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 What is Helicobacter pylori? 

Helicobacter pylori (H. pylori) is a helical-shaped, microaerophilic and Gram negative bacterium 

which was first diagnosed in gastric mucosa of patients suffering from gastritis and peptic ulcer, 

it was then successfully cultured by the two Australian doctors; Barry J Marshall and Robin 

Warren, (Marshall and Warren 1984). Noticeably, this discovery contradicted the previously held 

scientific belief that stomach is a germ free organ and this discovery resulted in the award of 

Noble prize 2005 to Marshall and Warren in Physiology and Medicine. Chronic infection of H. 

pylori in humans is prevalent in more than half of the world’s population (Hooi et al. 2017) and 

represents a major risk that causes gastritis and peptic ulcer, which may develop into mucosa-

associated lymphoid tissue (MALT) lymphoma and finally can transform into gastric 

adenocarcinoma. More than 20% of all malignancies in humans are associated with infections 

and the major bacterial cause for human cancer till date is H. pylori (De Martel et al. 2012). 

Gastric cancer is the third major cause of cancer related deaths and fifth most common cancer 

after prostate cancer (Díaz et al. 2018). However, only few infected people are prone to develop 

serious clinical symptoms of H. pylori infection which in turn is determined by several factors 

which particularly depends on the host immune status such as presence of particular receptors 

and efficiency of inflammatory responses. Clinical outcome of H. pylori infection also depend on 

environmental determinants along with the strain specificity that affect the pathogenicity of the 

strains (strain diversity) (Backert, Neddermann, Maubach, & Naumann, 2016).  

Prevalence and geographical distribution 

H. pylori is the predominant human infection globally that colonizes over 50% of world’s 

population with huge difference in its geographical distribution.  
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The highest prevalence of H. pylori is found in Africa with around 79.1% and the least in 

Northern America and Oceania at 24.4% (Hooi et al., 2017) (Figure 1.1). The prevalence is high 

in rural areas compared to urban which reflect the differences in the level of sanitation, 

socioeconomic status, urbanization, and facility to access clean water (Cardenas, Mulla, Ortiz, & 

Graham, 2006). Interestingly, the prevalence of H. pylori vary between populations even in the 

same country. Morover, H. pylori prevalence varies between different ethnic groups residing in 

the same country. For instance, in United States the H. pylori infection in non-whites was found 

ranging from 34.5% to 61.6% and that in non-Hispanic whites ranges from 18.4% to 26.2% 

(James E. Everhart, 2000). Similarly, Malaysian population comprise of Malay, Chinese and 

Indians ethnic groups, the H. pylori prevalence in Malay is (19.9%), Indians (50.7%) and 

Chinese (40%)  (Goh & Parasakthi, 2001).  

H. pylori is being recognized as a Group I carcinogen by WHO which is responsible for the 

development of gastric adenocarcinoma. Almost 89% cases of Gastric cancer are attributed to H. 

pylori infection (Group., 2014). Previously, it has been shown that complete eradication of H. 

pylori infection reduced the gastric cancer incidences from 25% to 16.67% in China (Yeh, 

Kuntz, Ezzati, & Goldie, 2009). 

In developed countries like Canada, US, and Northern Europe H. pylori prevalence is low with 

constant infection rates compared to Africa, Latin America, India and Eastern Europe. This is 

possibly a result of improved hygiene, sanitation and active elimination of carrier state by the use 

of antimicrobial therapies (Torres et al., 2000). Furthermore, H. pylori shows high prevalence 

rates of 58 to 62% in India in patients with dyspeptic symptoms (Eusebi, Zagari, & Bazzoli, 

2014). 
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Figure 1.1: Choropleth map represents the global prevalence of H. pylori. Certain regions are magnified to 

display the smaller countries (Hooi et al., 2017).  
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Dynamics of H. pylori transmission 

H. pylori infection can be transmitted through following routes: 

i. Iatrogenic: Transmission of H. pylori through iatrogenic mode is the most frequent, and 

fast in which the endoscopes which comes in contact with gastric mucosa of H. pylori 

infected individuals are applied for another person (Akamatsu, Tabata, Hironga, 

Kawakami, & Uyeda, 1996). Moreover, H. pylori infections are also reported to be 

transmitted from an infected individual to the staff members especially the technicians 

who execute endoscopy and the gastroenterologists (Lin, Lambert, Schembri, Nicholson, 

& Korman, 1994). 

ii. Faecal-oral: Lin et al., have reported to recover H. pylori bacterium from the feaces of 

young children (Lin et al., 1994) while isolation of H. pylori from adult feaces was 

reported not very frequently (Namavar et al., 1995). Numerous studies have established 

the relation between the seroprevalence of hepatitis A virus and H. pylori, suggesting 

similar (faecal-oral) mode of transmission for both the pathogens. (Bui, Brown, Harris, & 

Oren, 2016). Furthermore, H. pylori have been detected and cultured in drinking water 

samples. Hence, public water system has been considered as an source for H. pylori 

infection  (Santiago, Moreno, & Ferrús, 2015). 

iii. Oral–oral: Transmission of H. pylori from infected individuals by oral-oral route is 

another transmission method but not well established although there are several studies 

that have attempted to detect and isolate H. pylori from the oral cavities (Yee, 2017). For 

example, Loster et al. detected H. pylori in dentist’s oral cavity by culture method from 

sub-gingival dental plaque and observed that 57% of study subjects were culture were 

positive for H. pylori (Loster et al., 2009).  
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Colonization of the mucosal tissue 

There are different factors that are critical during H. pylori colonization in the mucosa tissue of 

stomach (Figure 1.2). The two most studied and key essential factors are: 

i. Production of Urease 

H. pylori is not an acid-loving organism and the production of urease enzyme is one of the 

characteristic strategy of H. pylori to neutralize the acidic environment of the gastric lumen. The 

presence of urease and its activation is indispensable for the successful colonization of gastric 

mucosa by H. pylori (K. A. Eaton & Krakowka, 1994).  It has been shown that in the presence of 

urea H. pylori can tolerate pH as low as 2.5 while in the absence of urea it can tolerate a pH 

range between 8.0 and 4.0 (Meyer-Rosberg, Scott, Rex, Melchers, & Sachs, 1996). It harbors a 

cluster of seven genes which control and regulate the biosynthesis process of  urease enzyme 

(Turbett, Hoj, Horne, & Mee, 1992),  and it’s composed of a complex structure of twelve 

subunits of UreA and UreB. (Ha et al., 2001). H. pylori urease is a hydrolase enzyme that 

hydrolyses urea to CO2 and NH3. Unlike other ureases that are produced by bacterial species, H. 

pylori urease has strong affinity to urea with a Km value of 0.8 Mmol/L that enables the H. 

pylori urease to act on even very little quantities of urea (as low as 5 Mmol/L). Utilization of 

urea and production of NH3 creates acid-neutralizing capacity empowering H. pylori to maintain 

the right pH in its periplasm and surrounding microenvironment. Consequently, regulating the 

proton motive force (Dunn, Campbell, Perez-Perez, & Blaser, 1990). This acid adaptation 

strategy of H. pylori for maintaining a neutral pH intracellularly while the pH of the surrounding 

vicinity is still in low pH, is a peculiar feature to H. pylori. This is vital for existence of H. pylori 

in the acidic gastric juice.  
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Moreover, generation of NH3 by the urease enzyme in non-acidic environments could elevate the 

native pH above pH 7.0, which may be a reason why H. pylori does not colonize in niches other 

than the Gut. Moreover, it has been demonstrated that H. pylori is intolerant to alkaline 

environment (Clyne, Labigne, & Drumm, 1995). 

ii. Ability to penetrate the mucus 

Motility is the second critical key factor for gastric colonization by H. pylori. H. pylori features 2 

to 6 unipolar flagella that confer motility to H. pylori. H. pylori  flagella length range between 3-

5 μm, with bulb-like structures that are mostly present  at the end of the filaments (Geis, Leying, 

Suerbaum, Mai, & Opferkuch, 1989). H. pylori flagella sheath will be shielded by proteins and 

lipopolysaccharide and it is suggested that the bacterial outer membrane will be extended to 

protect the flagellar filaments from the gastric acid in the stomach (Geis et al., 1989). Previously, 

it  has been shown that H. pylori mutants that lacked flagella have failed to colonize  the stomach 

of animal models (K. Eaton, Morgan, & Krakowka, 1992). For instance, FlaA and FlaB proteins 

are essential for the proper movement of H. pylori. Deletion of  FlaA has impaired the motility of 

H. pylori to a greater extent than that of FlaB mutant (Josenhans, Labigne, & Suerbaum, 1995). 

Furthermore, it was reported that the protein auto-inducer 2 (AI-2) encoded by luxS gene 

regulates the expression of flagellar genes (Rader, Campagna, Semmelhack, Bassler, & 

Guillemin, 2007). This has also been supported by the evidence that luxS mutants were less 

motile and less infectious compared to the wild-type strain (Osaki et al., 2006). 
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H. pylori’s penetration into gastric mucus 

The epithelial lining of the GI tract is shielded by heavy viscoelastic layer (300 μm) (Atuma, 

Strugala, Allen, & Holm, 2001). The, H. pylori has to penetrate the dense and viscoelastic mucus 

layer in order to reach the underlying epithelium for colonization. H. pylori can quickly lose 

motility in the very acidic gastric lumen (Thomsen, Gavin, & Tasman-Jones, 1990). The ability 

of H. pylori to elevate the pH by utilizing urea, reduces the viscoelasticity of the mucus 

permitting the bacterium to move faster through the mucus layer (Celli et al., 2009). Helical-rode 

shape has been suggested to enhance the velocity of H. pylori through viscous mucus in a cork-

screw fashion. csd1 is one of the H. pylori cell shape determining genes which codes for a 

metallopeptidase. Deletion of csd1 has altered the morphology of H. pylori from native helical-

rod to curved-rod morphology and the csd1 mutant exhibited less velocity in gel-like medium 

and were inefficient in colonizing the mice stomach compared to the wild-type strains (Sycuro et 

al., 2010). Similarly, csd4 deletion which results in straight rod-shaped morphology impairs the 

colonization efficiency and the motility of bacteria compared to the wild-type morphologies 

(Sycuro et al., 2012). H. pylori isogenic mutants with rod shaped morphology showed reduced 

swimming rates by 7-21%  in purified porcine gastric mucus (Martínez et al., 2016).  

Living within gastric mucus 

H. pylori establishes microcolonies in the secreted gastric mucus present on the epithelial cells of 

the gastric mucosa (Hidaka et al., 2001). Moreover, It has been observed that H. pylori lives in 

close proximity to MUC5AC which is the main gel forming mucin secreted by gastric epithelial 

cells in vivo (Van den Brink et al., 2000).  
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It has been reported that lower mucus neck cells that are present in the antral glands secrete 

MUC6 which express α-1,4GlcNAc-capped core 2-branched O-glycan on the surface. MUC6 has 

shown to inhibit the formation of cholesteryl-α-D-glucopyranoside, one of  essential  cell wall 

components and inhibit the growth of H. pylori (Kawakubo et al., 2004; H. Lee et al., 2008). 

Interaction with gastric epithelial cells 

It has been believed that H. pylori colonizes the gastric mucus by interacting with gastric 

epithelial cells. A number of proteins have been identified to play an important play in the 

adherence to the host cells and for further interaction.  

BabA 

BabA is one of the well-studied adhesins of H. pylori. BabA is a 78 kDa outer membrane protein 

which attaches H. pylori to fucosylated structures on host cells, including Lewisb blood group 

antigen and H-1 type (Ilver et al., 1998). BabA is a heterogeneous protein, with various 

polymorphisms among strains and binds to Lewisb at different levels (Hennig, Mernaugh, Edl, 

Cao, & Cover, 2004).  

Sialic-acid binding adhesin (SabA) 

 In addition to BabA adhesion, SabA is a protein which binds H. pylori to sialylated ligands of 

gastric mucin, epithelial cells and neutrophils, which trigger a nonopsonic response by 

neutrophils and brings about phagocytosis of the bacterial cells (Unemo et al., 2005). Moreover, 

it has been shown that expression of sabA influences the acid production in the stomach 

(Yamaoka et al., 2006). The expression of SabA will be reduced in the acidic environment 

(Goodwin et al., 2008).  
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Another mechanism used by H. pylori is to regulate the expression of sabA gene duplication that 

enhances the production of the SabA protein, which in turn results in stronger adherence of H. 

pylori to cells in vitro (Talarico, Whitefield, Fero, Haas, & Salama, 2012). Therefore, the sabA 

gene is highly heterogenic allowing H. pylori to regulate its adherence strategies depending on 

the microenvironmental conditions. 
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 Figure 1.2: Colonization strategies and establishment of gastric mucosal infcetion by H. pylori (Dunne, Dolan, 

& Clyne, 2014).  
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Virulence strategies of H. pylori  

Cytotoxin-associated gene A (CagA) 

H. pylori’s major virulence factor CagA is a product of cagA gene. It is one the best 

characterized virulence gene in H. pylori. CagA produced by some of H. pylori strains is  

partially responsible for the symptoms of the infection (Covacci et al., 1993). Upon adherence of 

H. pylori strains the CagA protein is expressed and is injected into the epithelial cells via Type 

IV secretion system (T4SS) that is coded by multiple loci located in pathogenicity-island called 

cagPAI. After the translocation of CagA into host epithelial cells, it will be phosphorylated by 

host gastric epithelial cell kinases and finally it disrupts the host cell signaling pathways 

(Odenbreit et al., 2000). The cagPAI encompass around 30 genes, most of which are required for  

synthesis of the T4SS (Censini et al., 1996). The CagL protein is highly conserved in H. pylori 

and is involved in formation of the end of the pilus in the T4SS. CagL has an arginine- glycine-

aspartate (RGD) motif that binds to the α5β1 integrin which is presents on the surface of host 

cells and facilitate the translocation of CagA into host cells. (Kwok et al., 2007). Furthermore, it 

has been shown that Non-CagPAI proteins are required for CagA translocation process. For 

instance, HopQ an H. pylori outer membrane protein is needed for introduction of CagA into the 

host cells. In addition, HopQ is required for the subsequent intracellular activity of CagA 

(Belogolova et al., 2013).  Phosphorylation is required for CagA activity, this happens at EPIYA 

motifs present on the 145 kDa protein and triggers a robust immune response. In addition, the 

number of EPIYA motifs variey between the H. pylori strains and it has been observed that the 

strains with more number of motifs are more virulent and biologically active (Asahi et al., 2000; 

Higashi et al., 2002).  
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The E-cadherin and β-catenin complex that are commonly present in the adherent junctions of 

epithelial cells. CagA interaction with E-cadherin disrupts the complex irrespective of the CagA 

phosphorylation and results in the deregulation of β-catenin protein and its cytoplasmic 

accumulation this has been observed to induce carcinogenesis (Murata-Kamiya et al., 2007).  

Vacuolating cytotoxin A (VacA) 

 VacA is the second most studied virulence factor in H. pylori and is genetically diverse. vacA 

encodes a primary toxin with a molecular weight of around 140 kDa, while  the post-

transnationally modified VacA toxin is made up of p55 and p33 domains which combine and 

form an oligomeric structure. This protein structure has an anion-selection channel which inserts 

into host  epithelial cells and induces the secretion of organic anions and bicarbonates into the 

host cytoplasm (Szabò et al., 1999). This strategy helps H. pylori to obtain essential metabolic 

exudates for bacterial growth. Moreover, VacA has the ability to infuse the endosomes via 

endocytosis, in which the VacA endocytosed channel permit anions to pass into the late 

endosomes, which results into building up of weak bases. Consequently, it results in water influx 

and formation of large vacuole. (Palframan, Kwok, & Gabriel, 2012; Terebiznik et al., 2006). 

Furthermore, it has been reported that cell treatment by VacA essentially targets mitochondria 

and induces ER stress by section of cytochrome C and initiating apoptosis (Akazawa et al., 

2013). Most H. pylori strains harbor vacA, but exhibits strain specific differences in the signal 

sequence (s1a, s1b, s1c, and s2), intermediate region (i1, i2, and i3) and mid-region (m1, m1T, 

and m2). The genotypes can be categorized in two subtypes according to the combination of 

these three regions; s1/m1 which is most active and abruptly damages the cells in an acute 

manner, in comparison with the s2/m2 which is less virulent (Cover, Tummuru, Cao, Thompson, 

& Blaser, 1994; Ferreira et al., 2012) (Figure1.3).  
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Figure1.3: Structure and functions of H. pylori VacA (Polk & Peek Jr, 2010). 
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Lipopolysaccharide (LPS) 

LPS of H. pylori unlike LPS of the other Gram negative bacteria,  is less toxic, less pyrogenic, 

and less responsive to the innate system of the human host (Muotiala, Helander, Pyhälä, 

Kosunen, & Moran, 1992). The LPS of H. pylori contains O-Lewis antigens (Lewis a, Lewis b, 

Lewis x and Lewis y). Similarly, Lewis antigens are also expressed on the surface of human 

gastric epithelial cells, which enables antigenic mimicry, helping H. pylori to escape the immune 

recognition (Appelmelk, Monteiro, Martin, Moran, & Vandenbroucke-Grauls, 2000). 

Furthermore, these Lewis antigens help bacteria to get more carbon source and exudates by 

inducing inflammation of gastric epithelium. Anti-Lex (Lewis-x) antibodies produced as a result 

of Lewis antigen expression by H. pylori binds to H. pylori as well as to the gastric epithelium 

causing gastric autoimmune responses leading to enhanced inflammation and injury of the 

epithelium (Appelmelk et al., 2000). Lewis antigens of H. pylori have also been shown to 

undergo phase variation and to play a role in attachment of H. pylori to the gastric epithelium, 

thus providing a dynamic adherence nature to the bacteria (Edwards et al., 2000). 

The structure of H. pylori LPS comprises  the same primary structure as present in other Gram-

negative LPS, which comprises of three domains; the variable outer most O-antigens, conserved 

and core oligosaccharide and hydrophobic domain lipid A. O-antigens contributes to 

antigenicity, the lipid A domain communicates with receptors on immune cells that has potent 

endotoxic capabilities and core oligosaccharide that induces permeability in the cells (Yamaoka, 

2008). H. pylori LPS has two specific functions, Lewis antigens that mimic the host antigens and 

facilitate immune evasion (Monteiro, 2001), and the distinctive structure of its lipid A-core, 

which provides protection from the host produced cationic antimicrobial peptides (CAMPs) 

(Cullen et al., 2011).  
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O-antigen biosynthesis in H. pylori occur via a novel Wzk-dependent pathway where short 

individual undecaprenyl pyrophosphate (Und-PP)-linked O-antigen units are built in the 

cytoplasm and transported to the periplasm and then polymerized by only the Wzk flippase 

which is specific to   H. pylori (Hug et al., 2010) (Figure 1.4). 

H. pylori has unusual feature where it constitutively modifies lipid A upon specific 

environmental signals (Stead, Zhao, Raetz, & Trent, 2010).  It is one of the strategies of H. pylori 

which has been evolved to disguise the host immune system, as it leads to low immune 

responses, helping the bacteria to evade the innate immunity and enable long term persistence 

(Atherton & Blaser, 2009). 

