described above. The re-amplified cDNA fragments were cloned 

into pCR2.1 vector (Invitrogen) according to the manufacturer’s instructions. 

Recombinant plasmids were isolated using a Wizard miniprep plasmid kit (Promega) 

for preparing the probes and sequencing.

3.2.4. DNA sequencing and analysis

The nucleotide sequences of the candidate differentially displayed fragments were 

determined by the sequencing service at MWG-Biotech. Sequences were blasted 

against the H. pylori genome (http://www.tigr.org) and/or GenBank database. Multiple 

alignments were carried out using the Clustal W program. An open reading frame 

(ORF) was predicted using ORFinder.

3.2.5. Northern Blot

Northern Blot analyses were carried out using Northern plus Kits (Ambion) following 

the manufacturer’s instructions. Briefly, aliquots o f 10-15 |ag total RNA each was 

separated by denaturing agarose gel electrophoresis and blotted onto BrightStar-plus 

nylon membrane. Membranes were probed with biotin-labelled probes prepared from 

cDNA clones or from PCR products obtained in the differential display. Hybridisations 

were performed at appropriate temperatures and the hybridisation signals were detected 

using a CSPD chemiluminescent method.
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3.3. Results

3.3.1 Variation in morphology o f colonies

Strain 98587 was grown on acidic media (pH 5.5) and pH 7.4 media in parallel for five 

passages. Compared to the colony appearance of culture from neutral media, colonies 

from acid culture were smaller, had an opaque appearance and showed a stronger zone 

of haemolysis. The difference in colony morphology suggested the gene expression 

profile of cells grown on acidic media was possibly different from that of cells grown 

on neutral media.

3.3.2. Identification o f differentially expressed genes

To detect the expression profiles of H. pylori cells grown on acidic and neutral media, 

six Ea 11-met primers (for reverse transcription) and six Es 10-mer primers (for PCR) 

were chosen, resulting in 36 possible combinations of Ea and Es primers. Each 

combination with Ea and Es primers displayed approximately an average of 50 bands. 

Hence, 1800 different mRNA species were screened. The expression profiles of cells 

grown on acidic and neutral media displayed on the sequencing gels were analysed. 

Eleven bands appeared to be differentially expressed (Figure 3.1). These bands were 

cut from the gels, recovered and re-amplified. The re-amplified products were 

subsequently cloned into pCR 2.1 vectors. Northern blot analysis demonstrated that the 

expression of seven candidates was elevated in cells grown on acidic media, while one 

was down regulated (Figure 3.2). The expressions of the remaining three candidates 

were not detectably affected by acidic exposure.
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A B C D E F 

Figure 3.1. DD-PCR for//, pylori cells grown on pH 7.4 (n) and 

pH 5.5 (a) media for five passages using different pairs of primers: 

A, Ea3/Esl3; B, Eal/Es8; C, Ea8/Esl3; D, Es8/Es7; E, Ea2/Es3;

F, Ea6/Es8. Arrows indicate bands from which the candidate 
differentially expressed genes were identified. The candidates 
from each panel are as follows: A, ureB\ B, topA (upper) and tufB\ 
C, NHl; D, NDl (upper) andJlaA; E, ND2 (upper),pap57 (middle) 
and ND3 (lower); F, NH2 (upper) and atoE.



Figure 3.2. Northern blot analyses of total RNA from H. pylori cells grown on pH 7.4 

(N) and pH 5.5 media (A) to confirm differential expression of the identified cDNA 

fragments. Total RNA was separated on 1% denaturing agarose gel, blotted onto nylon 

membrane and subjected to hybridisation with specific biotin-labelled probes. The 

expression of topA, ureB, tuJB, pap 57, NHl and NH2 was increased at pH 5.5. The 

expression of atoE was decreased. The expression of candidates NDl-3, however, was 
not detectably affected by acid exposure.



3.3.3. Nucleotide sequence analysis

Sequence analysis revealed that five differential cDNA fragments had homologues in 

the predicted coding sequences in H. pylori strain 26695 or J99 genomes with a 

minimum identity of 94%. These included topA, tufB, ureB and fla  homologues whose 

expressions were increased in cells grown on acidic conditions. The only down- 

regulated differentially expressed fragment is an atoE (HP0693) homologue encoding a 

putative short-chain fatty acid transporter. One up-regulated fragment, designated as 

pap57, had no homologue in the two sequenced H. pylori strains. It, however, showed 

significant identity to a functionally unknown EAL domain existing in diverse bacterial 

signalling proteins (Figure 3.3). The remaining two cDNA fragments, NHl and NH2, 

did not show any homology to previously reported gene sequences. Sequencing 

analysis also revealed that one cDNA fragment {pap57) was amplified by Es7 primer 

only, while others were amplified by a combination of an Ea primer with an Es primer.
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atgcgctggcagcatccggaaaaaagcatgatttcaccggcagaatttatcccgctg
m r w q h p e k s m i s p a e f i p l

gcagaagaaagcggactgatcatcccgattggcaactgggtcatgcgcacagcctgt
A E E S G L I I P I G N W V M R T A C

gcgcaactacgcgcctggcaccaacaaaaagaaaccagccatctgaccatgtccatc
A Q L R A W H Q Q K E T S H L T M S I

aacgccagcgcat
N A S A

EAL consensus 4 8 IRWQHPDGGIISPDEFIPLAEETGLIVPLGRWVLE 83 
Pap57 1 M  E-KSM- • -A.........................35

EAL consensus 84 QACQQLAEWQAAGPD LRISINLSA 107
Pap57 36 RT--A--RA-HQQKETSH-TM-•-A-■ 61

Figure 3.3. Sequence of pap57 and alignment with the consensus sequence of the 

EAL domain. Amino acid sequence of pap57 was translated using Transeq DNA 

sequence translation tool (EMBOSS) available from the website of EBI 

(http://www.ebi.co. uk). The dots in the amino acid sequence of pap57 represent the 

residues identical to those in the EAL domain. gap.



3.4. Discussion

H. pylori inhabits the surface of the human stomach. Infection by the bacterium results 

in increased gastric acid output especially in duodenal ulcer patients. Gastric acid 

secretion fluctuates under physiological conditions (Merrell and Camilli, 2002). 

Damage to the mucus layer is frequently observed in the stomach o f patients infected 

by H. pylori. Therefore, H. pylori is likely to experience life-long acid attacks 

persistently or periodically, despite the protection offered by the mucus layer 

(McGowan et ah, 1996). To investigate the impact o f prolonged acid exposure on the 

bacterium, strain 98587 isolated from the antrum o f a duodenal ulcer patient was grown 

in pH 5.5 and pH 7.4 media in parallel. Bacterial cells grown on acidic media had 

remarkably different colony appearance compared to cells grown on neutral media, 

indicating that prolonged exposure to weak acid could change the life style of H. pylori 

cells, and even the expression of some bacterial pathogenic factors (Bukholm et a l, 

1997; Moran et al., 2002). Therefore, when analysing the effect of H. pylori on 

epithelial cells in vitro, one should take into account the impact o f acid exposure on 

bacterial virulence.

To analyse the effect of prolonged acid exposure on the gene expression of H. pylori, 

DD-PCR was used to compare the expression profiles from cells grown on acidic 

media and neutral media. DD-PCR was originally used for eukaryotic cells where poly 

dT primers were used in the protocol (Liang and Pardee, 1992). However, the majority 

o f / / ,  pylori transcripts, as well as those in other bacteria, lack poly A tails at their 3' 

ends. This restricts the use of 3'-anchored poly dT primers for reverse transcription in 

H. pylori. In this study, Ea primers for reverse transcription were from those designed 

for the group of Enterobacteriaceae (Fislage et al., 1997). Six Ea primers combined
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with six Es primers (for PCR) were chosen in this study. Each combination of Ea and 

Es primers yielded a number of bands, suggesting that those primers are suitable for 

DD-PCR in H. pylori. A  total of 1,800 bands were displayed. Since the predicted 

coding sequences of H. pylori are around 1,600, each mRNA transcript was likely to be 

screened if it is represented by one band. These results demonstrated that this DD-PCR 

protocol was efficient for identification o f differentially expressed genes in H. pylori.

H. pylori produces large amounts o f urease which liberates ammonia from urea that 

may contribute to neutrilization o f gastric acidity (Moran 1996) or prevention of 

cellular acidification (Stingl et al, 2002a). Urease is crucial for survival of H. pylori 

at acidic pH in vitro (Stingl et al., 2002c) and for successful colonisation of the gastric 

environment (Eaton et al., 2002; ; Karita et al., 1995; Tsuda et al., 1994a). Mutants 

defective in ureB were not able to colonize animal models (Tsuda et al., 1994b). 

Transcription o f ureB is under control of a H. pylori factor. It is co-transcribed with 

ureA and uses the promoter sequences located within the upstream region o f ureA 

(Shirai et al., 1999). Increased levels of ureB mRNA in cells exposed to acid for a 

prolonged period observed in this study may result from the increased stability o f the 

ureB transcript at acidic pH (Akada, et al, 2000) and/or induction o f ureB transcription 

(Slonczewski, et al., 2000; Van Vliet, et al., 2002). H. pylori produces high amounts of 

urease constituting up to 10% of the total protein content of cells grown in neutral 

media in vitro. However, an increased release o f urease and an increased amount of 

urease in the outer membrane protein fraction have been found in H. pylori cells grown 

on acidic media (Fislage et al., 1997). UreB also increased in cells grown in pH 5.5 

liquid media (Slonczewski, et al., 2000). These observations demonstrate that 

expression of urease is not constitutive. Therefore, it is likely that the expression of
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urease in H. pylori in vivo is up-regulated to combat against frequent or persistent acid 

attacks.

In addition to urease, other genes are likely to be involved in acid resistance of H. 

pylori. A  change in protein content was observed in response to a shift of extracellular 

pH from 7.5 to 3.0 (McGowan et a l, 1996). Urease positive mutants generated by 

random insertion mutagenesis were identical to the wild-type H. pylori strain on pH 7 

plates, but did not grow on pH 5 plates. Transformation with wild-type DNA restored 

the growth (Bijlsma et al., 1998). Therefore, a urease-independent acid resistance 

system, probably depending on the expression of more than one gene, is involved in the 

growth of H. pylori at low pH. In agreement with the hypothesis, increased expressions 

of tufB, JlaA and topA in cells grown on acidic media were observed in this study. All 

three genes are likely to play important roles in the stress encountered by H. pylori.

Elongation factor Tu (EF-Tu) is involved in the binding and transport o f the appropriate 

codon-specified aminoacyl-tRNA to the aminoacyl site o f the ribosome (LaRiviere et 

al., 2001). In addition to its role in polypeptide elongation, EF-Tu may regulate 

synthesis of proteins which respond to stress at the level o f transcription (Young and 

Furano, 1981). It has also been revealed that E. coll EF-Tu interacts with unfolded and 

denatured proteins, as do molecular chaperones that are involved in protein folding and 

protein renaturation after stress (Caldas, et al., 1998). Only one copy of the gene 

encoding EF-Tu is present in H. pylori, in contrast to two identical copies in E. coli. 

This gene is designated as tufB in strain 26695. Data presented here demonstrate that 

H. pylori tufB is acid-regulated. Differential expression o f tufB in response to 

environmental signals has also been observed in E. coli and Coxiella burnetii (Seshadri
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et a l, 1999). The role of tufB in acid resistance of H. pylori is unclear. Cytoplasmic 

acidification (Stingl et al., 2002 a) and influx o f urea (Weeks, et al., 2000) resulting 

from low external pH may influence the folding and denaturation of proteins. 