H. pylori mutants of lipid A synthesis genes such as lpxE/F have shown a 1020-fold higher 

sensitivity to polymyxin B and different naturally occurring CAMPs, and a 10-fold higher 

induction of TLR4 receptors. Strikingly, the lpxE/F mutants also failed to establish infection in 

the murine stomach, demonstrating the substantial role of a dephosphorylated lipid A domain of 

H. pylori LPS (Cullen et al., 2011). 
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Figure1.4: Synthesis and O-antigen ligation with lipid A-core process in H. pylori (Li et al., 2016). 
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Pathogenesis of H. pylori 

H. pylori infects more than 50% of  world human population and causes histologic gastritis in all 

patients, wherein only 10 to 20% of infected people develops ulcer disease and 1 to 2% will 

likely develop gastric cancer. Moreover, the severity and the incidences of disease inflicted by H. 

pylori is controlled by different host and environmental factors (Ernst & Gold, 2000; Kuipers, 

1999; Kuipers, Thijs, & Festen, 1995) (Figure 1.5).  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 1.5: Schematic graph illustrating the factors that are responsible for gastric pathology and the 

subsequent disease consequences (Kusters, van Vliet, & Kuipers, 2006). 
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Acute gastritis: Acute infection of H. pylori is represented by significant inflammation of the 

distal and proximal stomach mucosa, momentary nonspecific dyspeptic symptoms, nausea, 

vomiting, and stomach fullness. These symptoms were based on reports of patients who either 

accidently or deliberately consumed H. pylori or acquired infections through contaminated food 

or water (K. A. Eaton & Krakowka, 1994; Marshall, Armstrong, McGechie, & Glancy, 1985; 

Sobala et al., 1991). 

Chronic gastritis: Persistent infection of the H. pylori in the human Gut correlates with the 

distribution of gastritis and the level of acid secretion (Figure 1.5). Level of acid secretion has 

counteractive effects on H. pylori. H. pylori in specific infects gastric antrum, in the region 

where low acid-secretory layer of parietal cells exist. Such an infection is determined with an 

antrum-predominant gastric inflammation. In Patients who are acid secretion defective the 

bacteria are uniformly distributed within corpus and antrum together with adjoining contact with 

the gastric mucosa (E. J. Kuipers et al., 1995). The persistent inflammation of the corpus mucosa 

promotes  hypochlorhydria, in parallel with local inflammatory factor responses such as 

interleukin-1(IL-1), which subsequently produces suppressive responses on parietal cell function, 

supported by reports which illustrated that eradication therapy has increased acid secretion in the 

patients (El-Omar et al., 1997; Ruiz, Correa, Fontham, & Ramakrishnan, 1996). Furthermore, the 

patients carrying proinflammatory genotype are at a greater risk of developing chronic gastritis, 

making them susceptible to intestinal metaplasia, atrophic gastritis and further to gastric cancer 

(El-Omar et al., 2000).  
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Peptic ulcer: Peptic ulcer is a mucosal deformity which is represented by a 0.5 cm diameter 

crossing the muscularis mucosa.  

There are two types of ulcers; gastric ulcers and duodenal ulcers. Gastric ulcer mostly occur in 

the  region between corpus and antrum mucosa while the duodenal ulcers arise in the duodenal 

bulb region (van Zanten, Dixon, & Lee, 1999). Gastric ulcers and duodenal ulcers are linked to  

H. pylori infection, wherein it was reported that 95% of duodenal ulcers and 85% of gastric 

ulcers  were culture positive for H. pylori (E. Kuipers, J. Thijs, et al., 1995).  

Progression of atrophic gastritis to IM and gastric cancer 

Chronic H. pylori infection causes atrophic gastritis and develops into intestinal metaplasia (IM) 

in 50% of infected individuals. which is characterized by the damage of gastric glands, 

destruction of the gastric mucosal structure and fibrosis (E. Kuipers, A. Pena, et al., 1995). 

Intestinal metaplasia and loss of gastric gland progresses with time multifocally and increases the 

possibility of gastric cancer development from 5 to 90 folds based on the severity of gastric 

atrophy (Slpponen, Kekki, Haapakoski, Ihamäki, & Siurala, 1985). 

Moreover, development of cancer by H. pylori infection is dependent on host susceptibility and 

bacterial virulence that stimulate chronic inflammatory responses. For instance, the possibility of 

developing gastric cancer increases in patients infected with CagA-positive H. pylori strains 

(Parsonnet, Friedman, Orentreich, & Vogelman, 1997). Similarly, patients with a genetic 

tendency to produce higher IL-1 in response to infections are more prone to develop gastric 

cancers (El-Omar et al., 2000).  
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MALT lymphoma. Almost all MALT diseases develops in response to H. pylori infection as the 

lymphoid tissue is damaged in gastric mucosa. Unusually high titer of monoclonal population of 

B cells occur in gastric mucosa and gradually multiply and progress towards MALT lymphoma 

(Eidt, Stolte, & Fischer, 1994).  

H. pylori infection diagnosis and treatment 

Several diagnostic tests have been established to identify H. pylori infection with variying levels 

of specificity and sensitivity (Table 1.1). There are two types of diagnostic tests for H. pylori; 

invasive tests, that include culture from biopsies, gastric samples for histology and non-invasive 

tests, which includes peripheral specimens, such as stools, blood, urine, saliva, or breathe 

samples for detecting urease activity, bacterial antigens, or detection of antibodies. 

Treatment of H. pylori is mostly the triple therapy regimen which include two antibiotics like 

amoxicillin and clarithromycin  with either a bismuth compound  or a proton pump inhibitor 

(Kusters et al., 2006). 

Table 1.1: Methods of H. pylori diagnosis  

Diagnostic test Sensitivity and specificity rate 

Invasive methods  

Rapid urease (CLO) 

test 

>90% 

Culture biopsy >95% 

Histology  >95% 

Noninvasive 

methods 

 

Fecal antigen test  >90% 

Urea breath test  >95% 

Serology 80-90% 
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H. pylori cholesteryl glucosides 

Cholesterol is the most abundant sterol in the mammalian cells, more than 90% of cholesterol is 

present in the cell membrane. It is one of the vital molecule in eukaryotic physiology, and also 

indispensable for some of the prokaryotes like Mycobacterium tuberculosis (Pandey & Sassetti, 

2008).  Moreover, it has been shown  that cholesterol depletion inhibits the invasion of host cells 

by Chlamydia trachomatis (Stuart, Webley, & Norkin, 2003). 

H. pylori have a unique structures of lipids 

H. pylori has unique constituents of cholesteryl glucosides (CGs); cholesteryl-α-D-

glucopyranoside (αCG), cholesteryl-6-O-tetrade-canoyl-α-D-glucopyranoside (αCAG), and 

cholesteryl-6-O-phosphatidyl-α-D-glucopyranoside (αCPG) which is the unique feature of this 

bacterium (Mahmudul Haque, Hirai, Yokota, & Oguma, 1995; Hirai et al., 1995). Presence of 

CGs are a general characteristic feature for Helicobacter spp. Its percentage varies from species 

to species which ranges from 7%-29% (M. Haque et al., 1996). Interestingly, H. pylori has 

unique lipids like 3-OH 14:0 and 3-OH C19:0 which enables it to survive in the acidic 

environment (Lambert, Patton, Barrett, & Moss, 1987).  

H. pylori do not have genes for cholesterol synthesis but it obtains cholesterol from the 

surrounding environment (Tomb et al., 1997). Ansorg et al., studied the affinity of H. pylori to 

cholesterol from different sources like egg yolk and he observed that rich cholesterol sources 

attract H. pylori (Ansorg, Müller, Von Recklinghausen, & Nalik, 1992). Moreover, H. pylori has 

displayed the ability to sense cholesterol and thrive in high concentration of cholesterol when it 

was grown in hermetic tubes with different concentrations of cholesterol.  
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Also, H. pylori associates with epithelial cell and extracts cholesterol which results in the 

destruction of lipid raft of the cell. Furthermore, cholesterol extraction from host cells will take 

place only in the  presence of cholesteryl-α-glucosyl transferase (CGT) which is encoded by 

hp0421 gene and deletion of this gene results in the  loss of all CGs variants (Lebrun et al., 2006; 

Wunder et al., 2006).   

Crystal structure of CGT protein has been studied and submitted to RCSP PDB protein 

repository with accession number [https://www.rcsb.org/structure/3QHP (3QHP)] (S. J. Lee, 

Lee, & Suh, 2011). The synthesis of CGT takes place in the cytoplasm in an inactive form, 

which is further activated once it gets exported to the beneath of inner membrane.(Hoshino et al., 

2011). 

Role of cholesterol and CGs in pathogenicity of H. pylori 

Several studies have investigated the substantial role of cholesterol glucosylation in H. pylori   

virulence and pathogenicity. CagA is an oncoprotein that is deposited into the cytosol of gastric 

epithelial cells through type IV secretion system (T4SS) and VacA toxin that alters endosome 

maturation and finally results in epithelial cell vacuolation, are the two main virulence 

mechanisms of H. pylori (Roesler, Rabelo-Gonçalves, & Zeitune, 2014). Remarkably, a 

decreased translocation of Phosphorylated CagA via T4SS in cholesterol-depleted AGS cell was 

observed which later reduced humming bird phenotype and decreased the induction of IL-8 

expression (Wang, Cheng, Cheng, Lai, & Wang, 2012). Additionally, depletion of cholesterol 

from AGS cells before infection with H. pylori resulted in attenuated VacA toxin, thereby 

abrogating the vacuolation of AGS cells (Patel et al., 2002).  

https://www.rcsb.org/structure/3QHP
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Moreover, depletion of cholesterol from AGS cells by using Methyl-β-cyclodextrin (MβCD) 

leads to decreased expression of NF-κB and IL-8 which is a consequence of the disruption of α5 

β1 integrin that is present in cholesterol rich microdomains in the outer membrane of the host 

cell surface. α5 β1 integrin is essential for NOD1 recognition of peptidoglycan and consequent 

induction of NF-κB-dependent responses to H. pylori (Hutton et al., 2010).   

Furthermore, H. pylori cultured in the absence of cholesterol showed susceptibility to certain 

antibiotics, bile salts and ceragenins (McGee et al., 2011; Trainor, Horton, Savage, Testerman, & 

McGee, 2011).  

Cholesterol glucosylation and escape of host Immune response by H. pylori 

Another strategy employed by H. pylori for immune evasion is glucosylation of the host 

cholesterol and incorporating it into its membrane in order to disguise the host immune system. 

High amount of cholesterol enhance phagocytosis of H. pylori by antigen-presenting cells 

(APC), like dendritic cells (DC) and macrophages and promote antigen-specific T cell responses. 

Cholesterol glucosylation by H. pylori delays internalization. Free cholesterol facilitates 

phagocytosis of H. pylori by macrophages and H. pylori incubated with cholesterol increases T-

cell response. In vivo, cholesterol mediates T-cell dependent protection in mice fed with high 

cholesterol diet, histological studies showed infiltration for neutrophils and lymphocytes and 

upregulation of interferon-γ regulated genes but when the ratio of cholesteryl glucosides is 

higher than the cholesterol it protects the H. pylori from phagocytosis. Furthermore, hp0421 

mutant were cleared from mice stomach after 48 hours in contrary to the wild and reconstituted 

strains (Morey et al., 2018; Wunder et al., 2006). Usually inhibition of IL-2 by H. pylori is 

mediated by γ-glutamyl transpeptidase GGT and VacA (Gebert, Fischer, Weiss, Hoffmann, & 
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Haas, 2003; Schmees et al., 2007). Beigier, et al., showed that GGT and VacA IL-2 and IL-10 

inhibition is attenuated in H. pylori after coating bacteria with cholesterol. Moreover, IL-4 was 

suppressed in VacA dependent manner and reverted back when bacteria were coated with 

cholesterol (Beigier-Bompadre et al., 2011). H. pylori mediates a direct inhibition of human 

CD41 T-cell proliferation while the immune response in iNKT mutant mice was lower when it 

was infected by wild-type H. pylori compared to hp0421 mutant together with significant 

reduction in the cytokine responses by TH1 and TH2 cells (Ito et al., 2013).  

One of the plausible strategies that H. pylori employs to modulate the autophagy is to arrest the 

phagosome maturation, but surprisingly this strategy have been restricted in hp0421 mutant 

strains (Du et al., 2016; Lai et al., 2018). More recently, Pau Morey et al., reported that 

extraction of cholesterol by H. pylori from epithelial cells inhibits assembly of IFN-γ and other 

cytokines. The hp0421 mutant fails to establish infections in in vivo animal models, which points 

towards the ineffectiveness of T-cell based vaccine against H. pylori (Morey et al., 2018) 

(Figure1.6). 
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Figure 1.6: The cholesterol-dependent abrogation of immune response to H. pylori (Morey et al., 2018). 
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Objectives of the study 

We hypothesize that CGs might play critical role in the maintenance of typical H. pylori 

morphology and permeability of H. pylori cell wall. Furthermore, we attempted to investigate the 

role of cholesterol glucosylation in H. pylori with regard to resistance to antibiotics, 

lipopolysaccharide profile and regulation of Mincle expression.  

In order to address the above questions, the following objectives were framed: 

1. To study the morphology of H. pylori population grown in the absence of cholesterol and 

deletion of hp0421. 

 

2. To determine the role of H. pylori CGs in cell wall permeability, antibiotic resistance, 

LPS profiles and biofilm formation. 

 

3. To analyze the role of H. pylori CGs in Mincle receptor regulation. 
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INTRODUCTION 

Bacteria have diverse morphologies and recent studies made great progress in understanding 

mechanisms that are responsible for distinct morphological features of bacteria and the role of 

the bacterial morphology in virulence and colonization (Young, 2006).  Bacteria are diverse in 

their cell shapes, some exhibit coccoid form and other extend as rods with varying degree of 

helicities and curvatures. On the other hand some bacteria develop unusual shapes like stars that 

is the result of the extensions of prosthecae via polar growth. (Table 2.1). Interestingly, bacterial 

morphology changes in response to the surroundings conditions or during their life phases. The 

current understanding about the mechanisms that are involved in bacterial shape comes from the 

comprehensive studies that focused on model bacteria which represent the most common shapes. 

For example, the most studied vibrioid or curved-rod is (Caulobacter crescentus), coccoid 

(Staphylococcus aureus) and rod (Escherichia coli). More recently, the studies that analyzed the 

infection models of pathogenic bacteria have explored the morphological diversity between 

mutants having altered shapes and exhibited an alteration in their virulence properties and 

colonization abilities (Yang et al., 2016). The above observations suggests that the bacterial cell 

morphology may be involved in the pathogenicity or that the host environment influences on 

selecting morphological distinctiveness.  

Probably, one of the well-known model organism is Caulobacter crescentus. C. crescentus have 

a distinct crescent shape that is controlled by one protein called crescentin which is coded by 

creS. The deletion of creS results in straight-rod cells (Ausmees, Kuhn, & Jacobs-Wagner, 

2003). Furthermore, Persat, et al., have shown that the straight-rod mutant’s surface colonization 

ability have been affected compared to the native curve-rods  (Persat, Stone, & Gitai, 2014). 
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With regard to the curved rod like pathogens such as; Vibrio parahaemolyticus and Vibrio 

cholerae that do not have a gene like creS homolog, demonstrate that there are alternative 

mechanisms that regulate the vibrioid shape. The helical shape of bacteria have arisen during 

evolution of bacteria. For example, the human bacterial pathogens like spirochetes (Borrelia 

spp.) and e.g., Treponema and the proteobacteria such as Campylobacter jejuni and Helicobacter 

spp. Several reports have observed that when helical spirochetes and proteobacteria lose their 

helical cell shape their motility and colonization abilities are greatly affected (Yang et al., 2016). 

For instance, Campylobacter jejuni is one of the helical shaped bacteria and a pathogen that 

cause enteritis in humans. The characteristic helical-shape of C. jejuni is controlled by pgp1 

(peptidoglycan peptidase 1). Moreover, pgp1 mutants exhibited rod-shaped morphology which is 

in contrast to the native helical form of wild-type. Interestingly, the rod-shaped pgp1 mutant 

have shown less colonization ability in chicks by more than three times compare to wild-type 

(Frirdich et al., 2012). Likewise, there are few bacteria which are known to possess glycolipids 

in their cell envelope. These include bacteria in the genera of Helicobacter, Mycoplasma and 

Borrelia. For example, Borrelia burgdorferi, is a spirochetes and one of human pathogens that 

cause Lyme disease. Cholesterol is required for B. burgdorferi to grow as it cannot synthesize 

cholesterol internally and it has developed the ability to acquire sterols from the vicinity 

(Johnson, 1977). Lipid contents were determined in Borrelia by high performance thin layer 

chromatography (HPLC) and eleven types of lipids were identified. Among these, two 

glycolipids contain cholesterol, cholesteryl 6-O-acyl-β-D-galactopyranoside (ACGal) and 

cholesterol-β-D-galactopyranoside (CGal), where cholesterol molecules are linked to galactose. 

The glycolipids comprises about 50–60% of the total lipids of bacterium (Hossain, Wellensiek, 

Geyer, & Lochnit, 2001). 
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  Table 2.1: Morphological variations and the functional consequences in different bacteria (Yang, Blair, 
& Salama, 2016) 
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LaRocca et al., reported that ACGal glycolipids that were gold labeled antibodies were observed 

directly under the transmission electron microscope (TEM) (Timothy J LaRocca et al., 2010). 

Moreover, cholesterol was chelated from B. burgdorferi membrane by methyl-β-cyclodextrin 

(MβCD) and swapped by ergosterol, cholesterol, dihydrocholesterol, and stigmasterol in model 

membrane studies they were shown to be raft-promoting that supported development of 

microdomains identical to the membrane microdomains in B. burgdorferi before sterol exchange. 

Moreover, substitution of sterols with zymosterol, lanosterol, desmosterol and cholesterol 

formate were shown to have a moderate ability to form rafts in model membrane in B. 

burgdorferi, while when it was substituted with androsterol and coprostanol no microdomains 

were detected. Similarly, the spiral morphology of B. burgdorferi varied based on the type of 

sterol that have been substituted after cholesterol depletion by MβCD. When sterol was 

exchanged in B. burgdorferi with strong raft-forming sterols, the cells exhibited smooth surface 

with native planar wave morphology, when it was exchanged with sterols that did not support 

formation of membrane ordered domains it totally lost its planar wave shape, forming a tightly 

curled morphology or straight cells. Interestingly, spirochete sterol when depleted with MβCD 

without sterol replacement formed coiled structures (T. J. LaRocca et al., 2013).Therefore, 

cholesterol containing glycolipids are crucial in maintaining the native spiral morphology of 

bacteria such as B. burgdorferi. 