Therefore, one could speculate that H. pylori might up-regulate EF-Tu to promote 

functional folding of proteins and thus maintain the appropriate activity o f enzymes as 

does its E. coli counterpart.

H. pylori cells possess a unipolar bundle o f sheathed flagella. The flagellum is 

composed o f two substructures: a hook-basal-body that spans the bacterial membranes 

and an external filament (Josenhens et al., 2002). The H. pylori filament contains two 

different flagellin species of similar molecular mass that are present in different 

amounts; the major flagellin FlaA and the minor flagellin FlaB (Suerbaum et al., 1995). 

FlaA is located at the distal end of the filament (Suerbaum et al., 1995). Both flagellin 

proteins are required for full motility of H. pylori cells and are essential for the 

establishment o f persistent infection o f H. pylori in animal models (Eaton et al., 1996; 

Leying et al., 1992). A positive correlation between JJaA mRNA level and colonisation 

efficiency has been observed (Mankoski et al., 1999). Acid regulation o f/laA  supports 

the proposed hypothesis that H. pylori may alter the flaA  expression in response to 

environmental signals (Suerbaum, 1995).

The top A gene encodes DNA topoisomerase I (TopA) in bacteria which is required for 

maintenance of negative supercoiling of DNA. DNA topology in the promotor region 

is an important factor that contributes to transcriptional regulation. TopA affects the 

transcriptional rate by altering the conformation o f promotor DNA. Differential 

expression o f topA in response to high temperature, osomolarity, and availability of
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oxygen (Ni-Bhriain and Dorman, 1993; Qi et al., 1999; Tse-Dinh, 2000; Yoshizawa 

and Yamamoto 1989) has been observed in E. coli and plays an important role in 

bacterial adaptation to these stresses. In H. pylori, both HP0116 and HP0440 have 

been predicted to encode TopA. The product of HP0440, which has not been 

characterised, is 30.5% identical to that of HP0116. The identified differentially 

expressed gene is a homologue of HP0116 which is essential for the survival of H. 

pylori (Suerbaum et al., 1998a). Minor changes in cytoplasmic pH (pH 6 .5-7.5) 

significantly alter DNA conformational structure (Neidhardt, 1996). Acid-induced 

expression of topA observed in this study might help prevent the DNA conformation 

alteration resulting from cytoplasmic acidification (Stingl et al., 2002a). It has been 

demonstrated that flaA has a short spacer between -10 and -35 promoter elements, 

rendering their transcription sensitive to local DNA conformational changes (Suerbaum 

et al., 1998a). The up-regulation of flaA and topA genes raises the possibility that 

induction of flaA  is mediated by topA through altering the topology of the promoter 

DNA.

The ditoE gene encodes a putative short-chain fatty acid transporter. It is located at the 

cytoplasmic membrane and transports C4-C6 fatty acid into the cytoplasm (Neidhardt, 

1996). These fatty acid compounds are converted to acetyl-CoA in the cytoplasm. 

Uptake of short-chain fatty acid is sensitive to suppression by metabolites produced by 

the bacteria (Neidhardt, 1996). Down-regulation of atoE in response to prolonged acid 

exposure possibly results from the accumulation of metabolites when H. pylori cells 

are grown continuously in acidic conditions. Alternatively, it may reflect the 

bacterium’s attempt to actively reduce the uptake of weak acid and hence maintain 

internal pH close to neutral.
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The amino acid sequence of pap57 showed a high degree o f identity with an EAL 

domain existing in the diverse bacterial signalHng proteins. The EAL domain is named 

after the conserved amino acid residues and its function is unknown. The EAL- 

containing proteins include sensor kinases, regulators and hypothetical proteins, 

suggesting that pap5 7 may be involved in the sensing o f environmental signals in H. 

pylori. The two sequenced H. pylori strains lack the EAL-containing protein, 

indicating that pap57  is a strain-specific gene (Aim et a l, 1999; Tomb et a l, 1997). 

Generally, strain-specific genes are not essential for survival. The observed increased 

expression of pap5 7 in response to prolonged acid exposure, therefore, is probably not 

directly associated with acid survival o f the bacterium. Studies designed to determine 

the entire sequence of pap57 and phenotypes of pap57  mutants would be helpfiil for 

investigating the functions and roles of this gene in acid survival or signal transduction.

Two differentially expressed sequences identified in this study, N H l and NH2, showed 

no homology to previously reported gene sequences. Most probably these sequences 

represent the untranslated region of mRNA which are commonly less conserved than 

the coding regions between homologues in different organisms (Colonna-Romano, et 

al, 1998). Only a few transcriptional regulators have been predicted in H. pylori 

(Tomb et al., 1997). The bacterium lacks the global regulator for acid stress. A panel of 

genes, however, has been shown to be regulated by a shift to acidic pH (Allan et al., 

2001; Ang et al., 2001). Data presented here also revealed differential expressions of at 

least eight genes in response to prolonged acid exposure. However, the transcriptional 

regulation pathway and the functions of most acid responsive genes have not been 

characterized and should be further investigated.
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CHAPTER 4

DIVERGENCE IN THE GENOMIC CONTENTS AMONG 

HELICOBACTER PYLORI STRAINS
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4.1. Introduction

Diverse clinical outcomes occur in individuals infected by H. pylori. Host, bacterial 

and environmental factors play a role in determining outcome (El-Omar et a l, 2000; 

Fox et al., 2000; Graham et al., 1997). H. pylori CagA, VacA and LPS are important 

virulence factors that contribute to the determination of clinical outcomes (Atherton et 

al., 1995; Covacci et al., 1993; Heneghan and Moran, 2001; Moran et a l, 1996; 

Moran, 1999; Moran and Prendergast, 2001).

H. pylori is a species with a plastic genome (refer to Chapter 1.10). Strains isolated 

from unrelated individuals rarely have identical fingerprinting as defined by PFGE, 

RFLP and RAPD-PCR (Akopyants, et al., 1992; Gibson, et al., 1998). Allelic 

polymorphism occurs frequently in H. pylori. Furthermore, comparison of the whole 

genomic sequences demonstrated the existence of several groups of strain-specific 

genes: H. /?>^/on-specific proteins, conserved hypothetical proteins, DNA restriction- 

modification (R-M) systems and genes involved in cell-envelop synthesis and cellular 

processes (Aim, et al., 1999). The strain-specific genes confer distinctive properties 

that may determine strain-specific traits, such as virulence (for example, cag PAI), 

adaptation and antibiotic resistance (Boucher and Doolittle, 2001; Jain, et al., 2002).

In some individuals, H. / 7j/on-associated gastritis may stay unchanged through their 

lifetime, while in others, may progress divergently into gastric cancer (GC) or 

duodenal ulcer (DU) (Blaser and Berg, 2001). Factors affecting the divergence of these 

pathologies are poorly u n d e r s to o d .  Variation in the genomic contents among strains of 

H. pylori may be a contributing factor. In this study, an attempt was made to identify 

differences in genomic content of H. pylori strains from patients with different
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pathologies and to investigate the relevance o f genomic divergence to clinical 

outcomes. A new subtraction hybridisation technique, namely rapid subtraction 

hybridisation (RaSH), was recently developed by Jiang et al. (2000) to identify 

differentially expressed genes by comparing RNA from human melanoma cells treated 

with interferon with RNA from untreated control. This technique utilizes cloning to 

screen the subtraction hybridization library and simplifies the procedures of subtraction 

hybridisation. The procedures of RaSH are illustrated in Figure 4.1. In this study, 

RaSH was applied to compare the genomic contents o f two Irish strains of H. pylori: 

one isolated from a patient with GC and the other from a patient with DU. The 

distribution o f the strain-specific genes identified from the comparison was 

subsequently determined in a panel o f clinical isolates.
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Figure 4.1. Schematic illustration of the procedures of RaSH according to Jiang et 
al., 2000. The subtracted library contains 4 types of DNA fragments. Type A 
fragments, which are specific to the tester, have clonable ends. Type B and C 
fragments are hybridised DNA between the tester and the dnver. Type D 
fragments are excessive driver DNA. Type B, C and D are not clonable since they 
lack the Xho I compatible ends.



4.2. Materials and Methods 

4.2.1 Bacterial culture

The tester strain was H. pylori strain C l that was isolated from the antrum of a patient 

with distal gastric cancer with a histological diagnosis of intestinal type 

adenocarcinoma. H. pylori strain 98587 isolated from the antrum of a patient with a 

duodenal ulcer was used as a driver strain . Other H. pylori strains used in this study 

included strains from the antrum of patients with GC (n=4), intestinal metaplasia (IM, 

n=8), DU (n=23) and gastritis (n=20). H. pylori strains were grown on blood agar 

plates under microaerobic conditions at 37°C for 3-5 days. The details of the strains 

used in this section of the study can be found in the appendix.

4.2.2 RaSH

RaSH was conducted basically as described by Jiang et al. (2000) with some 

modifications.

Preparation o f  the driver and tester DNA libraries: Genomic DNA was extracted as 

described in Chapter 2.2.1. One microgram of tester DNA from strain C l and driver 

DNA from strain 98587 were each digested to completion with 10 units Sau3 AI 

(Roche) for 16 h, extracted with phenol/chloroform, precipitated with ethanol, and 

resuspended in 10 mM Tris-HCl, pH 7.5. The digested DNA was mixed with primers 

XDPN-14/XDPN-12 (Table 4.1) (final concentration, 12 |.iM) in 20 jxl o f Ix ligation 

buffer (Sigma), heated at 55°C for 1 min, and cooled down to 14°C within 1 h. After 

adding 3 |al o f T4 ligase (5 units/|il) to the mixtures individually, ligation was carried 

out at 14°C overnight. The ligated DNA mixtures were purified using a PCR Cleanup 

Kit (Qiagen) and resuspended in 100 1̂ o f 10 mM TE buffer (pH 7.0). The PCR
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Table 4.1. The sequences of oligonucleotides used for RaSH and PCR

Oligonucleotides Sequences (5' -3') Usages (expected size, bp)

XDPN-18*, CTGATCACTCGAGAGAGATC Amplification of the digested 
genomic DNA

XDPN-14*, CTGATCACTCGAGA AdaptorsXDPN-12*, GATCTCTCGAGT

F5f ATATCGTGTCGCTAAAGAGC Clone F5 (483)
F5r ATCGCTGATGAAATCAAGTC

FlOf GATAGTGCATAATAAAAGCGAG Clone FIO (181)
FlOr CCACCACAAAAAAGCCTTATTC

F17f ACGCATGGCAAAGTTTTACG Clone F17 (154)
F17r TCTATCAATTCAAACCAGCCC

P18f CCTCTTTTAAAATTTGAAC Clone P18 (97)
P18r ACCCTTTCTGTCGCTATC

P32f CCTAAAATTGCAAAAAATGC Clone P32(135)
P32r CCATTGATACAAAAATTACG

F f ATGCATGTGTCTGACTGTCGA cagA (349)
Bl'' ATTTGCGGTAATATGTCGTGC

CAG7A TAACGCCACTAATGTTGATG cag7 (273)
CAG7B TTCTTAAGAGCGATTTCACTG

CAGWF^ a a a a a t t g a c c r a c t c a a t c cagA 3' region
CAGTR^ GCTTTAGCTTCTGAYACYGC

VAIF^ a t g g a a a t a c a a c a a a c a c a c vacA s region (176, 203)
VAIXR^ CCTGARACCGTTCCTACAGC

HPMGF^ CACAGCCACTTTCAATAACGA vacA m region (401,476)
HPMGR^ CGTCAAAATAATTCCAAGGG

Cag2F g t g g t t t a t c a c t c a c t g c a t g cag2 (431)°
Cag2R TATGAGCGATACAGCGGTTGCTAG

The sequences of the oligonucleotides are from *, Jiang et al., 2001, , Yamaoka, et al., 1998, ,

van Doom et al., 1998;  ̂Tummuru, et al., 1993. ° The expected product length is 767 bp and 

440 bp in strain J99 and NCTC 11638, respectively.



reaction mixtures were set up as follows: 1 )j.1 of the ligated DNA mixture, 1 |aM 

dNTPs, 10 (xM XDPN-18 (Table 4.1), and 1.5 units of Taq polymerase (Qiagen). The 

parameters for PCR were 1 cycle for 5 min at 72°C, followed by 35 cycles for 1 min at 

94°C, 1 min at 55°C, 1 min at 72°C, and I cycle for 5 min at 72°C. The PCR products 

were pooled and purified. The amplicons from driver DNA were directly used as the 

driver DNA library. Tester PCR products (10 jug) were fiirther digested with Xhol, 

purified and resuspended in 10 mM Tris-HCl. The tester DNA library was then 

constructed.