Morphology of H. pylori 

H. pylori belongs to the Epsilon proteobacteria bacteria class, which almost includes curved and 

helical organisms. H. pylori is a helical shape bacteria and there are studies which have analyzed 

the morphology and identified some determinants that control the native helical morphology of 

H. pylori.  
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Sycuro et al., identified four genes that are required in the maintenance of H. pylori’s native 

helical morphology and they are called cell shape determinants (csds). Three genes (csd1-3) were 

identified as peptidoglycan endopeptidase homologs and the gene which control curved cell 

morphology (ccmA) homolog which is responsible for the straight rod shape in Proteus mirabilis. 

Moreover, deletion of these genes results in variable morphological alterations in H. pylori. For 

instance, deletion of csd1 led to formation of rod shaped cells compared to native helical shape. 

Similarly, csd3 mutants exhibited variable curved rod, ‘c’-shaped cells and loss of helical shape 

(L. K. Sycuro et al., 2010). Furthermore, csd5 a putative scaffolding protein and csd4 which 

codes for DL-carboxypeptidase of peptidoglycan protein were identified. The csd4 and csd5 

mutants showed that the  helical shape was perturbed and resulted in slight changes in length and 

width of cells (Laura K Sycuro et al., 2012). Later it was observed that the Csd4 enzyme is 

involved in generation of H. pylori helical shape, as the glutamine-zinc ligand that split the cell 

wall tripeptides. (Chan et al., 2015).  

H. pylori undergoes morphological changes from spiral to coccoid under different stress 

conditions like variations in temperature, oxygen level and increased culture duration. 

Previously, it has been reported that lipid contents drastically changes during helical to coccoid 

transition in H. pylori where αCAG levels increases while phosphatidyl ethanolamine and αCG 

level decreases. The αCPG scarcely presented in the spiral form in the log phase, but 

subsequently increases during the coccoid conversion in lag phase (Shimomura, Hayashi, 

Yokota, Oguma, & Hirai, 2004). 
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Here in this study, we tried to decipher the morphological changes in H. pylori grown in the 

absence of cholesterol. We also investigated the morphological changes of hp0421 mutants of H. 

pylori strain 26695 [Hp26695 (human strain)] and H. pylori strain 76 [Hp76 (mice strain)] by 

various approaches like confocal microscopy, flow cytometry and quantitative morphology 

analysis by CellTool software package.  
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MATERIAL AND METHODS 

Bacterial strains and cholesterol loading 

Human adapted strain  Hp26695 and its mutant Hp26695∆0421 were grown on GC agar medium 

(Difco) enriched with 10% decomplemented horse serum, and contained nystatin and 2.5 µg/ml, 

vancomycin 1 µg/ml, trimethoprim, 10 µg/ml and 1X of vitamin mixture (Table 2.2) as 

described previously (Tenguria et al., 2014). For resistance selection an aliquot of 4 µg/ml 

kanamycin was added as marker for Hp26695∆0421. Mice adapted strain Hp76, its mutant 

Hp76∆0421 and reconstituted Hp76∆0421 were a gift from Thomas F Meyer, Max Planck 

Institute for Infection Biology, Germany. Hp76 strains were maintained as described previously 

(Wunder et al., 2006) and explained in (Table 2.3). Antibiotics were excluded in experiments 

such as antibiotic resistance determination and aztreonam filamentation assay. Further, Hp26695 

were grown in absence of cholesterol and the procedures were modified from earlier described 

method(s) (Testerman, McGee, & Mobley, 2001). Briefly, Hp26695 wild-type were grown on 

(chemically defined medium) Ham’s F-12 (Gibco) enriched with 1 mg/ml BSA with or without 1 

mM of water-soluble cholesterol (250 µM cholesterol with 4 mM MβCD) (Sigma). For agar 

plates, Ham’s F-12 medium was prepared (2x) and mixed with 30 g per liter agar at 1:1 ratio. To 

visualize the cell elongation, 2 µg/ml of aztreonam antibiotic was added to media. All the strains 

were incubated at humidified microaerophilic conditions at 5% O2 and 5% CO2. 
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Glycerol stocks of H. pylori 

 H. pylori culture with 109 CFU cells were collected from GC plates and suspended in 3 ml Brain 

heart infusion (BHI) broth supplimented with 10%decomplemented horse serum and 20% 

glycerol . It was then aliquoted in 50 µl voulmes in screw cap cryotubes each labeled and 

preserved in -80 (Oskouei, Bekmen, Ellidokuz, & Yilmaz, 2010). 

Table 2.2: Vitamin Mixture Composition [Light sensitive] 

Ser. 

No. 

component Final 

concentration 

Made  Cat. No. 

1 L-glutamine 0.68mM Sigma G8540 

2 Cysteine Chloride 1.48mM Sigma C6852 

3 Iron(III) nitrate  0.5µM Sigma 216828 

4 Thiamine Chloride 0.088µM Sigma T1270 

5 NAD (Nicotinamide Adenine 

dinucleotide)  

3.76µM Sigma N3014 

6 Vitamin B12  0.073µM Sigma V6629 

7 Adenine 27.1µM Sigma A8626 

8 Uracil 44.6µM Sigma U0750 

9 L- Argine Monohydrate 7.12µM Sigma A6969 

 

Prepared as 500X, dissolved in autoclaved double distilled water and filtered by Millix-GV syringe 

filter 0.22 µm and the aliquots were stored at -20c. 
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 Table 2.3: Hp76 Strains growth media and selective markers 

 

Generation of Hp26695∆421 

Construct design 

The gene hp0421 (GeneID 900074) which code for cholesterol α-glucosyl transferase in H. 

pylori has a size of around 1.17 kb. Knockout in Hp26695 was generated by homologous 

recombination as described previously (Lebrun et al., 2006).  Two pairs of primers 

corresponding to a PCR product surrounding the hp0421 upstream (PCR1) which flanked 400bp 

region and downstream (PCR2) which span 500bp were designed (Figure 2.1A).  

Strain  Media  Supplementation Antibiotics µg/ml 

Helicobacter pylori P76 

(Hp76) 

GC base agar 

4 g/100ml 

(BD) 

10% of decomplemented 

Horse Serum (Gibco) and 

1x Vitamin mixture (Table 

2.2). 

Vancomycin 10, Nystatin 1, 

Trimethoprim 5, and 

Streptomycin 200. 

Helicobacter Pylori 

P76∆421 

(Hp76∆421) 

 GC base agar 

4 g/100ml 

(BD) 

10% of decomplemented 

Horse Serum (Gibco) and 

1x Vitamin mixture (Table 

2.2). 

Vancomycin 10, Nystatin 1, 

Trimethoprim 5, 

Streptomycin 400, and 

Chloramphenicol 4.  

Helicobacter pylori 

P76∆421-reconstituted  

(Hp76∆421-

reconstituted) 

GC base agar 

4 g/100ml 

(BD) 

10% of decomplemented 

Horse Serum (Gibco) and 

1x Vitamin mixture (Table 

2.2). 

Vancomycin 10, Nystatin 1, 

Trimethoprim 5, 

Streptomycin 400, 

Chloramphenicol 4, and 

Kanamycin 8. 
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In addition the internal primers (PCR1 reverse and PCR2 forward) carry the corresponding target 

sequence of XhoI and NcoI hp0421-US-F 5’ GTGGATTATGACTCTTTAGAGACTTG 3’ 

hp0421-US-F 5’ GTGGATTATGACTCTTTAGAGACTTG 3’, hp0421-US-R 5’ 

GTGCCATGGCTCGAGTTAACTACTCTTCTTTAAAATTGAAT 3’, hp0421-DS-F 5’ 

GTGCCATGGCTCGAGTGAAAGGATAAAAAATGCAAGAA 3’, hp0421-DS-R 5’ 

CCAATTTTAGGGCAGGCTAAAAAC 3’, kanR-F 

5’GATCCATGGCTCGAGTTTTCTACGGGGTCTGACG 3’ and kanR-R  5’ 

GTGCCATGGCTCGAGCTTAGAAAAACTCATCGAGCATCAAATGA 3’. All steps of 

construct designing were performed using Cloning Manger software (Figure 2.1B). 

Construct amplification 

Annealing temperature of the primer was standardized by gradient PCR from 46ºC to 62ºC 

(Figure 2.2A). Amplification of upstream, downstream and kanamycin resistant cassette by using 

Q5 High-Fidelity DNA polymerase (NEB) was performed. The reaction mixture and 

thermocycling conditions are mentioned in. 3 µl of PCR products were resolved on 1.5% agarose 

gel and the DNA concentration were measured by nanodrop spectrophotometry. The amplified 

products were stored at -20. 

PCR1 and PCR2 restriction digestion 

PCR1 and PCR2 products were subjected to digestion by XhoI in order to ligate the two 

fragments and generate PCR3 fragment. The restriction digestion mixture was prepared as 

mentioned in (Table 1.4). The mixture was mixed gently and spun for seconds and incubated for 

2 hours at 37°C. Then XhoI was heat inactivated for 20 minutes at 65°C. 
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pTZ57R/T  pTZ57R/T  

Figure 2.1: (A) genome map represent the position of hp0421 in H. pylori strain 26695 

(B) Virtual clone of hp0421 knockout construct designed by Cloning Manager software 

http://www.scied.com/pr_cmpro.htm. 

B 

http://www.scied.com/pr_cmpro.htm
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Table 2.4: Restriction digestion reaction mixture  

 

 

 

 

 

Cleaning-up the digested products from the enzymatic and salt contaminants using gel 

extraction columns (QIAGEN, 28706) 

The digested fragments were resolved on agarose gel and the respective bands of PCR1 and 

PCR2 were excised under UV transilluminator.  QG buffer (3:1 v/wt) were added to the excised 

gel of PCR1 and PCR2, and 1 volume of Isopropanol was mixed properly and then transferred 

into the elution QIAquick spin column. Spin column centrifuged for 1 min at 10000 rpm to bind 

DNA. Then, 0.75 ml of buffer PE was added to the column, left for 3 min. To elute DNA, 50 µl 

of H2O was added to the middle of the column membrane followed by centrifugation at 

maximum speed for 1 min.  

Ligation of PCR1 & PCR2 by T4 ligase and generation of PCR3 

The PCR1 and PCR2 ligation mixture were mixed in order to generate PCR3 using T4 ligase. 

The ligation mixture was kept at 25ºC for 1 hour followed by 65º C for 10 min. the ligated PCR3 

was amplified using hp0421-US-F 5’ GTGGATTATGACTCTTTAGAGACTTG 3’, hp0421-

DS-R 5’ CCAATTTTAGGGCAGGCTAAAAAC 3’ primers and Q5 High-Fidelity DNA 

polymerase. 

Components  Volume in µl 

Nuclease free-water 18 

10X buffer R 2 

Template  10   (0.5 µg) 

XhoI 10U/µl 2 
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 The amplified products were loaded on 1.2% agarose gel (Figure 2.2B). To confirm the PCR3 

fragment ligation and amplification PCR3 fragment was digested by XhoI as mentioned above 

and loaded on 1.5% agarose gel (Figure 2.2C). PCR3 products were loaded on 1% agarose gel, 

the corresponding band was excised and purified as mentioned previously using QIAquick spin 

column. In order to clone PCR3 into pTZ57R/T vector, purified PCR3 products were subjected 

for 3’ A-tailing. 

TA cloning of PCR3 in pTZ57R/T vector 

The PCR3 products were ligated into pTZ57R/T vector at 1:3 (vector:insert) ratio using 

InsTAclone PCR Cloning Kit (Thermo Scientific). The mixture was incubated for overnight at 

16ºC followed by T4 ligase inactivation at 65ºC for 10 minutes.  E. coli DH5α ultracomptent 

cells were thawed in ice and mixed with 2.5 µl of ligation mixture and kept in ice for 30 min. 

The transformation mixture was kept at 42ºC for 90 sec then immediately transformed into ice 

for 1 minutes. 0.5 ml of Luria-Bertani (LB) broth was added to the transformed cells and 

incubated at 37ºC for I hour. Transformed cells were pelleted down at 6000 rpm for 5 min, 

mixed with 100µl of LB broth and plated on LB agar medium containing 100 µg/ml of 

ampicillin.  

Plasmid purification by alkaline lysis using QIAGENE kit and insert confirmation 

The overnight cultures of transformed bacterial cells were pelleted down at 10000 rpm for 3 min, 

pellet was resuspended in 250 µl of P1 solution containing RNaseA 20 µg/ml and incubated for 

20 minutes. 250 µl of P2 solution were added and mixed gently until the solution became clear 

and incubated for 5 min.  
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350 µl of P3 solution were added, mixed gently by turn upside down the tubes 5 times, equal 

amounts of Isopropanol were added and incubated in -80ºC for 30 minutes. The mixture was 

pelleted down for 12 minutes at 13000 rpm and the pellet removed. Followed by adding 1 ml of 

70% ethanol to the supernatant and centrifuged at 13000 rpm. The pellet was left upside down on 

the bench till it dried from the ethanol and resuspend in 50 µl of desalted water. The plasmid 

were resolved on agarose gel. The plasmid was double digested using XhoI and BamHI and 

fragment size was checked on agarose gel. The E. coli that carried PCR3 insert were expanded 

and plasmids were purified as mentioned above. The plasmid concentration was quantified by 

nanodrop®. 

Insertion of kanR cassette into pTZ57R/T-PCR3 plasmid 

The purified plasmid carrying PCR3 was digested by XhoI followed by treatment with FastAP to 

remove phosphate group and inhibit self-ligation of the plasmid by adding 1 µl of FastAP and 

incubated for 10 min at 37ºC followed by inactivation for 5 min at 75ºC. The amplified kanR 

cassette was digested by XhoI and cleaned-up using QIAquick spin column as mentioned above. 

Then, kanR cassette was ligated to the pTZ57R/T-PCR3 plasmid and transformed into E. coli 

DH5α as mentioned above. The transformed bacterial cells were incubated overnight on LB agar 

containing 4 µg/ml kanamycin then 5 colonies were selected for plasmid isolation. To check the 

orientation of kanamycin resistance cassette the construct was double digested at one internal site 

and one external site as mentioned in (Table 2.5) and incubated at 37ºC for 2 hours. The 

digestion mixtures were resolved on 2% agarose gel and visualized under UV illuminator.  

 

 



Chapter 2: Objective 1 

50 
 

 

 

Table 2.5: pTZ57R/T-PCR3 double-digestion reaction mixture 

Components  Volume in µl 

Nuclease free-water 18 

2X Tango Buffer 4 

Template  10   (0.5 µg) 

XhoI 10U/µl 2 

BamHI 2 

 

Natural transformation of pTZ57R/T-PCR3 into H. pylori 

H. pylori were cultured on three plates of GC medium and collected into 3 ml of BHI broth. H. 

pylori cell paste was mixed with 3 µg/ml of pTZ57R/T-PCR3 plasmid and 200 µl of mixture was 

aliquoted into 24 well plates and incubated in microaerophilic condition for 3 hours. The 

transformation paste were grown on GC agar medium containing 4 µg/ml kanamycin for 3 days. 

Few colony were selected and checked for the absence of the plasmid (sensitivity to Amp) and 

for the presence of the resistance cassette inserted in the genome. Also, we performed a PCR 

with one primer internal to the cassette and one on the genome of H. pylori to ensure that the 

recombination took place in the correct locus.  

Analysis of H. pylori cell morphology by flow cytometry (FC) 

Flow cytometry is an efficient technique to analyze H. pylori whole population and the method 

we followed was modified from (L. K. Sycuro et al., 2013).  
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Figure2.2: hp0421 knockout generation in H. pylori strain 26695; 1.5% agarose gel shows, (A)  The 

amplified PCR1, PCR2 and KanR fragments at different annealing temperature (B) PCR3 amplified 

fragment after ligation, (C) PCR3 digestion by XhoI and (D) Complete construct amplified from wild-

type and hp0421 mutant. 
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For cholesterol absence based selection, Hp26695 strain was grown on chemically defined 

medium. For hp0421 mutants, Hp26695strains and Hp76 strains were all grown for 48-72 hours 

on GC agar (BD Biosciences). The bacterial cells were resuspended in 1 ml of filtered PBS 

through Millix-GV syringe filter 0.22 µm. The bacterial suspension was adjusted to 0.4 O.D550 

and acquired by flow cytometry. 

H. pylori morphological analysis upon deletion of hp0421 

H. pylori were grown on GC agar for 48 hours, washed by PBS (pH 7.0) with 10% glycerol 

thrice and the cells were adjusted to O.D550 of 0.2. Cells were mounted on glass slides and cell 

population were captured using confocal microscope by employing transmitted light mode (Carl 

Zeiss Model: LSM 880). The image optimization was carried out in Adobe Photoshop 7 (Figure 

2.2A). The quantitative analysis of processed images to measure the x-size, y-size and aspect 

ratio of H. pylori cells were done individually by CellTool software package as described 

previously (Pincus & Theriot, 2007; L. K. Sycuro et al., 2010). Briefly, the shape of each cell as 

image contours and smoothed using CellTool software package (Figure 2.2B). The individual 

contours were aligned in one plot and we plotted shape modes based on the variance from the 

standard deviations from mean in each shape mode and percentage of variance in each mode was 

calculated (Figure 2.2C). After that, all shape models were plotted in the normalized position 

based on standard deviations from the mean of curvature, width and length of cells (Figure 

2.2D). Subsequently, one model was plotted which represents all populations (Figure 2.2E). 

Based on the mean model of cell population the shape of Hp26695 wild-type, Hp26695∆421, 

Hp76 wild-type, Hp76∆421 and Hp76∆421-reconstituted were analyzed and the individual cell’s 

x-size, y-size and aspect ratio was quantified to display the variation in morphology between 

strains. 
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Analysis of H. pylori Cell wall fluidity by flow cytometry 

To determine the fluorescence intensity of ethidium bromide (EtBr) in-fluxed into the bacterial 

cells flow cytometry was employed. The staining and measurement procedures for EtBr influx 

were modified from previous study (Paixão et al., 2009). 

 Briefly, for cholesterol absence based selection, Hp26695 strain was grown on chemically 

defined medium. For hp0421 mutants, Hp26695 strains and Hp76 strains were all grown for 48-

72 hours on GC agar (BD Biosciences). Bacterial cells were collected and washed thrice with 

PBS at pH 7.4 (Gibco). A total of 106 cells were resuspended in 1 ml PBS or in 1 ml PBS 

containing 5 µg of EtBr filtered by Millix-GV syringe filter 0.22 µm (Merck-Millipore). All the 

tubes were incubated at 37° C with gentle mixing inside a hybridization rotor for 5 to 30 min 

followed by FC analysis on a BD FACS Canto II system (BD Biosciences).  

Measurement of EtBr fluorescence intensity was performed by flow cytometry with excitation 

wavelength set at 488 nm and the fluorescence emission at 585 nm. The data were analyzed by 

using FlowJo LLC software. 

Quantitative-PCR and gene expression analysis 

The method for qRT-PCR analysis was described previously (Doddam, Peddireddy, & Ahmed, 

2017). Briefly, using TriZOL, (Invitrogen) RNA was isolated from 108 cells of H. pylori strains. 

Subsequently, 3µg of RNA was converted to cDNA using random hexamers and SuperScript-III 

(Invitrogen) according to the manufacturer’s instructions. 
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Figure 2.2: Steps followed for morphological quantitative analysis of H. pylori strains by CellTool 

software; (A) confocal image of H. pylori cells were executed by Adobe Photoshop 7, (B) The 

individual cell contours were aligned (C) Shape models were plotted based on the variance from mean, 

(D) Plot represent the normalized positions for all individual cells (E) Plot represent the mean model of 

the cell population. 
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For qRT-PCR, 40 ng of the first transcribed DNA strand was amplified by using SYBR® Fast 

qPCR Mix (Takara, Japan) with primers targeting cds3-F 5’ CTAAACATGGCAGCTTGATCC 

3’ cds3-R 5’ AATGGATTTCAACCACCTTCC 3’, cds1-F 5’ 

GGATGAATTTTTAGACGATTTGC 3’ cds1-R 5’ CCCTCTTCTTTTTCTTCTTCAGG 3’, 

wzx-F 5’ AAACTCAAAGACAACCACGAAG 3’ wzx-R 5’ CGACCGCTAAAATCAACAAG 

3’, wecA-F 5’ ATGGTGCTTGGGTTTATGGTG 3’ wecA-R 5’ 

GGCTTTCTGGCGTTTTATTTTG 3’ genes and 16S rRNA-F 5’ 

GGTAAAATCCGTAGAGATCAAGAG 3’, 16S rRNA-R 5’ 

ACAACTAGCATCCATCGTTTAGG 3’  as an internal control. For luxS, H. pylori strains were 

grown for 2 days in 2 ml of Brucella broth and RNA was isolated from planktonic and sessile 

bacterial cells and targeted with  primers luxS-F 5’ TTTGATTGTCAAATACGATGTGC 3’ 

luxS-R 5’  TGTGAGATAAAATCCCGTTTGG 3’.  

Treatment of H. pylori cells with filamenting drug aztreonam  

To induce bacterial cell elongation, 2 µg/ml of aztreonam antibiotic was added to Brucella agar 

medium and incubated at humidified microaerophilic conditions at 5% O2 and 5% CO2. H. pylori 

48 hour culture was washed thrice by PBS (pH 7.0) containing 10% glycerol and the cells were 

adjusted to OD550 0.2. Cells were mounted on glass slides and imaged by confocal microscopy by 

employing transmitted light mode (Carl Zeiss Model: LSM 880).  

 

 

 

 

https://takara.co.kr/file/manual/pdf/RR430S_RR430A_e.v1601Da.pdf
https://takara.co.kr/file/manual/pdf/RR430S_RR430A_e.v1601Da.pdf
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RESULTS 

Loss of CGs alter the morphology of H. pylori 

To decipher the role of CGs on H. pylori morphology, the wild-type (Hp76), knock out 

(Hp76∆421) and Hp76∆421 reconstituted strains morphologies were captured under confocal 

microscope by employing transmitted light mode. Hp76∆421 indeed exhibited morphological 

deformities wherein most cells displayed coiled ‘c’-shape as a dominant morphology along with 

coccoid and rod-shaped bacteria (Figure 2.3A), whereas Hp76 strain exhibited the native helical 

shape (Figure 2.3B). Interestingly, the reconstitution of Hp76∆421 strain resulted in the recovery 

of the cell morphology (Figure 2.3C). To study the morphology of Hp26695 strain in absence of 

cholesterol, Hp26695 wild-type were grown either in the presence or absence of cholesterol. The 

confocal images revealed remarkable variation in morphology of Hp26695 cells that were grown 

in absence of cholesterol (Figure 2.4A). The altered shapes that were observed included ‘c’ 

shape, rod and coccoid forms in contrast to the bacteria grown in the presence of cholesterol 

which exhibited normal helical shape (Figure 2.4B). 

Furthermore, we performed quantitative morphological analysis of confocal microscopy images 

of wild-type (Hp76), knockout (Hp76∆421) and Hp76∆421-reconstituted strains using CellTool 

software package. It was revealed that the distribution of cell populations of Hp76∆421 

according to the x-size and y-size of cell population was bimodal and notably the size of cells 

varied as a result of variable cell shapes, whereas the Hp76 population distribution was narrower, 

due to the consistency of cell shapes (Figure 2.3D).  

 



Chapter 2: Objective 1 

57 
 

Moreover, the aspect ratio which represents the width/length ratio of individual cell presented 

significantly uneven distribution of Hp76∆421 cell population due to inconsistencies and 

distortion in the shape of Hp76∆421 cells, mainly because of ‘c’ shaped cells compared to the 

wild-type cells which demonstrated native distribution for the aspect ratio (Figure 2.3E). 

Moreover, the morphology quantitative analysis of Hp76∆421 reconstituted strain shown that 

cells restored the wild-type like morphology and cell population distribution based on aspect 

ratio, x-size and y-size was comparable to the wild-type strain. To ensure that the morphological 

alteration was not strain specific. Similar morphological quantitative analysis was performed on 

Hp26695 strains. Morphology analysis of Hp26695, Hp26695∆421 was in concordance with the 

results obtained in case of Hp76 strains (Figure 2.4C & D). 

In order to manifest the morphological changes of Hp76, Hp76∆421and Hp76∆421 reconstituted 

strains, they were grown in the presence of aztreonam, an antibiotic that induces pronounced 

filamentation in H. pylori by inhibiting septal peptidoglycan synthesis. Under these conditions, 

the Hp76∆421 exhibited morphological changes such as loss of curvatures and stunted 

filamentation (Figure 2.3F) compared to wild-type cells which exhibited typical curvatures and 

elongated filaments (Figure 2.3G). Remarkably, Hp76∆421 reconstituted strain restored the 

curvature and wild-type-like morphologies (Figure 2.3H).  

Moreover, to confirm that the deletion of hp0421 did not interfere with csd1 and csd3 

expression, the genes that are responsible for the native curvature and length of H. pylori, we 

analyzed their relative mRNA expression using qRT-PCR of H. pylori wild-type and hp0421 

mutant strains. According to our observation there was no significant influence on the csd1 and 

csd3 mRNA expression levels   due to the deletion of hp0421gene (Figure 2.4E & F).  
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Overall, we observed adverse morphological changes of H. pylori upon deletion of hp0421 or by 

cholesterol depletion in growth media which indicates that the lack of CGs remarkably impairs 

the morphology of H. pylori.  

The morphological changes following CG’s absence are attributed to a ‘c’ shaped bacterial 

population 

The flow cytometry analysis appears to be an efficient and rapid technique to detect the cell 

shape of H. pylori at population level (L. K. Sycuro et al., 2013). As H. pylori is dependent on 

exogenous cholesterol for synthesis of CGs the strain Hp26695 was grown under microaerophilic 

conditions with and without cholesterol to analyze the morphological changes by FC. Forward 

scatter (FSC) usually represent the cell size while side scatter (SSC) roughly correlates with cell 

complexity, granularity and the absorbance of cell wall. We observed that Hp26695 strain 

cultured in the absence of cholesterol exhibited much higher FSC that corresponded with the 

increased bulk width of the bacterial cell, represented by ‘c’-shaped cells compared to the cells 

cultured in presence of cholesterol. 

Moreover, Hp26695 grown in the absence of cholesterol displayed slightly higher side scatter 

(SSC) value, which indicates that cells presented higher granularity or complexity (Figure 2.5A). 

Notably, Hp26695 strain grown for 72 hours in the absence of cholesterol also displayed 

remarkably higher FSC and SSC values compared to those grown up to only 48 hours (Figure 

2.5B). Furthermore, the mean values of FSC and SSC in both conditions were higher in H. pylori 

grown in the absence of cholesterol. To analyze the morphology of hp0421 mutant, the Hp26695 

and Hp26695∆421 cell populations were acquired by flow cytometry. The strain Hp26695∆421 

displayed higher FSC and SSC values in both 48 hours and 72 hour culture populations, in 

comparison to the wild-type strain (Figure 2.5C & D). 
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Figure 2.3: Deletion of hp0421 gene perturbs H. pylori cell morphology; confocal microscopy profiles 

depicting morphological patterns of (A) Hp76∆421, (B) Hp76 and (C) Hp76∆421-reconstituted strain. 

(D) Scatter plots arraying Hp76, Hp76∆421 and Hp76∆421-reconstituted cells based on x-size and y-size 

analyses performed using CellTool software. (E)  CellTool analysis output based on plots representing 

the distribution of Hp76, Hp76∆421 and Hp76∆421-reconstituted cell populations according to the 

‘aspect ratio’. Confocal microscopy images for (F) Hp76∆421, (G) Hp76, and (H) Hp76∆421-

reconstituted cells when treated with filamenting drug aztreonam. 
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Figure 2.4: Morphology of H. pylori entailing the absence of cholesterol in culture and upon deletion of hp0421; 

confocal microscopy images depicting H. pylori cultured in absence (A) and presence of cholesterol (B). Shown 

in (C) are the scatter plots arraying Hp26695 and Hp26695∆421 cell populations by x-size and y-size as analyzed 

by CellTool. Graphical profiles (D) representative of the distribution of Hp26695 and Hp26695∆421 cell 

populations according to the aspect ratio and as analyzed by CellTool are shown. RNA isolated from and the 

relative mRNA expression analyses of Hp26695 and Hp76 strains log phase culture as quantified by qRT-PCR 

entailing gene loci  csd1 and csd3 are shown in panels E and F. (ns denotes non-significant differences at p ≥ 

0.05). 
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Furthermore, the cell population morphology analysis for mice-adapted strain, Hp76 strains were 

subjected for analysis by flow cytometry. As expected the Hp76∆421 exhibited higher FSC and 

SSC mean compare to Hp76 which is in accordance with the observation recorded for Hp26695 

and Hp26695∆421 strains. Interestingly, the mean values of FSC and SSC in Hp76∆421 

reconstituted cell population was similar to the results from Hp76 cell population which indicates 

that Hp76∆421 reconstituted strain cells have restored the native morphology and cell wall 

integrity (Figure 2.6A and B). Taken together, these observations suggest that the alterations in 

morphology of Hp26695∆421 and Hp76∆421 or of wild-type strains cultured in the absence of 

cholesterol are due to the presence of ‘c’ shaped cell population which is also evident by the 

higher FCS values. Moreover, H. pylori that lack CGs displayed alteration in cell wall integrity 

and cell granularity which correlates with higher SSC values observed.   
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Figure 2.5: Flow cytometry analysis of H. pylori cell populations based on their shape; Representative contour 

plots of H. pylori populations depicted based on flow cytometry analyses. SSC on the y-axis  and FSC as plotted 

on the x-axis are presented with mean and median. (A) Hp26695 grown with or without  cholesterol for 48 hours 

and (B) 72 hours. Similarly depicted are (un-supplemented) Hp26695 and Hp26695∆421 (C) grown for 48 hours 

and (D) grown for 72 hours. 

 



Chapter 2: Objective 1 

63 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Morphology of Hp76 strains presented by flow cytometry. Representative contour plots of H. pylori 

populations when analyzed by flow cytometry; FSC and SSC are shown on the x-axis and y-axes, respectively, 

with mean.  Hp76∆421 displayed high FSC and SSC compared to the Hp76 and Hp76∆421-reconstituted strains 

grown for 48 (A) and for 72 hour (B). 
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DISCUSSION 

H. pylori belongs to the Epsilon proteobacteria which display helical-shape as a default 

morphology. In this work, we analyzed the possible role of CGs in the maintenance of native 

helical-shape of H. pylori. CGs are one of the unique characters of H. pylori that are present 

adequately in H. pylori membrane (Hirai et al., 1995). Presence of membrane lipids is suggested  

to be an important component that  maintains eukaryotic cell structures and morphology (Frolov, 

Shnyrova, & Zimmerberg, 2011). Lipid presence in prokaryotes membrane is uncommon feature 

and only few organisms possess lipids in their cell envelop such as Helicobacter pylori, 

Mycoplasma spp. and Borrelia burgdorferi (Bramkamp & Lopez, 2015). Given this, we 

observed that the presence of CGs is essential factor in maintenance of the native helical 

morphology of H. pylori, irrespective of the strain type and growth duration. Whereas, lack of 

CGs remarkably distorted the shape of H. pylori cells to variable shape and size, with coiled and 

‘c’-shaped cells being the dominant. A previous studies by Sycuro et al., observed similar 

morphological alterations like ‘c’ shaped and rod shaped cells upon deletion of csds genes, such 

as peptidoglycan endopeptidase genes csd1 and csd3 in H. pylori  (L. K. Sycuro et al., 2010). 

However, we found that there was no effect on the gene expression levels of csd1 and csd3 upon 

deletion of the hp0421. Moreover, CGs are one of the main constituents of H. pylori cell wall 

which comprise around 25% of the total cell wall lipids (Haque et al., 1996). Given this, our 

results strongly suggests that depletion of CGs leads to alteration of lipid raft components of the 

H. pylori cell wall which disrupts its integrity. Since lipid rafts are required in maintaining the 

architecture of cell wall and order of cell wall domains, absence of the CGs may be linked to 

change in the normal helical shape of H. pylori.   
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In fact, in a study on Borrelia burgdorferi when cell wall cholesterol was depleted by MβCD 

without substitution by other sterols, as a result Borrelia burgdorferi was converted into coiled 

spirochetes (T. J. LaRocca et al., 2013). These data support the previous observations which 

demonstrated that the GCs contents were altered when H. pylori morphology undergoes 

transformation from helical to coccoid form (Shimomura et al., 2004). Our results are in line 

with this observation which supports that the lack of sterols alters the morphology of H. pylori. 

Moreover, the morphology analysis of suggests that the lack of CGs remarkably altered the size 

and curvature of H. pylori cells; these results  point at the possibility that CGs are part of lipid 

rafts in the cell wall and they play a substantial role in maintaining the typical helical shape and 

size of H. pylori cells. It should be considered that the helical shape of H. pylori is a key strategy 

in the process of invasion of gastric niches. This is of particular significance given the reports 

that the colonization rates in mice stomach by the helical rod-shaped H. pylori were higher 

compared to csd1 and csd3 mutants that were curved and rod-shaped (L. K. Sycuro et al., 2010). 

Similarly, Wunder et al., reported that hp0421 mutant(s) failed to colonize C57BL/6 mice and 

were cleared from the gastric tissue (Wunder et al., 2006).  These results demonstrate that the 

changes morphology in H. pylori, due to the absence of CGs negatively influence the 

colonization potential of H. pylori. We speculate that this could be a result of direct or indirect 

interaction between the CGs and the peptidoglycans that altered the order of cell wall domains. 
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INTRODUCTION 

Cell-envelope is the shield that protect the bacterial cell and the first region of contact between 

pathogens and host. The organization of H. pylori cell envelope is identical to the other gram-

negative bacteria. In vitro studies have revealed that H. pylori cell-envelop in general is negatively 

charged and it has a hydrophilic surface character (Smith, Drumm, Neumann, Policova, & 

Sherman, 1990).  Separation of outer and inner membranes of H. pylori  has been reported  to be 

difficult as they are very connected (Doig & O’Toole, 1997). Furthermore, unlike Escherichia coli 

H. pylori (1-6)-anhydro-N-acetylmuramic acid and having peptidoglycan  composed of  a 

muropeptides with pentapeptide side chain ending with glycine (Costa et al., 1999). Similar to 

other bacteria the peptidoglycan synthesized in the cytoplasm followed by integration into the 

membrane by the penicillin-binding proteins (PBPs) (Krishnamurthy et al., 1999). Several genes 

that involve in synthesis of H. pylori peptidoglycan have been identified as cell shape determinants 

csds (explained in details in chapter 2). 

Remarkably, H. pylori has a characteristic composition of lipids and fatty acids which is the major 

feature that excludes H. pylori from the genus Campylobacter (GOODWIN et al., 1989). The gas-

liquid chromatography (GC) analysis of four strains of H. pylori fatty acid compositions resulted 

in identification of several fatty acids like palmitic acid, myristic acid, linoleic acid, and stearic. 

The most membrane abundant  fatty acids was myristic acid (31 to 45%), followed by19-carbon 

cyclopropane (20 to 24%) (Geis, Leying, Suerbaum, & Opferkuch, 1990). 

H. pylori has most abundantly (lipid by weight) phospholipids 73.4%, then 20.6% glycolipids, and 

is 6% neutral lipids. The main phosphides are cardiolipin, phosphatidylethanolamine, and 

phosphatidylglycerol.  CGs are uncommon in bacteria and animals, but they have been identified 

in 13 out of 15 Helicobacter species studied (Haque et al., 1996).  
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It has been observed that the mechanisms disturbing the properties of the bacterial outer membrane 

lipid bilayer itself will have an influence on the Gram-negative bacteria sensitivity to certain types 

of antibiotics. Like-wise, perturbing the bacterial LPS pattern such as targeting LPS synthesizing 

enzymes have rendered the bacterial sensitivity to certain hydrophilic and hydrophobic antibiotics, 

leading to the possibility of combinatorial drug therapy (Delcour, 2009).  Several studies have 

determined the effects of permeabilizers on bacteria resistance to antibiotics. For instance, Sung 

W. J. et al., have investigated the effect of liposomal linolenic acid (LipoLLA) nanoparticles, 

which is a permeabilizing and effective bactericidal agents, against H. pylori. They observed that 

LipoLLA permeabilizes H. pylori membranes, and actively work in a dose-dependent manner 

(Jung, Thamphiwatana, Zhang, & Obonyo, 2015). Interestingly, Hildebrandt et al., observed that 

Hp26695 cultured in the absence of cholesterol develops an aberrant LPS which are determined 

by dephosphorylation of lipid A at the 1-position compare to the one grown in presence of 

cholesterol. H. pylori LPS usually presents Lewis Y and/or X antigens. The quantification of Lewis 

Y and Lewis X antigens by whole-cell ELISA shown that the expression of these genes markedly 

increased when 26695, SS1, or G27 strains were grown in cholesterol containing media 

(Hildebrandt & McGee, 2009). Furthermore,  H. pylori cultivated in the absence of cholesterol 

showed susceptibility to certain antibiotics, bile salts and ceragenins (McGee et al., 2011; Trainor, 

Horton, Savage, Testerman, & McGee, 2011).  
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MATERIAL AND METHODS 

H. pylori cell wall fluidity analysis by flow cytometry 

For cholesterol based selection, Hp26695 strain was grown on chemically defined medium Ham’s-

F12 as explained in the previous chapter. The strains Hp26695 wild-type, Hp26695∆0421, Hp76 

strains were grown for 48-72 hours on Brucella agar (BD Biosciences).  The staining and 

measurement procedures for EtBr influx were followed from a previous study with minor 

modifications (Paixao et al., 2009). Briefly, bacterial cells were suspended and washed thrice with 

PBS at pH 7.4 (Gibco, USA). A total of 106 cells were resuspended in 1 ml PBS or in 1 ml PBS 

[containing 5 µg of EtBr filtered through a Millix-GV syringe filter 0.22 µm (Merck-Millipore, 

USA)]. All the tubes were incubated at 37° C with gentle mixing inside a hybridization rotor for 5 

to 30 min followed by FC analysis on a BD FACS Canto II system (BD Biosciences). EtBr 

fluorescence intensity was measured by flow cytometry analysis with excitation wavelength set at 

488 nm and the fluorescence emission at 585 nm. The data were analyzed by using FlowJo LLC 

software. 