Subtractive hybridisation: DNA (100 ng) from the tester DNA library was mixed with 

6 itig DNA of the driver DNA library in 10 |il of hybridisation buffer [0.5 M NaCl/50 

mM Tris, pH 7.5/0.2% SDS/40% (v/v) formamide]. Following boiling for 5 min, the 

mixture was hybridised at 42 °C overnight. The hybridised mixture was then 

phenol/chloroform extracted, ethanol precipitated and resuspended in 20 ^1 of 10 mM 

TE buffer (pH 7.0). The subtracted library was then generated.

Cloning and sequencing Four microliters of the hybridised products was ligated with 

100 ng of Xhol-digested pCRII vectors (Invitrogen) for 1 h at RT and transformed into 

TOPO lOF E. coli bacterial cells. Bacterial colonies were picked randomly and grown 

in liquid media. Plasmids were extracted from bacterial cells from 14-hour cultures and 

digested with Xhol. The inserts were purified from the agarose gels and spotted onto 

BrightStar-plus nylon membranes (Amibon). The membranes were probed with DIG- 

Labelled tester or driver genomic DNA digested with Sau3 AI and detected using DIG- 

high prime DNA labelling and detection starter kit (Roche) following the 

manufacturer’s instructions. The candidate clones specific for tester strain Cl were
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selected for determination of their sequences. Sequences were determined by the 

service provided by MWG-Biotech Co. Sequence analysis was performed as described 

in Chapter 2.2.8.

4.2.3. Southern blot and PCR amplification

The correct identification of the strain-specific sequences for tester strain C l was 

verified by Southern blot and/or PCR analyses. Southern blot was carried out as 

described in Chapter 2.2.6. The distribution of these sequences in strains of H. pylori 

was determined by PCR amplification. The sequences o f the primers used are shown 

in Table 4.1.

PCR was carried out as described in Chapter 2.2.7 to detect cagA, cag7 and cag2. The 

sequences o f the primers used were shown in Table 4.1. The annealing temperature 

was 55 °C for cagA, 58 °C for cag2 or 54 °C for cag7. The genotypes o f vacA were 

determined as described in a previous report by van Doom et al (1998a). Briefly, the 

PCR mixture was comprised of 10 X PCR buffer, 1.5 mM MgC12, 200 }j,M each of 

deoxynucleotides, 0.2 of the forward and reverse primers, and 1.5 Unit o f Taq 

DNA polymerase in a final volume of 50 îl. DNA templates (20-50 ng) were included. 

The PCR program comprised 5 min of predenaturation at 94°C, followed by 40 cycles 

of 30 s at 94°C, 45 s at 50°C, and 45 s at 72°C and a final incubation at 72°C for 5 min. 

PCR products were separated on 2% agarose gels and visualised with ethidium 

bromide staining.
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4.2.4. Statistical analysis

Statistical analysis was performed using SPSS V /0  statistical analysis software. The 

chi-square test or the Fisher’s exact test was used where applicable. A p  value lower 

than 0.05 was considered as a statistically significant difference.



4.3. Results

4.3.1. Genotyping the tester and the driver strains

PCR analysis demonstrated both tester strain Cl and driver strain 98587 possessed 

cagA, cag7 and cag2 genes, indicating that they had an entire cag pathogenicity island. 

The vacA genotypes determined by PCR were sl/ml,  therefore, the tester and the driver 

strains were both considered to be virulent strains (Blaser and Berg, 2001).

4.3.2. Identification o f sequences specific for the tester strain C l

RaSH employs a cloning based strategy to screen a subtracted hybridisation library and 

subsequently identify target sequences. The genomic contents of the tester and the 

driver strains were compared using RaSH to identify sequences specific to strain Cl 

from a cancer patient. To simplify the procedures, attempts were made to construct 

both tester and driver DNA libraries without PCR amplification. However, in a total of 

three attempts, no recombinant colonies were produced after subtraction hybridisation 

(data not shown). Therefore, the DNA libraries were constructed with PCR 

amplifications.

Following subtraction hybridisation, the hybridised mixture was cloned into pCR II 

vectors. A total of 53 colonies was randomly selected to screen putative sequences 

specific to the tester strain by Dot blot analyses (Figure 4.2). Based on the results of 

Dot blot analyses, thirty-three clones were judged to be specific to the tester strain Cl 

and the sequences of 11 clones were determined. Southern blot and/or PCR 

demonstrated that these 11 clones were specific to tester strain C 1.
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Figure 4.2. Representative dot-blot analysis of products o f subtractive hybridisation 

by using genomic DNAs o f H. pylori strains Cl as tester and 98587 as driver. Plasmid 

DNAs from candidate clones w êre digested. The inserts were gel purified and spotted 

onto nylon membranes, probed with Dig-labelled genomic DNAs from driver (A) or 

tester (B). The clones that were specific to tester strain Cl are circled.



4.3.3. Analysis o f  the identified sequences specific to strain Cl

The identified sequences specific to tester strain Cl were analysed against the genome 

sequences of H. pylori 26695 and J99 and the public database available on the Internet. 

These sequences were divided into three groups (Table 4.2). Group I included four 

genes specific to strain Cl. These genes specific to strain Cl showed no significant 

DNA homology to the sequenced strains 26695 and J99 or only had DNA homologues 

in strain J99. Clones P32 and F5 had no homologues in the two sequenced strains. 

Figure 4.3 shows their deduced amino acid sequences and the alignment of Clone P32 

with GepA of Dichelobacter nodosus, a bacterium that causes ovine footrot 

(Bloomfield et al., 1997). Three vap regions are present in this bacterium. Each vap 

region contains a vapD gene which has a significant homologue in H. pylori (Cao and 

Cover, 1997). The D. nodosus gepA gene is located downstream of vapD (Bloomfield 

et al., 1997). The G+C contents of Clone F5 and P32 were 34% and 30%, respectively, 

which were lower than the average G+C content (39%) of the H. pylori genome.

Group II consisted of three clones. Sequence analysis using the ORFinder program 

revealed that they were non-coding sequences specific to strain C 1. These clones 

showed DNA matches to the intergenic regions present in either strain 26695 or J99 

(Table 4.2). Figure 4.4 shows the location and flanking sequences of their homologous 

DNA in the sequenced strains. The homologous sequences of these three clones are 

located in the rearrangement loci in the sequenced strains.

Group III included four clones which had protein homologues in both sequenced 

strains (Table 4.2). For Clone FI and P I8, only patches of their sequences showed
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Table 4.2. Characteristics o f the sequences specific to H. pylori strain C l

Sequences Size Protein Homologues DNA match in
(bp) 26695 J99

Group I 
P32 178 GepA, accessory genetic element, Dichelobacter nodosus
F5 502 None - -
P29 154 H. pylori specific hypothetical protein, - JHP0704
PI 216 ResI, type III restriction enzyme, H. pylori - JHP1297
Group II 
F3* 171 None . +
FlO* 216 None + -

F17* 185 None + -

Group III 
FI 139 YdiE, putative 0-sialoglycoprotein endopeptidase, H. pylori HP 1584 (86/89) JHP1491 (82/89)
F l l 311 RfaD, ADP-L-glycero-D-mannoheptose-6-epimerase, H. HP0859 (275/286) JHP0793 (277/289)

F18 165
pylori
RpoB, RNA polymerase beta subunit, H. pylori

HP0858 (26/28) 
H Pl 198 (162/165)

JHP0792 (27/28) 
JHP1121 (150/165)

P18 116 MobA, molybdopterin-guanine dinucleotide biosynthesis
0054 (84/136) 
HP0769 JHP0706

protein A, H. pylori

* Clone F3 showed 93% identity to the intergenic region between jhp919-920, which is located at rearrangement locus 3 (Aim et 
a l,  1999); Clone FlO showed 91% identity to the intergenic region between HP0313-HP0314 which is located within 
rearrangement locus 1; Clone F17 showed 96% identity of 105 bp to the intergenic region between HP1432-HP1433 which is 
located within rearrangement locus 7.



A. Clone F5

1 gatccattcctatggccaatatcgtgtcgctaaagagcaaaccaaa
I H S Y G Q Y R V A K E Q T K  

47 caactagaaataatacgcaatactttaagaaaacaatatgaaaat 
Q L E I I R N T L R K Q Y E N  

92 cttttgatagaattaagattagacaaacagaagctcagattacag 
L L I E L R L D K Q K L R L Q  

137 cttgcccaagacttagaaaaaatagattctagaatacgcaagaat 
L A Q D L E K I D S R I R K N  

182 atggacaaaatgcatctgcttaaattagcttataaaagtagcttt 
M D K M H L L K L A Y K S S F  

227 agggttttaaaatgtattaaggagcatttagatgaatetgagaaa 
R V L K C I K E H L D E Y E K  

272 aaattcccttatgacaatgcccaaagaattgtagccttgtgccaa 
K F P Y D N A Q R I V A L C Q  

317 caataccatgaagcgctcacagcgcattgccaagcgtctttaaac 
Q Y H E A L T A H C Q A S L N  

362 tttataggaggttaa 376 
F I G G *

B. Clone P32
2 gatcaatttaagtttagataatcaaaaacctataattaacctaaaa

I N L S L D N Q K P I I N L K  
47 ttgcaaaaaatgctatatctatatattgctcaggcagaaggcgat 

L Q K M L Y L Y I A Q A E G D  
92 tctaaactcattaaagaagattttcaagcttgggattatgggcct 

S K L I K E D F Q A W D Y G P  
137 gttattcctgatgtttatcgtaatttttgtatcaatggatc 177 

V I P D V Y R N F C I N G

C. Alignment of Clone P32 with GepA

P32: 2 I N L S L D N Q K P I I N L K L Q K M L Y L Y I A Q A E G - - D S K  99
GepA: 16 V R L A L A D K K P L T N L K V Q K L T Y L V Y G C W L G F T N F Q  34

* *  -k -k k  -k -k -k k  -k -k -k

P32: 100 LIKEDFQAWDYGPVIPDVY 177
GepA; 35 M F Q D R V EAWKYGPVIPVLY 68

★ ★ -k 'k k  k  -k -k k

Figure 4.3. Nucleotide sequence and the deduced amino acid sequence of Clone F5 

(A), Clone P32 (B) and alignment of the amino acid sequence of Clone P32 with 

Dichelobacter nodosus GepA (C). Amino acid sequences were deduced using 

ORFinder available from NCBI website. The frames were created at -2  as indicated by 

the highlighted letters. The identity between Clone P32 and GepA was 39% and the 

identical amino acid residues between the two aligned sequences are indicated with *.
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Figure 4.4. Schematic illustration of the locations of clone FIG, F3 and F 17 in the 
sequenced strains 26695 and j99 (not to proportion). The identified clones are shown 
in blue bars; the gene names are shown in the upper lane (for strain 26695) and lower 
lane (for strain J99). The gene names in red font represent the rearrangement genes. 
The empty bars represent genes which are strain-specific. The solid bars represent 
conserved genes between the two strains. The homologues between two strains are 
shown in the same colour. Arrows indicate the orientation of the gene. Panels A, B 
^ d  C show the chromosomal rearrangement loci 1, 3 and 7 (Aim, et al., 1999)



significant matches with their corresponding homologues at nucleotide acid level. 

Multiple alignment of Clone PI 8 with mob A in strain 26695 and J99 revealed that the 

shared identity was 44.0%. For Clone F I8, which was a protein homologue of H. 

pylori RpoB, its DNA sequence significantly matched with not only rpoB but also 

HP0054. The latter encodes an adenine/cytosine DNA methyltransferase and lacks a 

homologue in strain J99 (Aim et a i,  1999).

4.3.4. Distribution o f the strain-specific sequences among H. pylori strains.

To determine whether the two novel sequences in group I were common to strains of 

H. pylori, the prevalence of Clones F5 and P32 were determined in 55 strains 

(including the tester and the driver strains) from patients with GC, IM, DU and 

gastritis. Clones P32 and F5 were detected in 36.5% (20/55) and 65.5% (36/55) of 

strains, respectively (refer to the appendix). Interestingly, no strains from patients with 

IM possessed Clone P32, a homologue of GepA. The prevalence o f Clone P32 in 

strains from DU was significantly higher than those from IM (Figure 4.5). There was 

no significant difference in the prevalence of Clone F5 in strains from different 

diseases (Figure 4.5).

A subgroup (19 strains) of these 55 strains was further analysed with respect to other 

identified strain-specific sequences, cag genes and the vacA genotypes. The prevalence 

o f Clone FIG, F17 and Clone P I8 was determined in this subgroup o f strains from 

patients with GC, IM and DU diseases (Table 4.3.). Clones FIO and F17, which had 

DNA matches with the intergenic fragments, were detected in 63.2% and 10.5%, 

respectively. A pair o f  primers was designed to detect mobA with sequence resembling 

Clone PI 8. Clone PI 8-like sequence was detected in 83.2% (16/19) strains. The status
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Table 4.3. Distribution of the strain-specific sequences and the vacA genotypes among 
strains of H. pylori

Strains P32 F5 FIO F17 P18 cagA cag7 cag2 vacA 
s m

Groups

Cl + + + + + + + + 1 1 GC

41289 - - - - + + + + 1 1

7109 + + - - + + + + 1 2

863 - - + - + + - + 1 1

77 - - + - + + - + 1 2 IM

5612 - + + - + + + + 1 1

8248 - - + + + + + + 1 1

5536 - - + - + + + + 1 1

5283 - + - - + + + + 1 1

7231 - - + - + + + + 1 1

3517 - + + - - + + + 1 1

8260 - - - - + + + + 1 1

3655 - + + - - + + + 1 2 DU

3519 + + - - + + + + 1 1

3612 - - + - + + + + 1 2

3582 + + + - + + + + 1 2

3568 + - - - + + + + 1 2

3526 - - + - + + + + 1 2

98587 - - - - - + + + 1 1

+, presence o f the sequences; absence of the sequences; GC, gastric cancer, IM, 

intestinal metaplasia; DU, duodenal ulcer.
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Figure 4.5. Prevalence of clone P32 and F5 in strains from different diseases. 

The prevalence of clone P32 in strains from DU was significantly higher than 

that in strains from IM. GI gastritis; DU duodenal ulcer; IM intestinal 

metaplasia; GC gastric cancer.



4.4. Discussion

RaSH, originally used for RNA comparison (Jiang et a i,  2000), was applied here to 

identify genomic differences between two strains of H. pylori. This technique differs 

from other subtractive hybridisation approaches not only in the principles, but also in 

its simplified procedures as only one round of PCR amplification and one round of 

hybridisation is required. Attempts to construct both tester and driver DNA libraries 

without PCR amplification failed. This may be attributed to the high level of 

complexity o f the genomic DNA which can be significantly reduced by PCR 

amplification (Hampson, et a l, 1996). Therefore, amplification is required for the 

construction o f a DNA library in this technique.

Genotyping demonstrated that the tester strain C l and the driver strain 98587 both 

were virulent strains. The genomic contents o f strain C l were then compared with 

driver strain 98587. Three groups consisting o f 11 sequences were identified to be 

specific to H. pylori strain Cl isolated from a patient with gastric cancer. The 

sequences from groups I and II showed no homology in one or both sequenced strains 

of H. pylori, indicating that they represent genes or DNA regions that are strain- 

specific in their distributions (Aim, et a i, 1999; Tomb, et al., 1997). The nature o f the 

identified sequences from group III is complex. They are most likely to represent genes 

that are carried in all strains of H. pylori (including the driver strain) but are 

substantially divergent in their sequences among strains (Akopyants et al., 1998b). For 

example. Clone P I8 and FI contained only patches of sequence matched with their 

homologues. The identified sequences from group III may also reflect the complicated 

genomic diversity between the tester and the driver strains. Clone F I 8 was homologous 

to RpoB which is undoubtedly present in all strains o f H. pylori. The sequence of
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Clone F I8, however, also showed significant DNA matches with HP0053. HP0053 

coding for an adenine/cytosine DNA methyltransferase is absent from strain J99 (Aim, 

et a l, 1999). This suggests that the identification o f Clone PIS reflects the differences 

in HP0053 or those imperfectly matched genes, rather than rpoB, between the tester 

and the driver strains.

4.4.1. Strain-specific genes

Comparison o f the genomic contents between the tester strains C 1 and the driver strain 

98587 demonstrated that 4 genes o f group I were specific to strain Cl which was 

isolated from a patient with adenocarcinoma. Clones F5 and P32 were novel 

sequences. The lower G+C contents of Clone F5 and P32 indicate that both sequences 

were possibly acquired through horizontal gene transfer (Ochman et al., 2000). Both 

clones were highly prevalent in the clinical isolates, with Clone P32 in about one third 

and F5 in two thirds of the detected strains. These results indicate that, for the species 

o f H. pylori, additional genes exist that are absent from the sequenced strains. In 

agreement with this, pap57 encoding a protein containing an EAL domain (described 

in Chapter 3) and IS607 have been identified (Kersulyte, et al., 2000). These facts 

suggest that, for a given bacterial species, particularly H. pylori, genome sequencing of 

one or a few strains is unlikely to determine all the coding genes. A “species genome”, 

proposed by Lan and Reeves (2000) and further explained by Boucher et al., (20001), 

is required to accommodate those new sequences. A “species genome” comprises all 

the genes present in 99% of the characterised strains of a species, whereas, genes less 

frequent than 1% should be considered “foreign” or on the decline (Boucher et al., 

2001). The “species genome” consists of a core set (>95%) and an auxiliary set of 

genes (1-95%). The core set are phylogenetically stable and constant in gene content
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because these genes are essential for survival or for the interaction with products of 

other genes. These genes are usually not acquirable. On the other hand, the auxiliary 

set are usually acquired from other species or generated through significant 

intragenomic recombination conferring new traits for a specific strain (Boucher et ai, 

2001). Clone F5 and Clone P32 were frequently seen in the clinical isolates of H. 

pylori, indicating that they belong to the auxiliary set and may confer new adaptive 

traits for those strains.

Clone P32 is a homologue of GepA (genetic element protein A) in D. nodosus. It has 

been suggested that gepA, together with intB, regA, gepB  and gepC  genes probably 

constituted a conjugative transposon (Bloomfield, et al., 1997). H. pylori is naturally 

competent and possesses a number o f genes involved in the acquisition of foreign DNA 

and thus, diversification of the H. pylori genome (Hofreuter, et al., 2001). These 

include the comB genes that constitute a type IV secretion system-like structure (Chang 

et al., 2001; Hofreuter et a l, 2001), type II restriction-modification systems (Ando et 

a l,  2000; Donahue et a l, 2000), insertion elements (Kersulyte et al., 2000) and 

individual genes (Chang et al., 2001; Smeets et al., 2000). It will be interesting to 

determine whether H. pylori contains homologues of intB, regA, gepB  and gepC  that 

are potentially involved in conjugative gene transfer. An intriguing observation is that 

the Clone P32-positive strains from patients with intestinal metaplasia were less 

common than those with duodenal ulceration, gastritis and gastric cancer, although a 

statistically significant difference was only found between IM and DU. The 

interpretation o f the data include (1) Gain and/or loss of genes frequently occur in H. 

pylori when colonising the human stomach (Janssen et al., 2001; Israel et al., 2001). 

Clone P32 would be removed from the genome to avoid a fatal event if  the presence of
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this sequence is detrimental for the bacterium colonising environments created by 

mucosal metaplasia; (2) To maintain the appropriate size o f the genome, H. pylori may 

delete Clone P32 since it is no longer required for adaptation to IM associated 

environments (Fitzgerald & Musser, 2001); (3) Relatively small numbers of IM 

samples were examined. Therefore, further studies are indicated.

Clone F5 showed no homologue in the public databases and, therefore, belongs to a 

class o f genes coding for H. pylori-specific hypothetical proteins (Aim et al., 1999; 

Janssen et a l ,  2001). Clone P29, a homologue o f JHP 704, also belongs to this class. 

This class o f genes is usually introduced into H. pylori by lateral gene transfer (Janssen 

et al., 2001). These genes facilitate adaptation o f the bacterium to the particular host 

individual or changing environment (Jain et al., 2002; Ochman et al., 2000).

Clone PI was homologous to ResI that is classified as a type III restriction enzyme. 

The results are in agreement with the fact that the DNA restriction-modif cation (R-M) 

systems are extensively diverse among strains o f// , pylori (Akopyants et al., 1998; Lin 

et al., 2001; Salama et al., 2000). These variable R-M loci may be related to (1) 

virulence such as iceA and hsdA (Bjorkholm et al., 2002; Peek et al., 1995) (2) 

facilitation o f recombination by generation DNA ends through cutting DNA at specific 

sites (Salama et al., 2000); (3) defence against foreign DNA by digestion o f DNA; or 

to be “selfish” because they do not provide any advantage to the host strains 

(Akopyants et al., 1998).
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4.4.2. Chromosomal rearrangement

The group II sequences specific to strain C l, Clones F3, FIO and F I7, had DNA 

matches with the intergenic regions in one of the sequenced strains. These intergenic 

regions are located within the chromosomal rearrangement loci (Figure 4.4) (Aim et al., 

1999). Therefore, these strain-specific sequences may represent the occurrence of 

rearrangements in the tester and the driver strains.

Clone F3 had a DNA match with the intergenic region between jhp919 and 920. The 

flanking genes (jhp916-937) of -  24kb are located in the rearrangement locus 3 which 

is probably generated by integration of a large fragment o f foreign DNA (Aim et al., 

1999). This region was known as a “plasticity zone” which contains 46% and 48% of 

genes that are specific to 26695 and J99, respectively (Aim et al., 1999; Occhialini et 

al., 2000). The results demonstrated that this rearrangement also occurred in clinical 

isolates.