Quantitative-PCR and gene expression analysis 

The method for qRT-PCR analysis was followed as described previously (Doddam, Peddireddy, 

& Ahmed, 2017). Briefly, RNA was isolated from 108 cells of H. pylori strains by TRIzol 

(Invitrogen). Subsequently, 3µg of RNA was converted to cDNA using random hexamers and 

SuperScript-III (Invitrogen) according to the manufacturer’s instructions.  
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For qRT-PCR, 40 ng of the first transcribed DNA strand was amplified by using SYBR® Fast 

qPCR Mix (Takara) with primers corresponding to wzx-F 5’ 

AAACTCAAAGACAACCACGAAG 3’ wzx-R 5’ CGACCGCTAAAATCAACAAG 3’, wecA-F 

5’ ATGGTGCTTGGGTTTATGGTG 3’ wecA-R 5’ GGCTTTCTGGCGTTTTATTTTG 3’ genes 

and 16S-rRNA-F 5’ GGTAAAATCCGTAGAGATCAAGAG 3’, 16S-rRNA-R 5’ 

ACAACTAGCATCCATCGTTTAGG 3’  used as an internal control. For luxS, H. pylori strains 

were cultured in Brucella broth (BB) for 2 days and RNA was isolated from planktonic and sessile 

bacterial cells using the primers luxS-F 5’ TTTGATTGTCAAATACGATGTGC 3’ luxS-R 5’  

TGTGAGATAAAATCCCGTTTGG 3’.  

Determination of antibiotic resistance among hp0421 mutant and H. pylori wild-type  

Hp26695 and Hp76 strains grown on Brucella agar medium were suspended and washed with PBS 

and resuspended in BHI broth media. About 50 µl of cell suspension which contains approximately 

108 H. pylori was spread on Brucella agar medium and antibiotic impregnated discs corresponding 

to colistin, amoxicillin, fosfomycin, clarithromycin, Azithromycin, Gentamycin, tetracycline, 

ciprofloxacin and rifampicin (HiMedia) were placed on the agar plate. Subsequently, based on the 

above screened antibiotics,  the strips corresponding to clarithromycin (0.016-256 mcg/ml), 

amoxicillin (0.016 - 256 mcg/ml) fosfomycin (0.064-1024 mcg/ml), polymyxin-B (0.016-256 

mcg/ml), colistin (0.016-256 mcg/ml), tetracycline (0.016-256 mcg/ml) and ciprofloxacin (0.002-

31 mcg/ml) were selected for MIC test. The E-MIC strips were placed on Brucella agar plates and 

incubated for 3 days. The susceptibility was defined by breakpoints defined as per Clinical and 

Laboratory Standards Institute (CLSI) (PA, 2016). 

 

http://www.himedialabs.com/intl/en/products/Microbiology/Antimicrobial-Susceptibility-Ezy-MIC™-Strips-Single-Antibacterial/Amoxycillin--EM002
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Biofilm formation by H. pylori hp0421 mutant strains 

The biofilm formation assay was performed using a modified protocol as described previously 

(Hussain et al., 2012; Yonezawa et al., 2009). In brief,  Hp26695 and Hp76 cells were collected 

from BHI agar and washed with PBS. Inoculums at an OD550 of 0.2 were seeded in 12 well plates, 

each well contain 2ml of BB with  7% of decomplemented horse serum  (Gibco) and sterilized 

glass coverslips were used to cover the wells and also to enhance the attachment of H. pylori at 

the air-liquid interface. The cultures were incubated under microaerophilic conditions at 37°C for 

2 to 6 days. Subsequently, the coverslips were washed with PBS followed by 0.1% crystal violet 

staining. The coverslips were further rinsed with PBS, dried and the associated dye was dissolved 

in acetone and ethanol (2:8) and the crystal violent dye absorbance was measured by microplate 

reader at 594 nm.  

Lipopolysaccharides purification and visualization  

Purification of lipopolysaccharides from H. pylori strains was performed according to the 

previously described method of Hong et al. with slight modifications (Hong, Cunneen, & Reeves, 

2012). Briefly, the bacterial lawns were collected and washed thrice in 1ml PBS (pH 7.4) and 

pelleted down at 10000 rpm for 10 min. The pellets were lysed with lysis buffer (60 mM Tris-HCl 

pH 6.8, 2% SDS) and incubated at 98° C for 10 min and the whole lysate protein was quantified 

by BCA bicinchoninic acid assay (Thermo Fischer Scientific). LPS were extracted by adding 45% 

hot phenol to the lysate, vortexed vigorously and incubated at 70° C for 30 min. The mixtures were 

centrifuged at 16000g for 15 min and the upper phase layer was collected in 2 ml tubes and LPS 

were precipitated by adding 75% cold ethanol and 10 mM sodium acetate. The tubes were then 

incubated at -20° C overnight followed by centrifugation at 16000g for 15 min.  
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To remove DNA and RNA contaminants, 3 µl of buffer 2 (10 mM MgCl2, 50 mM NaCl, 1 mM 

DTT, 10 mM Tris-HCl, pH 7.9@25°C) (NEB), 0.5 mg/ml DNaseI (amplification grade) (Sigma) 

and 0.5 mg/ml RNase A (Invitrogen) were added, incubated for 1 hour at 37° C and treatment with 

0.5 mg/ml Proteinase K (Amresco) for 1 hr at 56° C. The LPS was re-extracted by adding 50% 

phenol followed by vigorous vortexing and centrifugation. The pellet was finally precipitated by 

cold ethanol, dissolved in 50 µl of deionized water and preserved at -80 °C.  For visualization of 

LPS, 10 µl from each tube were loaded on 15% SDS gel and stained with dual silver stain (Keenan, 

Allardyce, & Bagshaw, 1997).  The LPS units were been quantified by Limulus amebocyte lysate 

(LAL) chromogenic endotoxin quantitation kit (Pierce) according to the manufacturer’s 

instructions. 

Statistical analysis 

The statistical analyses for Hp26695 strains were performed using student’s t-test and one-way 

ANOVA followed by Tukey’s multiple comparison tests for Hp76 strains.  The data are 

presented as mean ± the standard errors (of mean) from three independent experiments. 
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RESULTS 

Lack of CGs enhanced H. pylori cell wall permeability 

H. pylori CGs comprise around 25% of total cell wall lipids (Haque et al., 1996). Hence, to study 

whether the depletion of CGs has any effect on H. pylori cell wall permeability, we measured the 

influx of ethidium bromide (EtBr) among wild-type and knockout strains by flow cytometry. 

Bacterial strains were incubated with EtBr and the median fluorescence intensity (MFI) was 

measured. We observed that Hp26695 strain grown in absence of cholesterol showed higher MFI 

compared to the bacteria grown in the presence of cholesterol (Figure 3.1A), indicating a higher 

influx of EtBr in bacterial cultured in the absence of cholesterol. We also measured EtBr 

fluorescence intensity between the strains Hp26695 and Hp26695∆421; the MFI was considerably 

higher in Hp26695∆421 as compared to the wild type (Fig. 3.1B). To determine the kinetics of 

EtBr influx in Hp26695 and Hp26695∆421 strains, we measured the MFI of EtBr influx at 5, 10 

and 30 minutes time intervals. The MFI of Hp26695∆421 was significantly higher through all the 

time intervals compared to the MFI observed for Hp26695 (P value <0.05) (Fig. 3.1C). 

To check the cell wall fluidity of lag phase cultures, the Hp26695∆421 and Hp26695 strains were 

cultured for 72 hours and were observed for EtBr influx. As expected, the MFI was found to be 

remarkably higher in Hp26695∆421 compared to the Hp26695 (P value <0.05) (Fig. 3.1D & 3.2A). 

Furthermore, we observed that Hp76∆421 exhibited higher MFI compared to Hp76 and 

Hp76∆421-reconstituted strain (Fig. 3.1E and 3.2B). We also measured the MFI for Hp76 strains 

in 72 hours cultures and found that the influx rate was considerably higher in Hp76∆421 compared 

to Hp76 and Hp76∆421-reconstituted strains (P value <0.05) (Fig. 3.1F, 3.2C and D).  Overall, 

from these observations, we anticipate that the lack of CGs would likely perturbs the cell wall 

permeability of H. pylori by damaging the cell wall integrity. 
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Cholesteryl glucosides perturbation in H. pylori renders bacteria sensitive to antibiotics 

To decipher the effect of loss of CGs in H. pylori on antibiotics resistance, we determined the 

minimum inhibitory concentrations (MICs) of certain antibiotics entailing Hp26695 and Hp76 

strains. For this, the strains were grown on Brucella agar plates in the presence of MIC E-strips 

belonging to different antibiotics. Hp26695 and Hp76 strains were resistant to fosfomycin, 

polymyxin-B, colistin, tetracycline and ciprofloxacin. Moreover, Hp26695∆421 was more 

sensitive to amoxicillin compared to Hp26695 while both strains were sensitive to clarithromycin. 

Interestingly, Hp26695∆421 and Hp76∆421 strains on the other hand, were found to be sensitive 

to all the above antibiotics tested (Figure 3.4A) and (Table 3.1). The increased sensitivity of 

Hp26695∆421 and Hp76∆421 strains was understandable as these strains demonstrated an increase 

in cell wall permeability due to the loss of CGs. Overall, it appears that the deletion of hp0421 

perturbs the cell wall integrity of H. pylori which in turn leads to increased susceptibility to all the 

antibiotics tested. 

Lack of CGs disrupts LPS structure 

In order to detect the changes in O-antigen expression due to CGs disruption, we isolated 

lipopolysaccharides from Hp76, Hp76∆421 and Hp76∆421-reconstituted strain and visualized by 

silver stained SDS gel. Depletion of CGs resulted in the disruption of O-antigens as observed by 

silver staining of Hp76∆421 LPS in which the O-antigens were absent when compared to Hp76 

LPS profile. Consequently, the O-antigens and core LPS were partially restored in the Hp76∆421-

reconstituted strain (Fig. 3.3A). 
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Figure 3.1: Absence of cholesteryl glucosides increased H. pylori cell wall permeability: Flow cytometry analysis 

based on influx rates of EtBr as depicted in the form of PE-A histograms delineating the median fluorescence intensity 

(MFI) for (A) Hp26695 grown in presence and absence of cholesterol. Also depicted are (B) influx rates of EtBr for 

Hp26695 and Hp26695∆421 grown for 48 hours. Bars in panels C to F represent MFIs when analyzed by student’s 

t-test and one-way ANOVA for different wild type, knockout and reconstituted strains (as annotated) when treated 

/incubated with  EtBr for 5, 10 and 30 minutes using cultures grown either at 48 hours or 72 hours (* denotes p<0.05, 

** denotes p≤0.01 and *** denotes p≤0.001). 
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FIG 3.2: The absence of cholesteryl glucosides caused increased cell wall permeability. PE-A 

histograms delineating the influx rates of EtBr represented as MFI for (A) Hp26695 strains grown for 72 

hours and incubated with EtBr for 30min, (B) Hp76 strains grown for 48 hours and incubated with EtBr 

for 5min, (C) Hp76 strains grown for 72 hours and incubated with EtBr for 5min, (D) Hp76 strains 

grown for 48 hours and incubated with EtBr for 30min. 
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Moreover we investigated whether the deletion of hp0421 in Hp26695 and Hp76 strains had any 

effect on the transcription of wecA and wzk genes. We found no influence on wecA and wzk mRNA 

expression levels of these two genes in both wild-type and Hp26695∆421 and Hp76∆421 (Fig. 

3.3C and 3.3D). This observation rules out the possibility that the alteration in LPS profile was 

due to alterations in the expression of these O-antigen synthesis genes. Thus, the lack of CGs most 

likely disrupted the normal components of H. pylori LPS. 

Table 3.1: MICs of wild-type, Δ421 mutants, and Δ421-reconstituted H. pylori strains 

Antibiotic. 

mcg/ml 

Hp26695 Hp26695Δ421 Hp76 Hp76Δ421  Hp76Δ421 recons 

Fosfomycin ≥1024 (R) ≤1.5 ± 0.5 (S) ≥1024 (R) ≤0.064 ± 2 (S) ≥1024 (R) 

Colistin ≥256 (R) ≤12 ± 3 (S) ≥256 (R) ≤10 ± 5 (S) ≥256 (R) 

Polymyxin B ≥256 (R) ≤8 ± 4 (S) ≥256 (R) ≤10 ± 4 (S) ≥256 (R) 

Ciprofloxacin ≤0.38 ± 0.5 

(R) 

≤0.064 ± 0.02 

(S) 

≤0.50 ± 0.5 

(R) 

≤0.19 ± 0.2 (S) ≤0.047 ± 0.08 (R) 

Tetracycline ≤10 ± 3 (R) ≤0.01 ± 0.02 

(S) 

≤0.50 ± 0.1 

(R) 

≤0.01 ± 0.09 

(S) 

≤0.38 ± 0.18 (R) 

Amoxicillin ≤0.47 ± 0.01 

(S) 

≤0.016 ± 0.01 

(S) 

≤0.016 ± 

0.01 (S) 

≤0.016 ± 0.01 

(S) 

≤0.016 ± 0.01 (S) 

Clarithromycin ≤0.001 (S) ≤0.001 (S) ≤0.001 (S) ≤0.001 (S) ≤0.001 (S) 

The letters in parentheses after the MIC indicate whether the strain is resistant (R) or sensitive (S) 

to the indicated antibiotic. 
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Wild-type hp0421 mutant  

A 

 Wild-type  hp0421 mutant 

B 

Figure 3.4: Lack of CGs in H. pylori: (A) Caused an increase in susceptibility against 

ciprofloxacin and (B) enhanced the aggregation of H. pylori on glass coverslip which were 

placed in broth media 

 



Chapter 3: Objective 2 
 
 

81 
 

Deletion of hp421 enhances H. pylori cell aggregation 

H. pylori produce biofilms on stomach mucosa in order to circumvent the gut’s harsh environment 

and it was stated that the deletion of the luxS gene increases the biofilm formation (Cole, Harwood, 

Lee, She, & Guiney, 2004). We observed that Hp26695∆421 and Hp76∆421 tended to aggregate 

in the liquid cultures in contrast to the wild-type cultures that appeared turbid in their growth. So, 

we investigated the effect of hp0421 deletion on the biofilm formation in Hp26695 and Hp76 

strains. Biofilm formation was visualized under the microscope on glass coverslips (Figure 3.4B). 

Hp26695∆421 and Hp76∆421 demonstrated biofilm formation on the third day while wild-types 

formed biofilm on the fifth day. Moreover, crystal violet absorbance assay revealed the biofilm 

formation in Hp26695∆421 and Hp76∆421 to be significantly denser than in Hp26695, Hp76 and 

Hp76∆421-reconstituted strains (Figure 3.3B). The results showed that Hp26695∆421 and 

Hp76∆421 tended to aggregate and adhere strongly to the surface of the coverslip at the air-liquid 

interface. Hence, perhaps, the lack of CGs enhances aggregation of bacterial cells and promotes 

biofilm formation in H. pylori. Moreover, we analyzed the expression of the luxS gene in the above 

strains to check if its expression is affected by the deletion of hp0421. We observed that deletion 

of hp0421 did not influence luxS mRNA expression levels in both wild-type and Hp26695∆421 

and Hp76∆421 strains (Fig 3.3E).  
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Figure 3.3: Analysis of LPS expression and biofilm formation (A) (15%) SDS-PAGE gel double silver stained  

depicting profiles of LPS from Hp76, Hp76∆421 and Hp76∆421-reconstituted strain; (B) bar graph representing 

quantification of biofilm formation by H. pylori after 5 days of incubation. (C, D) qRT-PCR analyses of  wecA and 

wzk genes by using RNA isolated from wild-type (Hp26695, Hp76), knockout (Hp26695∆421, Hp76∆421), and 

Hp76∆421reconstituted strain(s) grown for 48 hr; (E) relative mRNA expression of luxS from 2 day old broth 

cultures (ns denotes non-significant difference(s), * denotes p<0.05, ** denotes p≤0.01 and *** denotes p≤0.001). 



Chapter 3: Objective 2 
 
 

83 
 

DISCUSSION 

Beside the substantial role of CGs in maintenance of H. pylori native helical morphology, the 

deletion of hp0421gene which results in loss of all CGs variants in the cell wall, which could lead 

to higher cell wall permeability. Likewise, when H. pylori 26695 strain was grown without 

cholesterol, the bacterial outer membrane permeability was significantly higher. Thus, this may 

indicates the critical role of CGs in the formation of intact cell wall units of H. pylori to maintain 

its integrity. In an alternative scenario, the CGs are probably required to preserve the tight pack of 

the outer membrane of H. pylori. Sterols in the membrane are believed to support the cell 

membrane integrity. For example, in B. burgdorferi the depletion of membrane cholesterol by 

MβCD and substitution with different sterol analogues increased the permeability of the membrane 

at varying levels based on the type of sterols, while the depletion of cholesterol  without 

substitution with any sterols caused significant increase in the permeability of the membrane 

(LaRocca et al., 2013). Also, in yeast, the deletion of essential genes of sterol biosynthesis was 

reported to increase the cell membrane permeability (Dupont, Beney, Ferreira, & Gervais, 2011). 

Our findings are in line with these and other reports and suggest that CGs interact with 

peptidoglycan domains to maintain the architecture of H. pylori cell wall. The permeabilization of 

H. pylori cell wall has far reaching implications for therapeutic interventions. 

Further, we observed that Hp76∆421 exhibited aberrant LPS expression profile with loss of O-

antigens and lack of core LPS. Our observations suggest that the perturbation of the architecture 

of H. pylori cell wall as a result to the lack of CGs reduced the LPS expression. On the other hand, 

this might have occurred due to the alterations in the structure of cell wall affecting the O-antigen 

biosynthesis enzymes that are present in the cell wall. It is relevant in this context that the deletion 

of hp0421 did not affect the mRNA expression of essential LPS synthesis genes wecA and wzk. 
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Alternatively, the alterations in the structure and composition of the cell wall due to the lack of 

CGs may result in the dysregulation of the transfer of LPS units through membranes. Our 

observations appear to be in correlation with the report of Hildebrandt et al., who observed that 

depletion of cholesterol leads to the development of aberrant LPS in Hp26695, which depends on 

lipid-A phosphorylation (Hildebrandt & McGee, 2009). 

Furthermore, we observed that lack of CGs reverted the resistance of H. pylori to antibiotics. The 

increased susceptibility to the antibiotics due to the deletion of hp0421 may be the result of 

permeabilization of the cell wall, facilitating antibiotics to penetrate passively through H. pylori 

cells. The bacterial cell wall is the first line of defense against antibiotics, detergents and host 

defense elements. The membrane/cell wall permeabilization could be an effective method to 

control bacterial infections by enhancing antibiotic action/delivery (Delcour, 2009). Secondly, our 

study suggest that disruption of LPS and/or influencing the outer membrane charge as a result to 

the lack of CGs decreased the resistance of H. pylori to certain antibiotics like polymyxin and 

colistin. Disruption of lipid A gene encoding lpxEHP, in H. pylori, has been shown to dramatically 

decrease the polymyxin resistance from MIC > 250 µg/ml to MIC, 10 µg/ml (Tran et al., 2006). 

Similarly, we believe that the deletion of hp0421 might possibly affect the LPS structure thus 

influencing the outer membrane charge and cell wall integrity and eventually increasing the 

sensitivity of H. pylori to certain antibiotics. Inhibition of CGs synthesis may not kill the bacteria 

directly, but rather render the pathogens incapable of establishing successful infection by hindering 

their colonization potential and fitness advantage (resistance towards antibiotics).   

Moreover, our study suggest that the tendency of Hp26695∆421 and Hp76∆421 to aggregate on 

the surface of coverslips is probably due to the changes in the properties of LPS. Modifications in 

LPS have been shown to enhance bacterial auto-aggregation and biofilm formation (Nakao, 
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Ramstedt, Wai, & Uhlin, 2012). Alternatively, the changes in the cell wall properties and 

morphology may triggered stress-related genes, including quorum sensing gene luxS. Similarly, 

the changes in the membrane structure of Pseudomonas aeruginosa were previously reported to 

alter quorum sensing (Baysse et al., 2005). However, according to our observation there was no 

changes in the mRNA expression levels of luxS.  
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Objective 3: To analyze the role of H. pylori CGs in 

Mincle receptor regulation. 
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INTRODUCTION 

The first line of body defense is the ainnate immunity that identifies any non self, non-specific 

molecular patterns of pathogens.  One category of the innate immune receptors are C-type lectin 

receptors (CLRs) that contain members of transmembrane and soluble receptors. These receptors 

possess a carbohydrate recognition domain (CRD) as a characteristic feature or a homologous 

domain (Zelensky & Gready, 2005). Furthermore, Transmembrane CLRs can function as pattern 

recognition receptors (PRRs), which mean that it has the ability to recognize and internalize a 

pathogen, and subsequently degrade and present the constituent molecules as an antigens which 

will be recognized by innate immune defense system and subsequently induce adaptive immunity 

(Geijtenbeek & Gringhuis, 2009). One of plausible example of transmembrane CLRs that identify 

a wide range of foreign and self-molecule as part of innate immune response is Mincle  (Patin, 

Orr, & Schaible, 2017). One of the most studied molecules that are recognized by Mincle receptor 

is the ‘cord factor’ trehalose dibehenate (TDB) which is a part of M. tuberculosis membrane. TDB 

trigger a strong immune response and has potent immune modulating properties (Ishikawa et al., 

2009; Schoenen et al., 2010).  

Mincle is composed of  219 amino acids and a carbohydrate recognition domain (CRD) which is 

categorized under type II transmembrane protein which and present at its extracellular region that 

are present in various cells including macrophages, DCs and neutrophils (Matsumoto et al., 1999). 

The ligand binding site expressed on cell surface side, its ligand include cholesterol and protein, 

the signal transduces via the Fc receptor γ-chain molecule (FC-γ) with tyrosine- based activation 

motif immune receptor that has  (Yamasaki et al., 2008). Mincle downstream signaling pathway 

involves activation of spleen tyrosine kinase (Syk) which subsequently activates Card9-Bcl10-
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MALT1 complex where the latter target (NF-κB). Subsequently, the transcription factor  NF-κB   

induces the expression of various cytokines such as interleukin-6 (IL-6) and tumor necrosis factor 

(TNF),  interleukin-10 (IL-10)  (Werninghaus et al., 2009). TNF and IL-6 responses act as a pro-

inflammatory while induction of IL-10 is considered as anti-inflammatory and results in 

downregulation of IL-12p40 that interferes with pro-inflammatory cytokine secretion (Patin et al., 

2016). Induction of Mincle receptor triggers a defensive TH1 cell mediated immunity when 

induced by cord factor and initiates TH17 responses (Figure 4.1) (van Dissel et al., 2014). 

Recently, there are number of studies that have shown that lipid derivatives induce Mincle 

signaling and trigger inflammatory responses (Kiyotake et al., 2015; Kostarnoy et al., 2017). 

Moreover, Kiyotake R. et al., analysed ligands that trigger the human-Mincle by mass 

spectrophotometry (MS) and it revealed that free cholesterol, cholesterol crystals, cholesterol 

intermediate induced hMincle expression while endogenous steroids such as testosterone, 

cortisone, estradiol, progesterone, aldosterone, bile acid cholestanoic acid, and yeast ergosterol did 

not induce hMincle expression (Kiyotake et al., 2015). 

Mincle is a PRRs which recognizes the pathogen-associated molecular patterns (PAMPs) of  

bacteria and fungi mainly glycolipids (Richardson & Williams, 2014). Previously, it was shown 

that H. pylori induces Mincle expression and triggers anti-inflammatory responses through IL-10 

production in order to escape clearance by the host immune system (Devi, Rajakumara, & Ahmed, 

2015) 
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Figure 4.1: Signaling via Mincle, some of glycolipids ligands that induce Mincle and the signaling pathway through 

Mincle which triggers secretion of chemokines, cytokines, and activate T-cell immune responses (Williams, 2017). 
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MATERIAL AND METHODS 

Culture of Macrophage cell lines 

The human monocyte THP-1 cells and RAW 264.7 cells were obtained from National Centre for 

Cell Sciences, Pune, India. THP-1 cells were cultivated in RPMI-1640 medium and RAW 264.7 

cells were cultivated in Dulbecco's Modified Eagle's Medium (DMEM) (Gibco) enriched with 

10% (v/v) decomplemented fetal bovine serum (FBS) (Invitrogen), 1% of 100X anti-mycotic/anti-

biotic solution which contains Amphotericin B, Penicillin, Streptomycin (Gibco) and were 

incubated in microaerophilic conditions with 5% O2 and 5% CO2 at 37°C. To differentiate THP-

1 cells from monocytes to macrophages 50 ng/mL PMA (phorbol 12-myristate 13-acetate) were 

added (Sigma) and incubated for 48 hours. After cell differentiation and adherence, the culture 

media was replaced by fresh media with 10% decomplemented FBS and was further incubated for 

another 12-24 hours before infection. 

Infection assay 

THP-1 cells and RAW 264.7 cell infection assay was modified from (Devi et al., 2015; Menaker, 

Ceponis, & Jones, 2004). Briefly, H. pylori strains lawns were collected from GC agar plates in 

1X PBS and were washed twice with 1X PBS. Macrophage-like THP-1 cells in serum and 

antibiotic free RPMI-1640 medium were infected with Hp26695 and Hp26695∆421 strains 

(human-adapted strain) at multiplicity of infection (MOI) of 100 i for 12 hour. Similartly, RAW 

264.7 cells were grown till they reached 70% confluency and infected by Hp76 wild-type, 

Hp76∆421 and Hp76∆421-reconstituted strains (mice-adapted strain) for 12 hour. 

 



Chapter 4: Objective 3 
 
 
 

93 
 

Quantitative-PCR and gene expression analysis 

The method for qRT-PCR analysis was described previously (Doddam, Peddireddy, & Ahmed, 

2017). Briefly, RNA was isolated from 108 cells of H. pylori strains by TriZOL (Invitrogen). 

Subsequently, 3µg of RNA was converted to cDNA using random hexamers and SuperScript-III 

(Invitrogen) referring to the manufacturer’s instructions. For qRT-PCR, 40 ng of the first 

transcribed DNA strand was amplified using SYBR® Fast qPCR Mix (TaKaRa) with primers 

corresponding to Mincle receptor expression in THP-1 cells by using primers Mincle-F 5’ 

AAACACAATGCACAGAGAGAGG 3’, Mincle-R 5’ ACACATCTGGTGATGAAACAGG 3’, 

together with GAPDH-F 5’ GAGTCAACGGATTTGGTCGT 3’ GAPDH-R 5’ 

GACAAGCTTCCCGTTCTCAG 3’, as internal control. For RAW 264.7 cells the primers used 

were Mincle-F 5’ AGGAAGAAAGGCAGGAAAAAGG 3’, Mincle-R 5’ 

GAAACAGCCACTGAGAAACAGG 3’, together with β-actin-F 5’ 

GCTACAGCTTCACCACCACAG 3’, β-actin-R 5’ GGTCTTACGGATCAACGTC 3’ as internal 

control.  

Statistical analysis 

The statistical analyses for Hp26695 strains were performed using student’s t-test and one-way 

ANOVA followed by Tukey’s multiple comparison tests for Hp76 strains.  The data are presented 

as mean ± the standard errors (of mean) from three independent experiments. The data represented 

the standard error of mean of three independent experiments. 

 

 

 

https://takara.co.kr/file/manual/pdf/RR430S_RR430A_e.v1601Da.pdf


Chapter 4: Objective 3 
 
 
 

94 
 

RESULTS 

Mincle induction reduces in THP-1 and RAW 264.7 cells upon infection by hp0421 mutants 

THP-1 cells are human macrophage cells that express Mincle receptor. We observed that Hp26695 

wild-type strain significantly induced Mincle expression compared to uninfected cells when tested 

at 12 hour post infection. Moreover, Mincle relative mRNA expression in THP-1 cells infected by 

Hp26695∆421 was remarkably reduced compared to the cells that were infected by Hp26695 wild-

type (Figure 4.2). Similarly, expression of Mincle relative mRNA expression was considerably 

induced upon infection by Hp76 wild-type compared to uninfected RAW 264.7 cells. Furthermore, 

Mincle expression was reduced significantly in RAW 264.7 cells upon infection by Hp76∆421 

strain compared to Mincle expression after infection with wild-type strain. Interestingly, infection 

of RAW 264.7 cells by Hp76∆421-reconstituted strain induced MMincle expression similar to the 

induction of Mincle by wild-type strain (Figure 4.3). Overall, infection of macrophage cells by H. 

pylori strains induces Mincle expression while infection by hp0421 mutants demonstrated reduced 

Mincle expression compared to wild-type and reconstituted strains.   
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Figure 4.2: Deletion of hp0421 in Hp26695 resulted in decreased expression of Mincle receptor in THP1 cells; 

THP-1 cells were infected by Hp26695 strains for 12 hours at MOIs of 100. Mincle relative mRNA expression 

levels were analyzed by qRT-PCR. The expression of Mincle gene was reduced significantly in THP-1 cells 

upon infection by Hp26695∆421 strains compared to wild-type. (As annotated). ** denotes p≤0.01. 
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Figure 4.3: Deletion of hp0421 in Hp76 strain resulted in decreased expression of mMincle in RAW 264.7 

cells; RAW 264.7 cells were infected by Hp76 strains for 12 hours at MOI of 100. Mincle mRNA 

expression levels were detected by qRT-PCR. The expression of mMincle gene was reduced significantly 

in RAW 264.7 cells upon infection by Hp76∆421 strain compared to infection with wild-type and 

reconstituted strains. Data were analyzed by one-way ANOVA followed by Tukey’s multiple comparison 

tests. (ns denotes non-significant difference(s), * denotes p<0.05, ** and denotes p≤0.01). 
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DISCUSSION 

Evading the responses of innate immune system is a key strategy in prolong colonization of H. 

pylori. H. pylori achieves this by its ability to regulate the host innate immune responses and their 

signaling pathways. Mincle predominantly expressed by macrophages are critical in mounting host 

defense responses against the invading pathogens. Mincle receptor mainly recognizes the 

glycolipids present on the pathogens. H. pylori CGs are a glycolipids which are the characteristic 

feature of this bacterium. Our study suggest that may CGs work as a ligands in order to  induce 

Mincle receptor expression in macrophages obtained from human and mice as it was evident from 

the in vitro investigates performed. The reduction of Mincle expression in mice-macrophages and 

human-macrophages upon infection by hp0421 mutants that lack CGs indicates that the presence 

of CGs is required to upregulate Mincle expression in macrophage cells. Restoration of Mincle 

expression comparable to the Mincle expression level in cells infected with wild-type and 

Hp76∆421-reconstituted provides a strong evidence that CGs could perhaps play a significant role 

in induction of Mincle receptor. In line with this, previous studies have also demonstrated that the 

glycolipids present on some pathogens are responsible for Mincle receptor induction. For example 

Mycobacterial trehalose-6-6′-dimycolate (TDM) which is present on M. tuberculosis outer 

membrane is a potent trigger that induces immune response upon interaction with Mincle receptor 

(Söldner, Horn, & Sticht, 2018). Furthermore, the glycolipid α-Glucosyl diacylglycerides from 

Streptococcus pneumonia was shown to induce Mincle expression in Mincle reporter cell line 

(Behler-Janbeck et al., 2016). Overall, our results indicate that H. pylori CGs induces Mincle 

receptor response in animals and modulates host immune response through MMincle expression. 

These observations provide important insights into the innate immune responses provoked by H. 
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pylori which could be useful in targeting immune based control of infections and H. pylori 

eradication therapies. 
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SUMMARY AND CONCLUSION 

Infection of the human stomach caused by Helicobacter pylori is very common as the pathogen 

colonizes more than half of the world’s population. It is associated with varied outcomes of 

infection, such as peptic ulcer disease, gastric ulcers, mucosa-associated lymphoid tissue 

lymphoma, and is generally considered as a risk factor for the development of gastric 

adenocarcinoma. Cholesteryl glucosides (CGs) constitute a vital component of the cell wall of H. 

pylori and contribute to its pathogenicity and virulence. The gene, hp0421, encodes cholesteryl-

α-glucosides transferase (CGT), which demonstrates critical enzymatic functions entailing the 

integration of unique CGs into the cell wall of H. pylori. Deletion of this gene leads to the 

depletion of CGs and their variants. Herein, we report that the deletion of hp0421 and 

consequent deficiency of cholesterol alters morphology, shape and cell wall composition of H. 

pylori cells, as demonstrated by high-resolution confocal microscopy and flow cytometry 

analyses of two different type strains of H. pylori, their isogenic knockouts as well as a 

reconstituted strain.  

Moreover, measurement of ethidium bromide (EtBr) influx by flow cytometry showed that lack 

of CGs increased cell wall permeability. Antimicrobial susceptibility testing revealed that the 

hp0421 isogenic knockouts, Hp26695∆421 and Hp76∆421, were sensitive to antibiotics, such as 

fosfomycin, polymyxin-B, colistin, tetracycline and ciprofloxacin, in contrast to the wild-type 

strains that were resistant to the above antibiotics also the isogenic knockouts tended to form 

denser biofilms compared to their wild-type strains. Lipid profile analysis of both Hp76 and 

Hp76∆421 strains showed an aberrant profile of lipopolysaccharides (LPS) in the Hp76∆421 

strain.  
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Taken together, we herein provide a set of mechanistic evidences to demonstrate that CGs play 

critical roles in the maintenance of typical spiral morphology of H. pylori and its cell wall 

integrity, and any alteration in CGs content affects the characteristic morphological features and 

renders the H. pylori susceptible to various antibiotics.  

Helicobacter pylori is an important cause of chronic gastritis leading to peptic ulcer and is a 

major risk factor for gastric malignancies. Failure in the eradication of H. pylori infection and 

increasing antibiotic resistance are two major problems in preventing H. pylori colonization. 

Hence, a deeper understanding of the bacterial survival strategies is needed to tackle the 

increasing burden of H. pylori infection by an appropriate intervention. Our study demonstrated 

that the lack of cholesteryl glucosides (CGs) remarkably altered the morphology of H. pylori and 

increased permeability of the bacterial cell wall. Further, this study highlighted the substantial 

role of CGs in maintaining the typical H. pylori morphology that is essential for maintaining its 

pathogenic potential. We also demonstrated that the loss of CGs in H. pylori renders the 

bacterium susceptible to different antibiotics. 

Evading the responses of innate immune system is a key strategy in prolong colonization of H. 

pylori. H. pylori achieves this by its ability to regulate the host innate immune responses and 

their signaling pathways. Mincle receptors are predominantly expressed by macrophages and are 

critical in mounting host defense responses against the invading pathogens. Mincle receptor 

mainly recognizes the glycolipids present on the pathogens. H. pylori CGs are a glycolipids and 

are a characteristic feature of this bacterium. Our observations indicate that H. pylori CGs act as 

ligands for Mincle receptors and induce Mincle receptor upregulation and modulates host 

immune response through Macrophage-Mincle expression. These observations provide important 

insights into the innate immune responses triggered by H. pylori. 
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In conclusion, in this study, we have evidenced the role of CGs in the maintenance of H. pylori 

native helical morphology and the lack of CGs remarkably resulted in variable shape and size of 

H. pylori cells dominated by ‘c’ shaped cells. Moreover, the cell wall permeability increased 

irrespective of the duration of culture and the strain type of H. pylori. Further, we showed that 

lack of CGs perturbed the structure of cell wall components like LPS, which on one hand, would 

attenuate the virulence of H. pylori and, on the other hand, would render H. pylori susceptible to 

antibiotics to which it was otherwise resistant. CGs could be a promising target for drugs aiming 

at the eradication of H. pylori infection. The functional roles of CGs in H. pylori that we report 

here significantly extends the previous understanding on the role of cholesterol glucosylation in 

H. pylori immune evasion and pathogenicity. Future studies are needed to determine whether 

inhibition of H. pylori specific CGs constitutes a target for the development of new therapeutic 

molecules for H. pylori induced inflammation and malignancies.  
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Roles of Cholesteryl-�-Glucoside Transferase and Cholesteryl
Glucosides in Maintenance of Helicobacter pylori Morphology,
Cell Wall Integrity, and Resistance to Antibiotics
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aPathogen Biology Laboratory, Department of Biotechnology and Bioinformatics, University of Hyderabad,
Hyderabad, India

bDepartment of Molecular Biology, Max-Planck Institute for Infection Biology, Berlin, Germany
cInternational Centre for Diarrheal Disease Research, Bangladesh, Dhaka, Bangladesh

ABSTRACT Infection of the human stomach caused by Helicobacter pylori is very
common, as the pathogen colonizes more than half of the world’s population. It is
associated with varied outcomes of infection, such as peptic ulcer disease, gastric ul-
cers, and mucosa-associated lymphoid tissue lymphoma, and is generally considered
a risk factor for the development of gastric adenocarcinoma. Cholesteryl glucosides
(CGs) constitute a vital component of the cell wall of H. pylori and contribute to its
pathogenicity and virulence. The hp0421 gene, which encodes cholesteryl-�-
glucoside transferase (CGT), appears critical for the enzymatic function of integrating
unique CGs into the cell wall of H. pylori, and deletion of this gene leads to deple-
tion of CGs and their variants. Herein, we report that the deletion of hp0421 and
consequent deficiency of cholesterol alter the morphology, shape, and cell wall com-
position of H. pylori cells, as demonstrated by high-resolution confocal microscopy
and flow cytometry analyses of two different type strains of H. pylori, their isogenic
knockouts as well as a reconstituted strain. Moreover, measurement of ethidium bro-
mide (EtBr) influx by flow cytometry showed that lack of CGs increased cell wall per-
meability. Antimicrobial susceptibility testing revealed that the hp0421 isogenic
knockout strains, the Hp26695�421 and Hp76�421 strains, were sensitive to antibiot-
ics, such as fosfomycin, polymyxin B, colistin, tetracycline, and ciprofloxacin, in con-
trast to the wild-type strains that were resistant to the above antibiotics and tended
to form denser biofilms. Lipid profile analysis of both Hp76 and Hp76�421 strains
showed an aberrant profile of lipopolysaccharides (LPS) in the Hp76�421 strain.
Taken together, we herein provide a set of mechanistic evidences to demonstrate
that CGs play critical roles in the maintenance of the typical spiral morphology of H.
pylori and its cell wall integrity, and any alteration in CG content affects the charac-
teristic morphological features and renders the H. pylori susceptible to various anti-
biotics.