Clone FIO and Clone F17 had DNA matches with the intergenic regions between 

HP0313-0314 and between HP1432-HP1433, respectively. These intergenic regions are 

located within the rearrangements 1 (for Clone FIO) and 7 (for Clone F I7), 

respectively. The generation of both arrangements is associated with repeat elements 

(Aim et al., 1999). Clones FIO and F17 were present in a fraction o f the examined 

strains (Table 4.3). These results demonstrated that rearrangements 1 and 7 frequently 

occur in the clinical isolates o f//, pylori.
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4.4.3. Allelic polymorphism

Strain-specific clones from group III were partially matched to the DNA sequences of 

genes in the two sequenced strains. They are most likely to represent genes with 

significantly divergent sequences. These divergences in the sequences are potentially 

important in the evolution of bacteria since they may facilitate the formation of new 

genotypes by recombination in the case o f mixed infection and sometimes generate 

dramatic changes in bacterial phenotypes (Falush et a l ,  2001; Fitzgerald & Musser, 

2001; Joyce et al., 2002). For//, pylori which inhabits the hostile human stomach and 

colonises genetically diverse hosts, these changes may speed adaptation o f the 

bacterium to the individual host.

4.4.4. Extensive genomic divergence

Comparison o f the genomic contents between a strain from a patient with gastric 

cancer and one from duodenal ulcer demonstrated the three types of genetic diversity. 

The diversity is manifested as variable status o f some genetic loci (strain-specific 

genes), chromosome rearrangement, and divergence in the sequences o f certain genes 

(allelic polymorphism). To further analyse the genetic contents in the clinical isolates, 

five identified strain-specific clones representing these different types o f diversity, the 

status oicagA , cag7 and cag2 along with the vacA genotypes were determined in 19 

strains from patients with GC, IM and DU (Table 4.3). Each strain exhibited a distinct 

distribution profile o f these variables. This indicates that the H. pylori genome is highly 

divergent. The substantial genetic diversity reflects the high rate o f mutation, free 

recombination, frequent acquisition of foreign DNA in H. pylori (Chang et al., 2001; 

Hofreuter et al., 2001; Suerbaum, et al., 1999; Wang, et al., 1999). The extensively
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divergent genome is important for the bacterium to rapidly adapt to the changing 

environments and the individual hosts.
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CHAPTER 5

HETEROGENEITY IN THE cag PATHOGENICITY ISLAND OF 

HELICOBACTER PYLORI
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5.1. Introduction

H. pylori produces a protein of varied size o f 120, 128, or 130 kDa (Covacci et al, 

1993). This protein is highly immunogenic and can be recognised by the sera of 

infected individuals (Tummuru et al., 1993). Strains which produce this antigen 

usually exhibit a cytotoxic phenotype causing vacuole formation in HeLa cells. 

Covacci and colleagues (1993) used a pool o f patient sera to screen an expression 

library constructed from the digested genomic DNA of strain CCUG 17874 (or NCTC 

11638). They found the antigen is a putative 1147-aa protein with an estimated 

molecular mass of 128,012.73 Dalton (Da). The gene encoding this antigen is named 

as cagA (cytotoxin associated gene A) since it does not have vacuolating activity 

(Tummuru et a i, 1993).

Further studies on cagA led to the identification o f the cag pathogenicity island (PAI), a 

large DNA region containing cagA, which is inserted between the glutamate racemase 

(glrA) gene and HP0519 (Tomb et al. 1997). The sequences of the cag PAI have been 

determined in strains 26695, J99 and NCTC 11638 (Akopyants et al. 1998; Aim et al., 

1999; Censini et al., 1996; Tomb et al. 1997). The cag island is flanked by a 31 bp 

direct repeat (TTACAATTTGAGCCATTCTTTAGCCTGTTTT), one copy o f which is 

present at the empty site o f cag strains. The presence of the direct repeats suggests that 

the cag PAI might be gained or lost by site-specific or generalised recombination 

involving this terminal repeat. The length of the cag PAI is approximately 40 Kb. The 

island consists o f 27 genes, in addition to (1) insertion elements (IS 605) which are not 

common and not related to cag associated pathogenicity; (2) the predicted ORFs 

including HP0533 (Tomb et al., 1997), cagR and cagB (Censini et al., 1996), which are 

unlikely to encode proteins (Aim et al., 1999); and (3) HP0548/0549, a homologue of
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DNA helicase, which contains a frameshift and is probably inactive (Tomb et al., 

1997). The orientation and organisation of the cag genes are shown in Figure 5.1.

The cag PAI encodes a type IV secretion system, a conjugal pilus-like structure, 

responsible for uptake or export of DNA or injection of proteins into host cells (Baron 

et al., 2002). In H. pylori, the system translocates CagA into the host cells and induces 

growth factor-like changes in the epithelial cells (Chapter 1.9.1). The cag PAI induces 

transcription o f IL-8 in epithelial cells via a CagA-independent pathway.

The cag genes may be organised as a contiguous structure or may be separated into two 

regions: cag I (the left part of cag including cagA) and cag II (the right part), by 

insertion element (IS) 605 or a large DNA region (Aim et al., 1999; Censini et al., 

1996). Certain genes in the cag I region or the whole cag I region may be absent from 

the cag PAI (Censini et al., 1996). A partial cag PAI, or a cag PAI lacking some 

genes, is deficient in the ability to induce IL-8 and translocate CagA (Akopyants et al., 

1998; Fischer et al., 2001). The virulence of strains containing a partial cag PAI, 

therefore, may be reduced. Whether the reduced virulence in these strains will affect 

the clinical outcomes of infected individuals requires examination.

Proper phosphorylation of the translocated CagA at tyrosine (Y) residues is essential 

for induction o f growth factor-like phenotype changes in the host cells. Three tyrosine 

residues, Y918, ¥972 and Y1039 (the positions refer to these on the CagA sequence of 

strain 26695) which are located at the C-terminus of CagA, have been demonstrated to 

be phosphorylated (Backert et a l, 2001; Odenbreit et al., 2000; Puls et al., 2002; Stein 

et al., 2002). The consensus sequence of a motif to be phosphorylated is EPIYA or RX-
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Figure 5.1. Schematic illustration of the orientation and organisation of the cag PAI according to Tomb et al., 1997. The 
gene numbers as annotated in strain 26695 are displayed at the upper part. Arrows indicate the orientation of genes. Genes 
examined in this study are represented with solid bars. Vir B homologues and the name of the genes examined are 
displayed at the lower part.
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K (2x3) R- [D/E](2x3) R-Y. Efficiency in CagA phosphorylation and the resultant 

activity of CagA varies among strains. Variation of the nucleotide sequence at the cagA 

3' region was initially observed when cagA was first characterised (Covacci, et ah, 

1993). Duplication or deletion of an element of 102 bp (named as the 7 segment in this 

study) at the cagA 3' region was observed among H. pylori strains (Covacci, et al, 

1993). Another repetitive element o f 57 bp (named as the jS segment in this study) is 

also responsible for variation at the 3' region (Yamaoka, et al., 1999). Since the 

tyrosine motifs to be phosphorylated are located within this region, this variation may 

alter numbers o f the available motifs and thus, the activity o f CagA (Evans et al, 2001).

Cag7, a homologue o f Agrobacterium tumefaciens VirBlO, is essential for translocation 

of CagA and induction of IL-8 release from the host cells. The cag7 (HP0527) gene is 

located at the cag II region (Censini et al., 2001; Fischer et al., 2001). In strain 26695, 

the 5' region (from nucleotide position 25 to 804) o f cag7 is composed o f two copies of 

a repetitive element of 390 bp (Tomb, et al., 1997). In strain J99 and NCTC 11638, 

however, the corresponding region of cag7 contains only one copy of the repetitive 

element (Akopyants et al., 1998; Aim et al., 1999). Therefore, it is very likely that 

expansion and contraction of the repetitive elements would generate variation at the 5' 

end o f cag? in clinical isolates ofH.  pylori.

The aims of this section o f the study were ( 1) to investigate the heterogeneity in the 

composition of the cag PAI by detection of cagA, cag? and cag2-, (2) to analyse the 

variations at the cagA 3' region and the cag? 5' region among strains from different 

gastroduodenal diseases: gastritis, duodenal ulcer (DU), intestinal metaplasia (IM) and 

distal gastric adenocarcinoma (GC).
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5.2. Materials and Methods:

5.2.1. H. pylori strains

A total of 86 clinical isolates of H. pylori were examined in the study (refer to 

appendix). These isolates were from four groups: gastritis alone (n=34), IM (n=8), DU 

(n=40) and GC (n=4). H. pylori strain NCTC 11638 was used as a reference strain. 

These strains were recovered from glycerol stocks and subcultured on blood agar plates 

under microaerobic conditions at 37 °C for 3-5 days.

5.2.2. Polymerase chain reaction (PCR)

Genomic DNA was extracted using the method described in Chapter 2.2.1, or using 

Dneasy® tissue kit (Qiagen) in accordance with the manufacturer's instructions. The 

quantity and quality of the DNA samples were analysed as describe in Chapter 2.2.1. 

The cagA, cag7 and cag2 genes were detected using PCR conditions described in 

Chapter 4.2.3. NCTC 11638 served as a positive control. To analyse the variations of 

the cagA 3' region and the cagl 5' region, the variable regions were amplified. Primers 

CAG7F/CAG7R were designed based on multiple alignment of the three available cag7 

sequences in the public databases and used to amplify the 5' region of cag7. The 

sequence o f CAG7F was 5'-AGGCCTGGCCAATTTTACGC-3', and the sequence of 

CAG7R was 5'-GATCGTTTAAAGCTGTGGAC-3'. The cycling conditions included 

one cycle o f 94 °C for 5 minutes; 5 cycles of 94 °C for 45 seconds, 63 °C for 60 

seconds and 72 °C for 60 seconds; 5 cycles of 94 °C for 45 seconds, 60 °C for 60 

seconds and 72 °C for 60 seconds; 20 cycles of 94 °C for 45 seconds, 58 °C for 60 

seconds and 72 °C for 60 seconds; and finally one cycle of 5 minutes at 72 °C. The 

cagA 3' region was amplified as described in the report by Yamaoka et al. (1998).
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5.2.3. Southern hybridisation

Southern hybridisation was performed mainly as described in Chapter 2.2.6. The 

probes were generated from the amplicons o f the conserved regions of cag7 and cagA 

from strain NCTC11638. The amplicons were purified using according to the 

manufacturer’s instructions and subsequently labelled with digoxingenin (DIG). The 

blots were detected using a DIG-high prime DNA labelling and detection starter kit 

according to the manufacturer’s instructions (Roche).

5.2.4. Cloning and sequencing

The appropriate amplicons were purified, cloned into pCR 4.0 sequencing vectors 

(Invitrogen) and sequenced as described in Chapter 2.2.8. The sequences were 

deposited in the GenBank and the accession numbers for cagA are AF427098, 

AF427099 and AF427100, for cag7 the accession number is AF300828.

5.2.5. Sequence analysis and statistical analysis.

Sequence analysis was performed as described in Chapter 2.2.8. A tyrosine 

phosphorylation site (TPS) was identified if a motif with sequence EPIYA or RX-K 

(2x3) R- [D/E](2x3) R-Y was present around position Y918, Y972 or Y1039. 

Statistical analysis was performed using SPSS V /0  statistical analysis software. The 

chi-square test or the Fisher’s exact test where applicable was used. A p  value lower 

than 0.05 was considered as a statistically significant difference.
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5.3. Results:

5.3.1. Prevalence o f cagA^ strains

The presence of cagA was tested in all 86 strains using PCR with primers FI and Bl. In 

71 strains, PCR amplification yielded expected amplicons of 349 bp. To exclude 

possible false negative results, Southern blot was used complementarily to detect cagA 

in those 15 cagA' strains determined by PCR. The presence of cag A in five of them 

was confirmed (refer to appendix for details). Thus, cagA was present in 76 (88.4%) 

isolates of H. pylori. As shown in Figure 5.2, the prevalence of cagA^ strains in the 

DU group was significantly higher than that in the gastritis group (p<0.005). All strains 

from IM and GC were cagA^. The prevalence of cagA^ in IM or GC groups, however, 

was not statistically significantly different from that in the gastritis group (/?>0.05) 

(Figure 5.2).

5.3.2. Composition of the cag PAI

To analyse the composition of the cag PAI, the status of cagA at the right end of the 

cag PAI, cag2 at the left end and cag7 at the middle part were analysed in all 86 

strains. Absence of each gene was confirmed by repeated PCR and Southern blot. 

Delefion of cagA and/or cag7 was observed (Table 5.1). Of the 10 cagA' strains, 5 

strains possessed cag2 or cag7, or both. Thus, a total of 81 (94.2%) strains possessed 

the cag PAI. For details of the genotyping results, refer to the appendix.

A partial cag PAI was identified if one or more of the three genes {cagA, cag2 and 

cagT) were absent. Among the 81 strains containing the cag PAI, 10 (12.3%) 

possessed a partial cag PAI. The prevalence of the strains carrying a partial cag PAI in 

DU (5.0%), IM (12.5%) and GC (25.0%) groups was lower than that in gastritis group
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Table 5.1. Status of cagA, cag7 and cag2 in strains from different disease groups

Status of cag genes Gastritis DU IM GC Total
cagA cag7 cag2 (n=34) (n=40) (n=8) (n=4) (n=86)

+ + + 23 38 7 3 71

+ - + 2 1 1 1 5

- + + 4 1 0 0 5

- - - 5 0 0 0 5

DU duodenal ulcer; IM intestinal ulcer; GC gastric cancer.
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Figure 5.2. Distribution of cagA~̂  strains among different diseases. DU, 

duodenal ulcer; IM, intestinal metaplasia; GC, gastric cancer.



(33.4%). Statistic analysis, however, showed that the prevalence o f the strains carrying 

a partial cag PAI in DU, IM or GC were not significantly different than that in gastritis 

(all p  values were greater than 0.05).

5.3.3. Variation at the 3' region ofcagA

To analyse the diversity of the cagA 3' region, the 3' end was amplified from those 76 

cagA^ strains. Amplifications failed in two strains and they were excluded from further 

analysis. The size of the amplicon from strain NCTC 11638 was 531 bp as expected 

(Censini et al., 1996). The sizes o f amplicons from clinical isolates ranged from 

approximately 530bp to 1350bp (Figure 5.3).

Structure and types o f  cagA 3' region: Twelve amplicons were cloned into the pCR 4.0 

sequencing vectors and sequenced at both strands. Multiple alignment of their deduced 

amino acid sequences showed that the variable length of the cagA 3' region was mainly 

caused by deletions of the a  segment, deletion of the /3 segment and duplication or 

deletion of the 7  segment (Figure 5.4). The /3 segment was a newly identified segment, 

while the involvement o f both a  (57bp) and 7  (102 bp) segments was previously 

suggested (Covacci, et a l, 1993; Yamaoka, et al., 1999). The ^ segment was 105 bp 

long and located immediately downstream of the a  segment.

Based on the name and the number of the segments responsible for the size variation, 

the cagA 3' regions were divided into 6  types. The Greek letters represent the segment 

causing size variation and the lower case digits following the letters indicate the 

numbers o f the corresponding segments present in the cagA 3' region. They were
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1,500 bp ^

1,000 bp ^

500bp ->

Figure 5.3. Representative agarose gel analysis of the PCR products of the 

cagA y  region. Lane M, 100 bp DNA markers, Lanes 1-6 show the different 

sizes of the amplicons from six individual strains which resulted from a 

varied number of the repetitive elements.



EPIYAQVNKKKTGQVAS ^qEPIYTQVAKKVNAKIDRLNQIASGLGGVGQAAG,FPLKRHDKVDDLSKVGQSVSP;EPIYATIDDLGGPFPLKRHDKVDDLSKVGQSVSP:

Fig. 5.4. Primary structure of the cagA 3' region. The cagA 3' region was comprised of three variable segments (a, p and y) 
and a conserved segment D3. The a  and P segments were overlapped with two aa residues. The segments are not 
represented on a proportional scale. Cross-hatched, a segment; hatched, p segment; dotted, y segment; open, D3 segment.



considered as 73+ in cases where 3 or more 7  segments were present in the cagA 3' 

region. The structure o f each type is illustrated below.

q , = 582bp - / 3 - D 3 - 7 -

^o = 528bp - Q - D 3 - 7 -

70 = 531bp - o ! - / 3 - D 3-

71 = 633bp - a - P - D ^ - y -

72 = 735bp - a - ^ - D s - y - j -

73+ = 837bp + n (102) bp - 01- 18- 0 3 - 7 - 7 - 7 -

As the /3 segment had a similar size to the 7  segment, the types /3o and 70, which resulted 

from the deletion o f (3 and 7  segments respectively, was difficult to discriminate by the 

amplicon size.

TPS sites a t the cagA 3' region: The putative TPS sites were analysed in these 

sequenced strains. The positions corresponding toY918, Y972 and Y1039 in strain 

26695 were named as TPS I, II and III, respectively.

Strains with type ^0 cagA lacked TPS I due to deletion o f segment. For the remaining 

strains, an EPIYT motif instead o f EPIYA, was present around the Y918 position. 

Considering that the +1 and -1 positions o f  Y9I8  are required for proper 

phosphorylation, these strains were considered not to possess TPS I. Therefore, all the 

sequenced strains lacked TPS I.
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TPS II is located within the 7  segment and thus may be presented as multiple copies if 

duplication of the 7  segment occurs. Sequence analysis demonstrated that all strains, 

except for 70 type strains, possessed TPS II. The number o f  TPS II was equal to the 

number o f 7  segments excluding strain 94092 (type 7 ?). The Y residue in the first 7  

segment in this strain was replaced with H, but the Y residue was present in the second 

and third 7  segments.

For TPS III, sequence analysis demonstrated six strains possessed this site. The 

consensus sequence of the motif at this site was DKLKDSTKY. The presence of TPS 

III was not correlated with any specific cagA type. Absence o f this site resulted from 

the replacement of Y with K or N.

Association o f  the cagA 3' region variation with the clinical outcomes: The 

predominant genotype among strains was 71 and it was seen in 70.3% (52/74) o f strains 

(Table 5.2). The distribution of the cagA 71 genotype in the duodenal ulcer (76.3%) or 

intestinal metaplasia group (75.0%) was slightly higher than that in the gastritis group 

(58.3%), but the differences were not statistically significant (p>0.05) (Table 5.2).

5.3.4. Variation at the 5' region o f cag7

To analyse the variation at the 5' region of cag7, a pair o f primers was designed to 

amplify this region in reference strain NCTC 11638 and the 76 cag7 strains. The 5' 

primer was located at the intergenic region upstream of cag7, while the 3' primer was 

located at the conserved region. The amplicon was 655 bp as expected in the reference 

strain (Akopyants, et al., 1998). Amplification of the cag7^ strains yielded products of 

approximately 650, 1050 and 1500 or 1800 bp (Figure 5.5).
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Table 5.2. Prevalence o f the cagA 3' region genotypes in different patient groups

Genotypes
DU"

(n=38)
IM*’

(n=8)
Gastritis
(n=24)

GC
(n -4 )

Total
(n=74)

Qio 1 0 0 0 1

/3o 1 0 1 0 2

To 1 0 2 0 3

7i 29 6 14 3 52

12 3 1 4 1 9

7 3 + 3 1 3 0 7

The proportion o f each of 71, 72 and 73 genotypes in duodenal ulcer group “ and in 

intestinal metaplasia group ’’ were not significantly different from that in gastritis group

(p>0.05).



M 1 2 3 4 M

Figure 5.5. Representative agarose gel analysis of the PCR products of the cagl 5’ region. 

Lane M, 100 bp DNA ladder; Lane 1-4, the amplicons from individual strains of H. pylori 

represent variable size of the cagJ 5' region.



Twelve amplicons of the 5' region of cag7 were sequenced. Analyses o f the sequences 

demonstrated that the variable amplicon sizes were caused by duplication of a 

repetitive element inserted at amino acid position 9. Typically the repetitive element 

was composed of 130 aa. The element, however, consisted o f 128 aa in two strains (536 

and 1174), and 136 aa in one strain (625). The amino acid sequence of the duplicated 

repetitive elements differed by 0 to 3 amino acid residues. High usage of glutamate (E) 

(20/130) was observed in the repetitive element. Multiplet count refers to the number of 

homooligopeptide runs of two or more aa residues. In the repetitive element, at least 5 

runs of doublets EE and 3 of doublets KK (lysine) were present. The element 

resembled a range of proteins with high content o f E when blasted against the 

Swissport protein database.

Based on the number of repetitive elements in the variable region, cag7 was divided 

into four types, A (IR, 655 bp), B (2R, 1045 bp), C (3R, 1435 bp) and D (4R or 5R, 

about 1800 or 2200). None of the amplicons from type D was sequenced and the 

number o f repetitive elements was deduced from the amplicon size. Type B was the 

predominant cag7 type, which was found in 73.7% strains. The prevalence o f each type 

did not differ significantly in different groups (Figure 5.6).

5 . 3 . 5 .  The C o m b i n e d  cagA-cag7genotypes

O f the 74 strains in which the cagA 3' region genotypes have been analysed, cag7 was 

absent in 5 strains (Table 5.3). Therefore, a total o f 69 strains were analysed for the 

combined genotypes oicagA  and cag7. The predominant combined genotype was cagA
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Figure 5.6. Distribution of the cag7 genotypes in different disease groups. GI 

gastritis; DU duodenal ulcer; IM intestinal metaplasia; GC gastric cancer. 

Statistical analyses revealed that the prevalence of each genotype {cag? A, B, C 

or D) in strains from GI patients was not significantly different from that from 

DU, IM or GC patients (All p  values were greater than 0.05).



Table 5.3. Distribution o f the combined types o f  cagA and cag7  in different groups.

CagA
types

cag?  types in GI cag?  types in DU cag?  types in IM cag?  types in GC

A B C D n A B C D n A B C D n A B C D n

Ofo 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0

0 1 0 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0

70 0 1 1 0 2 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0

7i 1 8 3 0 12 1 24 3 0 28 0 3 1 1 5 0 1 1 0 2

72 0 4 0 0 4 0 3 0 0 3 0 1 0 0 1 0 1 0 0 1

73+ 1 1 1 0 3 2 1 0 0 3 0 0 1 0 1 0 0 0 0 0

Total 2 15 5 0 22 4 29 4 0 37 0 4 2 1 7 0 2 1 0 3

Compared to gastritis group, the proportion o f the cag7 B-cagA 71 type in duodenal ulcer group was significantly higher (/?<0.05). GI

gastritis; DU duodenal ulcer; IM intestinal metaplasia; GC gastric cancer.



y\-cag7 B, which occurred in 36 strains (52.2%). The combined genotype cagA y\-cag7 

C occurred in 8 strains (11.6%). The prevalence of cagA j\-cag7  B in strains from the 

duodenal ulcer group (64.9%) was significantly higher than that in strains from the 

gastritis group (36.4%) (p<0.05).