IMPORTANCE Helicobacter pylori is an important cause of chronic gastritis leading to
peptic ulcer and is a major risk factor for gastric malignancies. Failure in the eradica-
tion of H. pylori infection and increasing antibiotic resistance are two major prob-
lems in preventing H. pylori colonization. Hence, a deeper understanding of the bac-
terial survival strategies is needed to tackle the increasing burden of H. pylori
infection by an appropriate intervention. Our study demonstrated that the lack of
cholesteryl glucosides (CGs) remarkably altered the morphology of H. pylori and in-
creased permeability of the bacterial cell wall. Further, this study highlighted the
substantial role of CGs in maintaining the typical H. pylori morphology that is essen-
tial for maintaining its pathogenic potential. We also demonstrated that the loss of
CGs in H. pylori renders the bacterium susceptible to different antibiotics.
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Helicobacter pylori is a highly prevalent human pathogen that colonizes more than
50% of the world’s population. The infection generally results in acute or chronic

gastritis and progresses to more severe outcomes such as peptic ulcer disease, mucosa-
associated lymphoid tissue (MALT) lymphoma, and gastric adenocarcinoma (1). Due to
the global distribution of H. pylori, it is generally held that smart bacterial strategies
might contribute to the adaptation of this bacterium to its preferred host (2).

H. pylori has through the course of its evolution and adaptation resorted to a
number of strategies to establish persistent infections within gastric and duodenal
niches and to evade the host immune system (3). Apart from molecular strategies, some
of the structural features, such as the helical shape of the bacilli, which has been
suggested to provide a mechanical convenience for penetrating the viscous mucous
layer of the stomach, aid in its pathological prowess (4). Another strategy employed by
H. pylori for immune evasion is glucosylation of exogenous cholesterol in order to
evade the host immune system (5).

Although H. pylori cannot synthesize sterols, the bacteria have the ability to utilize
exogenous cholesterol from the living vicinity. It is known that pathogens, such as
Mycobacterium tuberculosis, can utilize cholesterol as an energy source (6), while other
organisms, such as Borrelia burgdorferi and Mycoplasma sp. have the ability to incor-
porate exogenous cholesterol from their environment and convert it into glycolipids to
incorporate into their cell walls (7, 8). Similarly, H. pylori absorbs cholesterol from host
epithelial cells, as it assimilates the secreted lipid and then carries out glucosylation of
the exogenous cholesterol to produce three components of cholesteryl glucosides
(CGs), cholesteryl-�-D-glucopyranoside, cholesteryl-6-O-tetradecanoyl-�-D-
glucopyranoside, and cholesteryl-6-lO-phosphatidyl-�-D-glucopyranoside, which is a
characteristic feature of H. pylori (9). The glucosylation of cholesterol into CGs in H.
pylori is mediated by the enzyme cholesterol-�-glucosyltransferase (CGT) which is
encoded by the gene hp0421 (Gene ID 900074), and deletion of this gene results in the
loss of all three CGs (10). CGT is primarily synthesized in cytoplasm in an inactive form
and becomes activated when it is bound to the cell membrane (11). Previously, it has
been reported that CG content varies in H. pylori when it undergoes morphological
changes from the spiral to coccoid form (12).

Morphological alterations in H. pylori were reported upon deletion of cell shape
determinants (csd) such as peptidoglycan endopeptidase genes, csd1 and csd3. Muta-
tion of these two genes results in rod-shaped and “c”-shaped cells (13). Interestingly,
Hildebrandt and McGee observed that the Hp26695 strain grown in the absence of
cholesterol develops an aberrant LPS (14). There are several genes reported to be
involved in synthesis of LPS in H. pylori, such as wecA and wzk, which particularly play
essential roles in the synthesis of LPS O antigens (15). Furthermore, H. pylori grown in
the absence of cholesterol showed susceptibility to certain antibiotics, bile salts, and
ceragenins (16, 17).

In this study, we investigated the underlying changes in cell morphology, cell
integrity, and antimicrobial susceptibility upon deletion of hp0421 in H. pylori. Our data
provide evidence for the loss of typical H. pylori morphology, increase in cell wall
permeability, increased sensitivity to antibiotics, and an altered O-antigen expression
profile upon deletion of hp0421. These findings suggest that loss of cholesteryl gluco-
sides in H. pylori impairs the normal morphology, physiology, and virulence of H. pylori.

RESULTS
Loss of cholesteryl-�-glucosides distorts H. pylori morphology. We consistently

observed morphological changes of H. pylori upon deletion of hp0421 or by cholesterol
depletion in growth media.
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To investigate the effect of CGs on H. pylori morphology, the wild-type (Hp76) and
knockout (Hp76�421) strain morphologies were visualized with a confocal microscope
by employing transmitted light. The Hp76�421 strain indeed exhibited morphological
deformities wherein most cells displayed the coiled “c”-shaped form along with coccoid
and rod-shaped bacteria (Fig. 1A), whereas the Hp76 strain exhibited the normal helical
shape (Fig. 1B). Consequently, the reconstitution of the Hp76�421 strain resulted in the
recovery of the cell morphology (Fig. 1C). The Hp26695 strain with or without choles-
terol supplementation revealed remarkable variation in the morphology of H. pylori
cells (see Fig. S1A in the supplemental material). The altered shapes that were observed

FIG 1 Deletion of the hp0421 gene perturbs H. pylori cell morphology. (A to C) Confocal microscopy profiles depicting morphological patterns of the Hp76�421
(A), Hp76 (B), and Hp76�421-reconstituted (C) strains. (D) Scatter plots arraying Hp76, Hp76�421, and Hp76�421-reconstituted cells based on x-size and y-size
analyses performed using CellTool software. (E) CellTool analysis output based on plots representing the distribution of Hp76, Hp76�421, and Hp76�421-
reconstituted cell populations according to the aspect ratio. (F to H) Confocal microscopy images for Hp76�421 (F), Hp76 (G), and Hp76�421-reconstituted (H)
cells when the cells were treated with the filamenting drug aztreonam.
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included “c” shapes, rods, and coccoid forms in contrast to the normal helical shape
observed in bacteria grown in the presence of cholesterol (Fig. S1B).

Furthermore, we performed quantitative morphological analysis of confocal micros-
copy images of wild-type (Hp76), knockout (Hp76�421) and Hp76�421-reconstituted
strains using the CellTool software package. It was revealed that the distribution of cell
populations of the Hp76�421 strain was bimodal as a result of variable cell shapes,
whereas the Hp76 population distribution was narrower, due to the consistency of cell
shapes (Fig. 1D). Moreover, the aspect ratio of cell populations presented significantly
uneven distribution due to inconsistencies in the shape of Hp76�421 cells compared to
the wild-type cells which demonstrated normal distribution for the aspect ratio
(Fig. 1E). Moreover, the reconstitution of Hp76�421 resulted in a wild-type-like cell
population distribution. To ensure that the morphological alteration was not depen-
dent on the H. pylori strain used, a similar analysis was performed on Hp26695 strains.
The results of morphology analysis of Hp2669 and Hp26695�421 strains were in
concordance with the results obtained for Hp76 strains (Fig. S1C and D).

In order to manifest the morphological changes of H. pylori, Hp76 Hp76�421, and
Hp76Δ421 reconstituted strains were grown in the presence of aztreonam, an antibiotic
that induces pronounced filamentation in H. pylori by inhibiting septal peptidoglycan
synthesis. Under these conditions, the Hp76�421 strain exhibited morphological
changes such as loss of curvature and stunted filamentation (Fig. 1F) compared to
wild-type cells, which exhibited typical curvature and elongated filaments (Fig. 1G). The
Hp76�421 reconstituted strain restored the wild-type-like morphologies (Fig. 1H).
Moreover, to confirm that the deletion of hp0421 did not interfere with csd1 and csd3
expression, we analyzed their mRNA expression and found that there was no effect on
the gene expression levels of csd1 and csd3 (Fig. S1E and F). Overall, lack of CGs
remarkably impaired the morphology of H. pylori.

The morphological changes following CG’s absence are attributed to a “c”-
shaped bacterial population. Flow cytometry analysis appears to be an efficient and
rapid technique to detect the cell shape of H. pylori at the population level (18). As H.
pylori is dependent on exogenous cholesterol for synthesis of CGs, the Hp26695 strain
was grown under microaerophilic conditions with and without cholesterol to analyze
the morphological changes by flow cytometry.

We observed that the Hp26695 strain grown in the absence of cholesterol exhibited
much higher forward scatter (FSC) due to the increased bulk width of the bacterial cell,
which represents “c”-shaped cells compared to the cells grown in cholesterol-
containing medium. Moreover, Hp26695 cells grown in the absence of cholesterol have
displayed slightly higher side scatter (SSC) value, which indicates that cells presented
higher granularity or complexity (Fig. 2A). Notably, the Hp26695 strain grown for 72 h
in the absence of cholesterol also displayed remarkably higher FSC and SSC values
compared to the strain grown only for 48 h (Fig. 2B). In line with the above results, the
Hp26695Δ421 strain also displayed higher FSC and SSC values in both 48-h and 72-h
culture populations compared to the wild-type strain (Fig. 2C and D). Furthermore, the
population shape outcomes of Hp76 and Hp76Δ421 strains as analyzed by flow cytom-
etry were in accordance with the observation recorded for Hp26695 and Hp26695�421
strains, and interestingly, the cell wall integrity was restored in Hp76Δ421 reconstituted
strain (Fig. S2A and B).

Taken together, these observations indicate that the changes in morphology of the
Hp26695�421 and Hp76�421 strains or of wild-type strains grown in the absence of
cholesterol are due to the presence of “c”-shaped cell population, which is also
evidenced by the higher FSC values.

Deletion of hp0421 results in cell wall fluidity. H. pylori CGs comprise more than
25% of total cell wall lipids (19). Hence, to study whether the depletion of CGs has any
effect on H. pylori cell wall permeability, we measured the influx of ethidium bromide
(EtBr) among wild-type and knockout strains by flow cytometry. Bacterial strains were
incubated with EtBr, and the median fluorescence intensity (MFI) was measured. We
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observed that the Hp26695 strain grown in the absence of cholesterol showed higher
MFI than the strain grown in the presence of cholesterol (Fig. 3A), indicating a higher
influx of EtBr in bacterial cultures grown in the absence of cholesterol. We also

FIG 2 Flow cytometry analysis of H. pylori cell populations based on their shape. Representative contour plots of H. pylori populations depicted
based on flow cytometry analyses. Forward scatter (FSC) plotted on the x axis and side scatter (SSC) on the y axis are presented with mean and
median. (A and B) The Hp26695 strain was grown in the presence and absence of cholesterol for 48 h (A) and 72 h (B). (C and D) The Hp26695
and Hp26695�421 strains were grown (not supplemented) for 48 h (C) and 72 h (D).
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FIG 3 Absence of cholesteryl glucosides increased H. pylori cell wall permeability. (A and B) Flow cytometry analysis based on influx rates of EtBr
as depicted in the form of PE-A histograms delineating the median fluorescence intensity (MFI) for Hp26695 strain grown in the presence and
absence of cholesterol (A). (B) Influx rates of EtBr for Hp26695 and Hp26695�421 strains grown for 48 h. (C to F) The bars represent MFIs when
analyzed by Student’s t test for different wild-type, knockout, and reconstituted strains (as annotated) when treated/incubated with EtBr for 5,
10, and 30 min using cultures grown either at 48 h or 72 h (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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measured EtBr fluorescence intensity between the Hp26695 and Hp26695�421 strains;
the MFI was significantly higher in the Hp26695�421 strain than in the wild type
(Fig. 3B). To determine the kinetics of EtBr influx in Hp26695 and Hp26695�421 strains,
we measured the MFI of EtBr influx at 5-, 10-, and 30-min time intervals. The MFI of the
Hp26695�421 strain was significantly higher through all the time intervals compared to
the MFI observed for the Hp26695 strain (P value of �0.05) (Fig. 3C).

In order to check the cell wall fluidity of lag-phase cultures, the Hp26695�421 and
Hp26695 strains were cultured for 72 h and were observed for EtBr influx. As expected,
the MFI was found to be significantly higher in the Hp26695�421 strain than in the
Hp26695 strain (P value of �0.05) (Fig. 3D and Fig. S3A). Furthermore, we observed that
the Hp76Δ421 strain exhibited higher MFI than the Hp76 strain and the Hp76Δ421-
reconstituted strain (Fig. 3E and Fig. S3B). We also measured the MFI for Hp76 strains
in 72-h cultures and found that the influx rate was significantly higher in the Hp76�421
strain than in the Hp76 and Hp76Δ421-reconstituted strains (P value of �0.05) (Fig. 3F
and Fig. S3C and D). Overall, from these observations, we anticipate that the lack of CGs
would likely perturb the cell wall permeability of H. pylori by damaging the cell wall
integrity.

Lack of CGs disrupts LPS structure. In order to detect the changes in O-antigen
expression due to disruption of CGs, we isolated lipopolysaccharides from Hp76,
Hp76�421, and Hp76�421-reconstituted strains and visualized them by silver-stained
SDS-polyacrylamide gel electrophoresis. Depletion of CGs resulted in the disruption of
O antigens as observed by silver staining of Hp76�421 LPS in which the O antigens
were absent compared to the Hp76 LPS profile. Consequently, the O antigens and core
LPS were partially restored in the Hp76�421-reconstituted strain (Fig. 4A). Moreover, we
investigated whether the deletion of hp0421 in Hp26695 and Hp76 strains had any
effect on the transcription of wecA and wzk genes. We found no significant differences
in the gene expression levels for these two genes in both wild-type and Hp26695�421
and Hp76�421 strains (Fig. 4C and D). This observation rules out the possibility that the
alteration in LPS profile was due to changes in the expression of these O-antigen
synthesis genes. Thus, the lack of CGs most likely disrupted the normal components of
H. pylori LPS.

Cholesteryl glucoside perturbation in H. pylori renders bacteria sensitive to
antibiotics. To investigate the effect of loss of CGs in H. pylori on antibiotic resistance,
we determined the MICs of several antibiotics on Hp26695 and Hp76 strains. For this,
the strains were grown on brucella agar plates in the presence of MIC E-strips belong-
ing to different antibiotics. Hp26695 and Hp76 strains were found to be resistant to
fosfomycin, polymyxin B, colistin, tetracycline, and ciprofloxacin. Moreover, the
Hp26695�421 strain was more sensitive to amoxicillin than the Hp26695 strain, while
both strains were sensitive to clarithromycin. Interestingly, the Hp26695�421 and
Hp76�421 strains, on the other hand, were found to be sensitive to all of the above
antibiotics tested (Table 1). The increased sensitivity of Hp26695�421 and Hp76�421
strains was understandable, as these strains demonstrated an increase in cell wall
permeability due to the loss of CGs. Overall, it appears that the deletion of hp0421
perturbs the cell wall integrity of H. pylori, which in turn leads to increased susceptibility
to all the antibiotics tested.

Deletion of hp421 enhances H. pylori cell aggregation. H. pylori bacteria produce
biofilms on stomach mucosa in order to circumvent the gut’s harsh environment, and
it was reported that deletion of the luxS gene increases the biofilm formation (20). We
observed that Hp26695�421 and Hp76�421 strains tended to aggregate in the liquid
cultures in contrast to the wild-type cultures that appeared turbid in their growth.
Therefore, we investigated the effect of hp0421 deletion on biofilm formation in the
Hp26695 and Hp76 strains. Biofilm formation was visualized on glass coverslips with a
microscope. The Hp26695�421 and Hp76�421 strains demonstrated biofilm formation
on the third day, while the wild-type strain formed biofilm on the fifth day. Moreover,
crystal violet absorbance assay revealed that the biofilms formed by Hp26695�421 and
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Hp76�421 strains were significantly denser than the biofilms formed by the Hp26695,
Hp76, and Hp76�421-reconstituted strains (Fig. 4B). The results showed that the
Hp26695�421 and Hp76�421 strains tended to aggregate and adhere strongly to the
surface of the coverslip at the air-liquid interface. Hence, perhaps, the lack of CGs
enhances aggregation of bacterial cells and promotes biofilm formation in H. pylori.
Moreover, we determined the expression of the luxS gene in the above strains to check
whether its expression is affected by the deletion of hp0421. We found no significant
differences in the gene expression levels for luxS in both wild-type and Hp26695�421
and Hp76�421 strains (Fig. 4E).

FIG 4 Analysis of LPS expression and biofilm formation. (A) Silver-stained SDS-PAGE gel (15%) depicting profiles of
LPS from Hp76, Hp76�421, and Hp76�421_reconstituted strains. (B) Bar graph representing quantification of biofilm
formation by H. pylori after 5 days of incubation. The Hp26695 strain data were analyzed by Student’s t test. The
Hp76 strain data were analyzed by one-way ANOVA followed by Turkey’s multiple-comparison tests. (C and D)
qRT-PCR analyses of wecA and wzk genes using RNA isolated from wild-type (Hp26695 and Hp76), knockout
(Hp26695�421 and Hp76�421), and Hp76�421-reconstituted strains grown for 48 h. (E) Relative mRNA expression
of luxS from 2-day-old broth cultures [ns, nonsignificant difference(s); *, P � 0.05, **, P � 0.01; ***, P � 0.001].
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DISCUSSION

In the present study, we analyzed the possible role of CGs in H. pylori in the
maintenance of normal spiral shaped bacillary morphology and cell wall integrity and
investigated their role in sensitivity and resistance to antibiotics. We also studied the
effect of loss of CGs on lipopolysaccharide profiles and on biofilm formation using
Hp26695�421 and Hp76�421 (knockout) strains and their respective wild types. We
observed the presence of CGs to be essential for maintaining the normal, spiral
morphology of H. pylori, while the lack of CGs remarkably distorted the shape of H.
pylori cells to variable structures, with coiled and “c”-shaped cells being dominant. A
previous study also observed similar morphological alterations upon deletion of pep-
tidoglycan endopeptidase genes csd1 and csd3 in H. pylori (13). However, we found that
there was no effect on the gene expression levels of csd1 and csd3 upon deletion of the
hp0421 gene. Moreover, CGs are the major constituents of the H. pylori cell wall and
comprise more than 25% of the total cell wall lipids (19). Given this, our results are
strongly suggestive of CG depletion leading to alteration of lipid raft components of the
H. pylori cell wall which could have disrupted its integrity. Since lipid rafts are required
in maintaining the architecture of the cell wall and order of cell wall domains, absence
of the CGs may be linked to change in the normal helical shape of H. pylori. In fact, a
study on Borrelia burgdorferi wherein cell wall cholesterol depletion by methyl-�-
cyclodextrins (M�CD) without substitution by other sterols resulted into coiled spiro-
chetes (21). Our results are in line with this observation which supports that the lack of
sterols alters the morphology of H. pylori. Moreover, the results of analysis of H. pylori
morphology suggest that the lack of CGs remarkably altered the size and curvature of
the cells; these results strongly point to the possibility that CGs are part of lipid rafts in
the cell wall and that they play a crucial role in maintaining the typical helical shape and
size of H. pylori cells. It should be noted that the helical shape of H. pylori is a major
factor in the process of invasion of gastric niches. This is of particular significance given
the reports that the colonization rates for the stomachs of mice by the helical rod-
shaped H. pylori were higher than those of the csd1 and csd3 mutants that were curved
and rod shaped (13). Similarly, Wunder et al. reported that hp0421 mutant(s) failed to
colonize C57BL/6 mice and were cleared from the gastric tissue (5). These results
demonstrate that the changes in H. pylori morphology due to the absence of CGs
negatively influence the colonization potential of H. pylori. We speculate that this could
be a result of direct or indirect interaction between the CGs and the peptidoglycans
that altered the order of cell wall domains.