5.3.6. The mixed population

In some cases, the amplicons for cagA and cag? had a major band and one or more 

faint bands when resolved on an agarose gel. However, the size of a faint band was 

always equal to the size of a corresponding type of cagA or cag7. It thus appeared that 

the multiple binding patterns were most likely generated from a mixed population of 

strains. To further confirm this, each band from strain 97551 for cagA and strain 94536 

for cag7 was eluted from the gel, cloned and sequenced. The nucleotide sequence was 

identical between each band (data not shown). A mixed population was observed in 22 

of 74 (29.7%) cagA^ strains and in 11 of 76 (14.5%) c a g f  strains.
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5.4. Discussion

The cagA gene is a major virulence gene and is considered as a marker for the presence 

of the cag PAI (Censini et al., 1996). The results showed that the majority of strains 

(88.4%) were cagA positive, which is consistent with previous studies on Irish strains 

(Marshall et al., 1999; Ryan et al., 2000). The prevalence of the cagA^ strains in DU 

was higher than that in gastritis. This fact implies that cagA may be associated with the 

development of DU (Blaser and Berg, 2001; Ryan et al., 2000). The prevalence of the 

cagA^ strains from GC or IM groups was also higher than that from gastritis group, but 

the differences were not statistically significant.

5.4.1. Heterogeneity in the compositions o f the cag PAI

Heterogeneity in the composition of the cag PAI in Irish strains was investigated by 

detection of cagA, cag? and cag2. The results demonstrated that the cag PAI in Irish 

strains underwent deletion of certain genes, such as cagA and cag7, indicating that cag 

PAI exhibits heterogeneous compositions among strains. It appears that there is no 

preferential deletion of the cag genes, since absence of any cag gene has been observed 

(Audibert et al., 2001; Kidd et al., 2001). An exception is found in Japanese strains that 

are all cagA^. While cagA is well conserved in all strains, other cag genes are likely to 

be deleted (Ikenoue et al., 2001; Maeda et al., 1999).

A partial cag PAI was present in 12.3% of the examined strains. This is in contrast to a 

report based on UK strains in which all strains were found to carry an intact cag PAI 

(Slater et al., 1999). Other studies showed that a partial cag PAI was present in 4.6 to 

6.3 % of strains (Audibert et al., 2001; Maeda et al., 1999; Slater et al., 1999). The
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results presented here suggest that a larger proportion of cag^ Irish strains contain the 

partial cag PAL

5.4.2. Variation at the cagA 3 'region

Heterogeneous size of CagA was mainly caused by variation at the cagA 3' region 

(Covacci, et al., 1993; Yamaoka, et al., 1998). This variation is biologically important 

since the tyrosine phosphorylation motifs are located here (Odenbreit et al., 2000). 

Therefore, the variation at the cagA 3' region was investigated. The amplicons for this 

region differed by approximately 800 bp, demonstrating that this region is highly 

variable. Further analysis of the sequences demonstrated contraction and/or expansion 

of an OL segment of 57 bp and a 7  segment of 102 bp contributes to the size variation. 

Importantly, a novel sequence segment o f 105 bp, namely ^  segment, was demonstrated 

to be involved in the size variation. The /3 segment is located between the a  segment 

and D3 segment. Deletion of the jS segment was found in 2 o f 74 (2.7%) strains. 

Therefore, the cagA 3' region can be denoted as 0!n-i3n-D3 -7n, in which n represents the 

copy number o f a variable segment.

Phosphorylation o f CagA occurs at three tyrosine residues (Backert et al., 2001; 

Odenbreit et al., 2000; Puls et al., 2002; Stein et al., 2002). The impact o f cagA 3' 

region variation on these TPS sites was analysed in this study. The results 

demonstrated that the total numbers of the TPS sites were affected by two factors: (1) 

the copy numbers o f the /3 or 7  segment; and (2) nonsynonymous mutations. TPS I was 

absent from CagA of type jSo due to the deletion of the /3 segment, and the number of 

TPS II sites was usually equal to the number of the duplicated 7  segments. Each o f the 

three TPS sites, however, was also affected by nonsynonymous mutations: replacement
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of EPIYA at TPS I with EPIYT, replacement of EPIYA at TPS II with EPIHT in strain 

94092 (type 73) and replacement of Y at TPS III with K or N.

Yamaoka et al. (1999) reported that the presence of 3 or more 7 segments was 

associated with IM and GC in America, but not in Italy. The results of the present study 

showed that numbers of the repetitive segments were not associated with clinical 

outcomes. Therefore, genotyping of the cagA 3' region is not usefiil for predicting 

clinical outcomes of H. pylori infection in Ireland.

5.4.3. Variation at the 5' region of cag7

The results showed that the 5' region of cag7 exhibited extensive size variation among 

clinical isolates. The variation was due to the duplication of a repetitive element which 

is 128 to 136 amino acid (aa) long. This is in contrast to the previous analysis of three 

sequenced reference strains which had a repetitive element of 130 aa long (Liu et al., 

1999), indicating the heterogeneous size of the element among strains. The results 

showed that the intra-strain duplicated elements were nearly identical, suggesting that 

the changes in numbers of the element originated recently. The changes may have 

arisen from replication strand slippage or recombination. Sequence analysis also 

demonstrated that in the repetitive element, at least 5 runs of doublets EE (glutamine) 

and 3 of doublets KK (lysine) were present, and duplication of the element increased 

the numbers of these doublets accordingly. The biological roles of the variation are 

probably involved ini (1) Regulating the expression of the GTPase homologies in the 

cag PAI (VirB4, VirBl 1, VirD4) since the element showed low degree of homology to 

a GTPase regulator; and/or (2) facilitating self-assembly and binding to other 

homologues of the A. tumefaciens Vir proteins. The A. tumefaciens VirBlO, a homolog
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o f Cag7, is essential for assembling the core channel o f type IV secretion machinery by 

interacting with VirB9, VirB8  and itself (Das and Xie, 2000). Increased numbers of the 

multiple runs o f  doublets o f EE and KK would conceivably provide opportunities for 

multiple salt bridges contributing to protein-protein interaction (Liu et a i ,  1999). 

However, the possibility o f benign variation could not be excluded. Further studies such 

as mutagenesis analysis could elucidate the roles. In this study, cag7  was typed into 

four A, B, C and D types based on the numbers o f the duplicated repetitive elements. 

Type B was the predominant type and the distribution o f  the cag7  types in the different 

disease groups was similar, indicating that variation does not play a significant role in 

the determination o f clinical outcomes o f  H. pylori infection.

5.4.4. The combined genotypes o f cagA and cag7

The results demonstrated that the prevalence o f the cagA y\-cag7Q  strains was higher in 

the duodenal ulcer group (64.9%) than in the gastritis group (36.4%). The results may 

have two explanations. Firstly, the cagA ^\-cagJB strains may have higher virulence 

determined by cagA, cag? or other bacterial virulence genes such as Vac A (Atherton, et 

a l ,  1995, Censini, et a i ,  2001). Secondly, the cagA 71 and the cagTB types were co­

selected during evolution, perhaps because strains with this genotype may be more 

suited to gastric environments (e.g. low pH) o f duodenal ulcer patients. Yamaoka et al. 

(1999) reported that cagA j \  strains were more resistant to acid exposure than cagA 75 

strains, which supports the second explanation.

5.4.5. The mixed populations

The variation at the cagA 3' region and the cag? 5' region share a common feature of 

duplication and contraction o f  one or more long repetitive fragments. The feature
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resembles the homopolymeric tracts (multiple runs of a nucleotide) present in phase 

variation genes in bacteria including H. pylori (Aim, et a l,  1999; Tomb, et a l, 1997; 

Wang, et al., 2000). Replication strand slippage generates multiple lineages or 

derivatives with different length of the tract from a single cell. These lineages have 

phenotypes featured with or without expression o f a phase variation gene. Multiple 

PCR products for the cagA 3' region and the cag7 5' end from a single strain were 

observed. They are most likely to arise from multiple lineages originating from a single 

cell because their nucleotide sequences are identical. This suggests that a strain o f H. 

pylori will potentially generate multiple lineages with different cagA 3' and/or cag7 

variants, constituting a mixed population. Intrastrain recombination or replication 

strand slippage in a manner resembling phase variation are probably involved in the 

generation o f the mixed population.

5.4.6. Conclusions

The results o f this study first demonstrated: (1) In addition to the a  and jS segments, a 

newly identified y  segment was involved in cagA 3' region variation; (2) The number of 

tyrosine phosphorylation sites of CagA is affected by the numbers o f the three 

repetitive segments and nonsynonymous mutations at the cagA 3' region; (3) The 

prevalence o f the cagA jrcagTB  strains was higher in duodenal ulcer group (64.9%) 

than that in gastritis group (36.4%). This combined genotype may be used as a marker 

fQj" predicting the clinical outcomes o f infected individuals. The results presented here 

also suggest that the cag PAI is highly divergent among strains; heterogeneous gene 

compositions, varied size of the individual genes and divergent sequences. These 

divergences could potentially modify bacterial virulence (Blaser and Berg, 2001) or 

influence bacterial adaptation (Bjorkholm et al., 2001 b).

100



CHAPTER 6 

GENERAL DISCUSSION
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6.1. Transcriptional response o f // ,  pylori to acid exposure

Transcriptional regulation of gene expression is a major microbial strategy to cope with 

acid stress (Foster, 1999). The study described here investigated the transcriptional 

response o f H. pylori to prolonged acid exposure using DD-PCR. A total of eight genes 

were found to be regulated by prolonged acid exposure. Expressions o f seven genes, 

including ureB, flaA, topA, tufB, topA (a novel sequence) and two fragments which 

showed no significant homologues in the public databases, were up-regulated in cells 

grown on acidic media. The mRNA level of atoE, however, was decreased. Two other 

studies also investigated acid-responsive genes in H. pylori. Using microarray analysis 

Ang et al. compared the expression profiles of H. pylori cells grown on pH 5.5 and pH 

7.2 Columbia agar plates for 48 h (2001). Allan et al. (2001) also used microarray to 

analyze the differentially expressed genes o f cells o f H. pylori grown in pH 4 and usual 

BHl broth.

6.1.1 Groups o f  acid-regulated genes

The results presented here demonstrated that H. pylori is likely to vary expression of 

groups o f  genes to cope with acid stress. To maintain the internal pH (pHi) close to 

neutral or at an acceptable level, the bacterium requires up-regulation of urease 

expression. This was supported by the observation in this study that ureB expression 

was increased in response to acid exposure, and by another report that production of 

UreB was increased in cells exposed to acid (Slonczewski et al., 2000). The observed 

down-regulation of atoE at low external pH (pHo) suggests that the bacterium could 

decrease uptake of weak acid to struggle for a neutral pHj. Genes responsible for ion 

flux across cytoplasmic membranes may be involved in maintenance o f pHi 

homeostasis (Stingl et al., 2002 a). Transcriptional regulation o f these genes plays an
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important role in acid resistance of enterobacteria (Foster, 1999). The results showed 

that none of these genes were differentially expressed in acid exposure, consistent with 

the results from other studies (Allan, et a l,  2001; Ang, et a l ,  2001). Therefore, it 

appears that regulation of expression o f genes for ion flux is not required by the 

bacterium to maintain internal pH.

At low external pH, cytoplasmic acidification (drops to pH 4.9, Stingl et al., 2002a) and 

urea influx (Weeks et al., 2000) occur in H. pylori. Acid exposure can directly damage 

cellular surface structures. The results o f this study demonstrated H. pylori regulates 

sets o f genes to counteract damage caused by these acid-related factors. To maintain 

DNA stability and conformation at low external pH, the bacterium may alter the 

expression of topA (observed in this study) and genes involved in DNA repair (Ang, et 

al., 2001). In order to maintain correct folding, assembly, and maturation o f newly 

synthesised proteins at acidic external pH, the bacterium may regulate the expression of 

genes coding for chaperon proteins. These genes include tufB (this study) and heat 

shock genes (Allan, et al., 2001; Slonczewski et al., 2000). To protect the surface 

structures from direct acid damage, the bacterium may vary expression o f genes 

involved in the synthesis of these structures. This group of genes is comprised o f flaA  

(this study), LPS synthesis genes, and genes coding for outer membrane proteins (Allan 

et al., 2001; Ang et al., 2001; McGowan et al., 1998; Moran et al., 2002).

The results o f this study showed that some acid-regulated genes lacked apparent 

evidence for involvement in acid resistance, such as pap5 7. This gene is not present in 

the two sequenced strains, indicating it is a gene unique to certain H. pylori strains.
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Groups o f such genes were also found by other studies (Ang et al., 2001; Allan et al., 

2001). Further investigations on their implications in acid adaptation are required.

6.1.2. Future studies on acid adaptation

The identified acid-regulated genes provide useful information for our further 

understanding of the mechanisms of acid resistance. Several issues, however, are still 

unclear. (1) Which signals are sensed by H. pylori to modulate the expressions of acid- 

responsive genes? It could be considered that external pH is sensed by Urel (Weeks et 

al., 2001). However, there is no evidence that Urel regulates the acid-responsive genes. 

Cytoplasmic acidification and urea might be candidate signals sensed by the bacterium. 

(2) Does H. pylori possess one or more master-like regulatory genes? If so, what are 

these genes? In Salmonella typhimurium, several regulatory genes play a role in log 

phase acid tolerance response including rpoS, fu r  (iron regulator) and phoPQ  (two- 

component signal transduction system) (Foster, 1999). So far, there is no evidence that 

the major regulatory genes in H. pylori, including two-component systems and quorum- 

sensing genes, are involved in acid resistance. The promoters o f several acid-regulated 

genes are likely to be sensitive to the alterations in local DNA conformation. 

Therefore, it would be of interest to know if topA, a differential expression gene 

identified in this study could function in regulation of acid-responsive genes. (3) What 

roles do these acid-regulated genes play in acid resistance? Excluding urease genes, 

few genes have been characterized and, therefore, further studies are neccessary. (4) 

Only a few identified acid-regulated genes from one study have been confirmed by 

others. This may be attributed to different pH values, varied exposure times, different 

compositions o f media and different techniques used. These factors should be taken 

into account in future studies.
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6.2. Generation of genetic divergence in H. pylori

6.2.1. Features o f  genetic diversity

In this study, inter-strain genetic diversities were investigated at a genome scale and at 

a large horizontal transferred DNA region, the cag pathogenicity island, which is a 

major virulence determinant (Blaser and Berg, 2001). The results demonstrated that H. 

pylori exhibits several types of genetic diversity. (1) Strain-specific genes; These 

strain-specific genes included two novel sequences (clone F5 and P32) and homologues 

of resi and JHP 704; (2) Chromosomal rearrangements: three rearrangement loci 

including a locus of the “plasticity zone” randomly occurred in the clinical isolates; (3) 

Allelic polymorphism including size variafion o f cagA and cag7 and divergent 

sequences between alleles {cagA, cag7 and mobA)\ (4) Instability o f the cag 

pathogenicity island. Deletion of cagA and/or cag? was observed. Combined, these 

types o f diversities build up a highly divergent H. pylori genome. The status o f the 

genotypes o f nine genes/sequences, representing these identified types of genetic 

diversity, were determined in 19 strains related to duodenal ulcer diseases, intestinal 

metaplasia or gastric cancer. Each strain exhibited a unique distribution profile o f these 

genes/sequences, supporting the conclusion.

6.2.2. Generation o f genetic divergence in H. pylori

Generation of these identified types of genetic diversities may involve a number of 

mechanisms. (1) Mutation. H. pylori shows a higher mutation rate than E. coli 

(Bjorkholm et a l ,  2001a). Approximately a quarter o f strains possess a mutator-like 

phenotype, which usually results from deficiency in MutS in E. coli. The high 

mutation rate in H. pylori may be attributed to lack o f a functional DNA repair system
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(Bjorkholm et al., 2001a; Wang, et al., 1999). The observed allelic polymorphisms in 

this study reflect the high mutation rate in H. pylori. Notably, nonsynonymous mutation 

occurred in cagA and cag7 which possibly affected their activities. (2) Recombination. 

Recombination may also be responsible for the observed allelic polymorphisms. 

Recombination in H. pylori is more frequent than in any other organism studied to date 

(Achtman and Suerbaum, 1998). (3) Slipped-strand replication. Variation in the cag7 

and cagA sizes involved single or multiple long repetitive elements. The nearly 

identical sequences between duplicated elements suggest a recent origination of the 

duplication. Strand-slippage during replication is a major cause o f size variation. 

Slipped-strand replication may generate multiple lineages from an individual cell 

(parent cell), which manifest as a mixed population observed in this study. (4) 

Horizontal gene transfer. Transformation, transduction and conjugation mediate the 

horizontal transfer of genes. H. pylori is naturally competent for transformation. Genes 

with a possible origin from plasmids have been demonstrated in the bacterium (Aim, et 

al., 1999; Garcia-Vallve, et al., 2002). In H. pylori, a type IV secretion machinery 

resembling a conjugative apparatus plays a major role in uptake o f foreign DNA. A 

GepA homologue (Clone P32) was identified in this study, suggesting a putative 

conjugative gene transfer mechanism may exist in H. pylori. Strain-specific genes 

identified in this study are possibly acquired through horizontal gene transfer due to 

their lower G+C contents. (5) Reduction o f the genome. H. pylori acquires genes 

horizontally in vivo demonstrating a continuous state of gene influx occurs in the 

bacterium (Israel, et al., 2001). A mechanism of gene efflux (reduction o f the genome), 

however, is required to maintain the appropriate genomic size o f the organism (Garcia- 

Vallve et a l ,  2002). This is exemplified by the genetic diversity o f the cag PAL 

Elimination of the cag PAI from the genome has been demonstrated to result from
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recombination between a cag positive strain and a cag negative strain (Kersulyte et al., 

1999). Inactivation of a cag gene (HP0532) is an example o f gene degradation during 

reduction (Fischer et al., 2001). Absence of cagA and/or cag7 from certain examined 

strains in this study is another manifestation of reduction of the genome. Lower 

frequency of clone P32 in strains from intestinal metaplasia patients than from 

duodenal ulcer may indicate the elimination of this gene by genome reduction.

6.3. Implications of genome divergence

Transmission to a new host imposes a large selection force on H. pylori. Rapidly 

changing and fluctuating environments, detrimental factors in ingestion, and periodic 

gastric acid secretion challenge the bacterium frequently. This requires the bacterium to 

be fully prepared for these challenges. The bacterium persists in its host for decades. 

The gastric mucosa may undergo significant changes during the inhabitation and thus, 

pose a threat to the bacterium. The aforementioned mechanisms allow the bacterium to 

diversify its genome, vary the phenotype traits and therefore to efficiently adapt to the 

hostile environment. The bacterium acquires favourable traits through horizontal gene 

transfer (Ochman and Moran, 2001), improves compefitiveness through elimination o f 

neutral or detrimental genes (Mira, et al., 2001), and evades the host defence system 

through allelic polymorphism generated by mutation, recombination or strand-slippage 

replication (Slev and Potts, 2002).

This study demonstrated that individual genetic loci (for example, strain-specific genes) 

or allele variants were only found in a fraction o f strains isolated fi-om unrelated 

individual hosts. These genetic traits are possibly selected if  they are beneficial for the 

bacterium to inhabit particular environments. The selection does not “consider”
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whether it is beneficial, neutral or harmful to the hosts (Ochman and Moran, 2001). 

Severe consequences will occur if a virulent genetic trait is selected. In agreement with 

this, this study observed higher prevalence o f strains or cag7 B-cagA 71 strains in 

duodenal ulcer compared to gastritis. Individuals infected by strains with these genetic 

traits may have increased risk for development of duodenal ulcer disease.
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APPENDIX

List of H. pylori strains used in this study

Strains P32 F5 FIO F17 P18 cag7 cag2

98587 - - - - - + + +

3655 - + + - - + + +

3519* + + - - + + + +

3612 - - + - + + + +

3582 + + + - + + + +

3568 + - - - + + + +

3526 - - + - + + + +

8402 / / / / / + + +

8131 / / / / / - + +

71104 / / / / / + + +

8928 / / / / / + + +

5734 - + / / / + + +

X363 - - / / / + + +

5835 - + / / / + + +

X306 - + / / / + + +

775 - + / / / + + +

7169 - + / / / + + +

5803 + + / / / + + +
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List of H. pylori strains used in this study (continued)

Strains P32 F5 FIO F17 P18 cagA cag7 cag2

4573 - + / / / + + +

41123 + + / / / + + +

5713 + + / / / + + +

5714 - + / / / + + +

7189 - + / / / + + +

1981 / / / / / + + +

3802 / / / / / + + +

31116 / / / / / + + +

492 + - / / / + + +

4728 - - / / / + + +

2111 / / / / / + + +

31125 / / / / / + + +

2311 / / / / / + + +

4694 - + / / / + + +

4774 / / / / / + + +

3567 / / / / / + + +

3581 + + / / / + + +

3620 / / / / / + + +

4811 / / / / / + + +

5351 / / / / / + + +
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List of H. pylori strains used in this study (continued)

Strains P32 F5 FIO F17 P18 cag7 cag2

8295 / / / / / + + +

461 / / / / / + + +

X663 / / / / / + - +

X625* / / / / / + + +

8136 + - / / / + + +

X402 / / / / / + + +

8290 / / / / / + + +

5533 - + / + - +

548* - + / / / + + +

5780 / / / / / + + +

41174 / / / / / - + +

4739 / / / / / - + +

5561 / / / / / - + +

4804 - - / / / - + +

5671 - - / / / + + +

5631 - + / / / + + +

5556 / / / / / + + +

5755 + - / / / + + +

581 / / / / / + + +

41091 - + / / / + + +
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List of pylori strains used in this study (continued)

Strains P32 F5 FIO F17 P18 cagA cag? cag2

4786 + + / / / + + +

4233 “ - / / / + + +

4730 + - / / / + + +

41008 / / / / / + + +

4956 - + / / / + + +

8442 / / / / / + + +

5786 / / / / / + + +

8225* - + / / / + + +

8268 - - / / / + + +

8283 - + / / / + + +

8323 - + / / / + + +

8325* + + / / / - - -

159 + + / / / - - -

487 + + / / / - - -

X143 - + / / / - - -

X665 + + / / / - - -

77* - - + - + + - +

5612* - + + - + + + +

8248* - - + + + + + +

5536* - - + + + + +
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List of H. pylori strains used In this study (continued)

Strains P32 F5 FIO F17 P18 cagA cag? cag2

5283* + - - + + + +

7231** - - + - + + + +

3517^ - + + - - + + +

8260** - - - - + + + +

Cl -h + + + + + + +

41289 - - - - + + + +

7109 + + - - + + + +

863 - - + - + + - +

+, present; - absent; /, not determined; * PCR failed to amplify cagA or cag7, but was 

detected using Southern blot; #, gastritis with intestinal metaplasia; strains in regular 

font, isolated from duodenal ulcer patients; strains in italic font, isolated from gastritis 

patients; strains in bold font, isolated from gastric cancer patients
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