The deletion of the hp0421 gene results in depletion of CGs in the cell wall, which
could lead to enhanced permeability. Likewise, when H. pylori was grown in the
absence of cholesterol, bacterial cell permeability was significantly increased. Thus, this
indicates the critical role of CGs in the formation of ordered cell wall units of H. pylori
to maintain its integrity. In an alternative scenario, the CGs are probably required to
maintain the tight pack of the outer wall/capsule of H. pylori. Sterols in the membrane
are believed to support the cell membrane in B. burgdorferi, and the depletion of
membrane cholesterol and substitution with different sterol analogues increased the

TABLE 1 MICs of wild-type, �421 mutants, and �421-reconstituted H. pylori strains

Antibiotic

MIC (�g/ml) of the following straina:

Hp26695 Hp26695�421 Hp76 Hp76�421
Hp76�421-
reconstituted

Fosfomycin �1,024 (R) �1.5 � 0.5 (S) �1,024 (R) �0.064 � 2 (S) �1,024 (R)
Colistin �256 (R) �12 � 3 (S) �256 (R) �10 � 5 (S) �256 (R)
Polymyxin B �256 (R) �8 � 4 (S) �256 (R) �10 � 4 (S) �256 (R)
Ciprofloxacin �0.38 � 0.5 (R) �0.064 � 0.02 (S) �0.50 � 0.5 (R) �0.19 � 0.2 (S) �0.047 � 0.08 (R)
Tetracycline �10 � 3 (R) �0.01 � 0.02 (S) �0.50 � 0.1 (R) �0.01 � 0.09 (S) �0.38 � 0.18 (R)
Amoxicillin �0.47 � 0.01 (R) �0.016 � 0.01 (S) �0.016 � 0.01 (S) �0.016 � 0.01 (S) �0.016 � 0.01 (S)
Clarithromycin �0.001 (S) �0.001 (S) �0.001 (S) �0.001 (S) �0.001 (S)
aThe letters in parentheses after the MIC indicate whether the strain is resistant (R) or sensitive (S) to the indicated antibiotic.

Roles of CGT and CGs in H. pylori ®

November/December 2018 Volume 9 Issue 6 e01523-18 mbio.asm.org 9

mbo-mbio/mbo00618/mbo4189d18z xppws S�5 11/5/18 14:07 ArtID: DOI:10.1128/mBio.01523-18 CE: CB

https://mbio.asm.org


permeability of the membrane at different levels based on the type of sterols and the
depletion of cholesterol by methyl-�-cyclodextrins (M�CD); lack of substitution with
any sterols caused significant increase in the permeability of the membrane (21). Also,
in yeast, the deletion of essential genes of sterol biosynthesis was reported to increase
the cell membrane permeability (22). Our findings are in line with these and other
reports and suggest that CGs interact with peptidoglycan domains in order to maintain
the architecture of the H. pylori cell wall. The permeabilization of H. pylori cell wall has
far-reaching implications for therapeutic interventions.

Further, we observed that the Hp76�421 strain exhibited aberrant LPS expression
profile with loss of O antigens and lack of core LPS. Our observations suggest that the
perturbation of the architecture of the H. pylori cell wall due to the lack of CGs reduced
LPS expression. On the other hand, this might have occurred due to the changes in the
structure of the cell wall affecting the O-antigen biosynthesis enzymes that are present
in the cell wall. It is relevant in this context that the deletion of hp0421 did not affect
the mRNA expression of essential LPS synthesis genes wecA and wzk. Alternatively, the
changes in the structure and composition of the cell wall due to the lack of CGs may
result in the dysregulation of the transfer of LPS units through membranes. Our
observations appear to be in agreement with the report of Hildebrandt et al., who
observed that depletion of cholesterol leads to the development of aberrant LPS in the
Hp26695 strain, which depends on lipid A phosphorylation (14).

Furthermore, we observed that lack of CGs reverted the resistance of H. pylori to
antibiotics. The increased susceptibility to the antibiotics due to the deletion of hp0421
may be the result of permeabilization of the cell wall, facilitating antibiotics to pene-
trate passively through H. pylori cells. The bacterial cell wall is the first line of defense
against antibiotics, detergents, and host defense elements. The membrane/cell wall
permeabilization could be an effective method to control bacterial infections by
enhancing antibiotic action/delivery (23). Second, we suggest that disruption of LPS
and/or influencing the outer membrane charge due to the lack of CGs decreased the
resistance of H. pylori to certain antibiotics like polymyxin and colistin. Disruption of
lpxEHP, a gene encoding lipid A in H. pylori, has been shown to dramatically decrease the
polymyxin resistance from a MIC of �250 �g/ml to a MIC of 10 �g/ml (24). Similarly, we
believe that the deletion of hp0421 might possibly affect the LPS structure thus
influencing the outer membrane charge and cell wall integrity and eventually increas-
ing the sensitivity of H. pylori to certain antibiotics. Inhibition of CG synthesis may not
kill the bacteria directly but rather render the pathogens incapable of establishing
successful infection by hindering their colonization potential and fitness advantage
(resistance toward antibiotics).

Moreover, we suggest that the tendency of Hp26695�421 and Hp76�421 strains to
aggregate on the surface of coverslips is probably due to changes in the properties of
LPS. Modifications in LPS have been shown to enhance bacterial autoaggregation and
biofilm formation (25). Alternatively, the changes in the cell wall properties and
morphology may trigger stress-related genes, including the quorum-sensing gene luxS.
Similarly, the changes in the membrane structure of Pseudomonas aeruginosa were
previously reported to alter quorum sensing (26). However, we did not observe any
changes in the mRNA expression levels of luxS.

In conclusion, in this study, we have shown the role of CGs in the maintenance of
H. pylori native helical morphology, and the lack of CGs remarkably resulted in variable
shape and size of H. pylori cells dominated by “c”-shaped cells. Moreover, the cell wall
permeability increased irrespective of the duration of culture and the strain type of H.
pylori. Further, we showed that lack of CGs perturbed the structure of cell wall
components like LPS, which on one hand, would attenuate the virulence of H. pylori
and, on the other hand, would render H. pylori susceptible to antibiotics to which it was
otherwise resistant. CGs could be a promising target for drugs aiming at the eradication
of H. pylori infection. The functional roles of CGs in H. pylori that we report here
significantly extends the previous understanding on the role of cholesterol glucosyla-
tion in H. pylori immune evasion and pathogenicity. Future studies are needed to
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determine whether inhibition of H. pylori-specific CGs constitutes a target for the
development of new therapeutic molecules for H. pylori-induced inflammation and
malignancies.

MATERIALS AND METHODS
Bacterial strains and cholesterol loading. The human-adapted Hp26695 strain and its mutant

strain, the Hp26695�0421 strain, were grown on GC agar medium (Difco, USA) supplemented with 10%
horse serum, 2.5 �g/ml trimethoprim, 10 �g/ml vancomycin, and 1 �g/ml nystatin as described previ-
ously (27) (antibiotics were excluded in some experiments of antibiotic resistance determination and
aztreonam filamentation assay). An aliquot of 4 �g/ml kanamycin was added as a resistance selection
marker for Hp26695�0421. The mouse-adapted Hp76 strain, its mutant strain (the Hp76�0421 strain), and
the reconstituted Hp76�0421 strain were a gift from Thomas F. Meyer, Max Planck Institute for Infection
Biology, Germany. Hp76 strains were cultured as described previously (5). Further, the procedures to
grow Helicobacter pylori in the absence of cholesterol were modified from earlier described method(s)
(28). Briefly, the wild-type strains were grown on Ham’s F-12 medium (Gibco, USA) (chemically defined)
supplemented with 1 mg/ml BSA with or without 1 mM water-soluble cholesterol (250 �M cholesterol
with 4 mM M�CD) (Sigma). For agar plates, Ham’s F-12 medium was prepared (2�) and mixed with 30 g
per liter agar at 1:1 ratio. For broth culture, the strains were grown in brucella broth medium with the
use of CampyGen compact sachets (Oxoid, UK) inside a shaker-incubator to create a microaerophilic
condition. To visualize cell elongation, 2 �g/ml of aztreonam antibiotic was added to the medium. All
strains were incubated under humidified microaerophilic conditions with 5% O2 and 5% CO2.

Construction of Hp26695�421 and Hp76�421 strains. The cholesterol �-glucosyl transferase
hp0421 (Gene ID 900074) knockout in Hp26695 was generated by homologous recombination as
described previously (10). Briefly, two pairs of primers upstream (PCR1) and downstream (PCR2) of
hp0421 regions were designed with XhoI restriction enzyme sequence (Table 2). Ligated PCR1 and PCR2
were inserted by TA cloning into the pTZ57R/T plasmid, followed by transformation into Escherichia coli
DH5�. The plasmids were purified by Plasmid Miniprep kit (Qiagen, Germany) and digested with XhoI.
The kanamycin resistance cassette was inserted between PCR1 and PCR2 and subsequently cloned into
E. coli DH5�. The purified plasmids were transformed into the Hp26695 strain by natural transformation.
The transformed bacteria were grown on GC agar kanamycin medium. Additionally, the absence of the
pTZ57R/T plasmid was confirmed by sensitivity to ampicillin, and the presence of the knockout construct
was confirmed by PCR and construct sequence analysis.

Cell wall fluidity and H. pylori cell morphology by flow cytometry. For cholesterol depletion-
based selection, the Hp26695 strain was grown on chemically defined medium. The wild-type Hp26695,
Hp26695�0421, wild-type Hp76, Hp76�421, and Hp76�421-reconstituted strain were all grown for 48 to
72 h on brucella agar (BD Biosciences). The staining and measurement procedures for EtBr influx were
modified from a previous study (29). Briefly, bacterial cells were collected and washed thrice with PBS at
pH 7.4 (Gibco, USA). A total of 106 cells were resuspended in 1 ml PBS or in 1 ml PBS (containing 5 �g
of EtBr filtered through a 0.22-�m Millix-GV syringe filter [Merck-Millipore, USA]). All tubes were
incubated at 37°C with gentle mixing inside a hybridization rotor for 5 to 30 min, followed by flow
cytometry analysis on a BD FACS Canto II system (BD Biosciences). To measure the influx rate, Hp26695
and Hp76 strains were incubated with 10 �g/ml EtBr for 1 h, followed by centrifugation at 6,000 rpm for
5 min. The pellets were resuspended in 1 ml of PBS or 1 ml of PBS with 0.4% of glucose. EtBr fluorescence
intensity was measured by flow cytometry analysis with the excitation wavelength set at 488 nm and the
fluorescence emission set at 585 nm. The data were analyzed by using FlowJo LLC software.

H. pylori morphology analysis upon deletion of hp0421. H. pylori cultures grown for 48 h were
washed by PBS (pH 7.0) with 10% glycerol thrice, and the cells were adjusted to an OD550 of 0.2. Cells
were mounted on glass slides and imaged by confocal microscope (model LSM 880; Carl Zeiss). The

TABLE 2 Primers used in this study

Target gene of the primer Nucleotide sequence of the primer

hp0421 US F GTGGATTATGACTCTTTAGAGACTTG
hp0421 US R GTGCCATGGCTCGAGTTAACTACTCTTCTTTAAAATTGAAT
hp0421 DS F GTGCCATGGCTCGAGTGAAAGGATAAAAAATGCAAGAA
hp0421 DS R CCAATTTTAGGGCAGGCTAAAAAC
wecA F ATGGTGCTTGGGTTTATGGTG
wecA R GGCTTTCTGGCGTTTTATTTTG
wzk F AAACTCAAAGACAACCACGAAG
wzk R CGACCGCTAAAATCAACAAG
16s rRNA F GGTAAAATCCGTAGAGATCAAGAGG
16s rRNA R ACAACTAGCATCCATCGTTTAGG
cds1 F GGATGAATTTTTAGACGATTTGC
cds1 R CCCTCTTCTTTTTCTTCTTCAGG
cds3 F CTAAACATGGCAGCTTGATCC
cds3 R AATGGATTTCAACCACCTTCC
luxS F TTTGATTGTCAAATACGATGTGC
luxS R TGTGAGATAAAATCCCGTTTGG
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image optimization was carried out in Adobe Photoshop 7. The quantitative analysis of processed images
to measure the x size, y size, and aspect ratio of H. pylori cells were done individually by CellTool software
package as described previously (30).

Quantitative PCR and gene expression analysis. The method for qRT-PCR analysis was described
previously (31). Briefly, RNA was isolated from 108 cells of H. pylori strains by TRIzol (Invitrogen, USA).
Subsequently, 3 �g of RNA was converted to cDNA using SuperScript-III (Invitrogen, USA) and random
hexamers according to the manufacturer’s instructions. For qRT-PCR, 40 ng of the first transcribed DNA
strand was amplified by using SYBR Fast qPCR Mix (TaKaRa, Japan) with primers targeting cds3, cds1, wzx,
and wecA genes and 16S rRNA as an internal control. For luxS, H. pylori strains were grown in brucella
broth for 2 days, and RNA was isolated from planktonic and sessile bacterial cells. The primer sequences
are listed in Table 2.

Determination of antibiotic resistance among wild-type H. pylori and hp0421 mutant. Hp26695
and Hp76 strains grown on brain heart infusion agar medium were collected and washed with PBS. About
50 �l of 108 H. pylori cell suspension was spread on brain heart infusion agar medium and antibiotic-
impregnated strips (HiMedia, India) corresponding to clarithromycin (0.016 to 256 �g/ml), amoxicillin
(0.016 to 256 �g/ml), fosfomycin (0.064 to 1024 �g/ml), polymyxin B (0.016 to 256 �g/ml), colistin (0.016
to 256 �g/ml), tetracycline (0.016 to 256 �g/ml), and ciprofloxacin (0.002 to 31 �g/ml) were placed on
the plates and incubated for 3 days. The susceptibility was defined by breakpoints defined by the Clinical
and Laboratory Standards Institute (CLSI) (32).

Biofilm formation by H. pylori hp0421 mutant strains. Biofilm formation was assayed using a
modified protocol as described previously (33, 34). Briefly, Hp26695 and Hp76 cells were collected from
BHI agar and washed with PBS. Inocula at an OD550 of 0.2 were seeded in 12-well plates, each well
contained 2 ml of brucella broth with 7% decomplemented horse serum (Gibco, USA), and sterilized glass
coverslips were used to cover the wells to allow adherence of H. pylori at the air-liquid interface. The
cultures were incubated under microaerophilic conditions at 37°C for 2 to 6 days. After incubation, the
coverslips were washed with PBS, followed by 0.1% crystal violet staining. The coverslips were further
rinsed with PBS and dried. The associated dye was dissolved in acetone and ethanol (2:8), and the
absorbance was measured by microplate reader at 594 nm.

Lipopolysaccharide purification and visualization. Purification of lipopolysaccharides from H.
pylori strains was carried out according to the previously described method of Hong et al. with slight
modifications (35). Briefly, the bacterial lawns were collected and washed with 1 ml PBS (pH 7.4), followed
by centrifugation thrice at 10,000 rpm for 10 min each time. The pellets were resuspended in lysis buffer
(60 mM Tris-HCl [pH 6.8], 2% SDS) and incubated at 98°C for 10 min, and the whole-lysate protein was
quantified by BCA bicinchoninic acid assay (Thermo Fisher Scientific, USA). LPS was extracted by adding
45% hot phenol to the lysate, vortexed vigorously, and incubated at 70°C for 30 min. The mixtures were
centrifuged at 16,000 � g for 15 min, and the upper phase layer was collected in 2-ml tubes and LPS was
precipitated by adding 75% cold ethanol and 10 mM sodium acetate. The tubes were then incubated at
�20°C overnight, followed by centrifugation at 16,000 � g for 15 min. To remove DNA and RNA
contaminants, 3 �l of buffer 2 (NEB, UK), 0.5 mg/ml DNase I (amplification grade) (Sigma, USA), and
0.5 mg/ml RNase A (Invitrogen, USA) were added, followed by incubation for 1 h at 37°C and treatment
with 0.5 mg/ml proteinase K (Amresco, USA) for 1 h at 56°C. The LPS was reextracted by adding 50%
phenol, followed by vigorous vortexing and centrifugation. The pellet was finally precipitated by cold
ethanol, resuspended in 50 �l of deionized water, and stored at �80°C. For visualization of LPS, 10 �l
from each tube was loaded on a 15% SDS gel and stained with dual silver stain (36). The LPS units were
been quantified by Limulus amebocyte lysate (LAL) chromogenic endotoxin quantitation kit (Pierce, USA)
according to the manufacturer’s instructions.

Statistical analysis. The statistical analyses were performed using Student’s t test and one-way
ANOVA followed by Turkey’s multiple-comparison tests. The data are the means and standard errors of
the means from three independent experiments.
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FIG S1 Morphology of H. pylori in the absence of cholesterol in culture and upon
deletion of hp0421. (A and B) Confocal microscopy images depicting H. pylori grown in
the absence (A) and presence (B) of cholesterol. (C) Scatter plots showing Hp26695 and
Hp26695�421 cell populations by x size and y size as analyzed by CellTool. (D) Graph-
ical profiles representative of the distribution of Hp26695 and Hp26695�421 cell pop-
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RNA isolated from and the relative mRNA expression analyses of log-phase cultures of
Hp26695 and Hp76 strains as quantified by qRT-PCR of csd1 and csd3 gene loci (ns
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FIG S2 Morphology of Hp76 strains presented by flow cytometry. Representative con-
tour plots of H. pylori populations when analyzed by flow cytometry; FSC and SSC are
shown on the x and y axes, respectively, with mean and median. Hp76�421 displayed
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FIG S3 The absence of cholesteryl glucosides caused increased cell wall permeability. (A
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when treated with EtBr at different time points as shown.
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