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Abstract: Helicobacter pylori infects at least half the population worldwide, and its highly diverse 

genomic content correlates with its geographic distribution, because of its prolonged relationship 

with humans. The extremely low infection prevalence alongside low inflammation severity observed 

in some countries might be caused by strains with low virulence potential. Therefore, this study 

aimed to investigate whole genome analysis datasets of Sri Lankan H. pylori strains. H. pylori strains 

isolated from biopsy specimens underwent whole genome sequencing to investigate their antibiotic 

resistance and virulence potential. The prevalence of H. pylori infection in Sri Lanka is extremely low 

(1.7% in a previous study), and only six H. pylori strains were successfully isolated from bacterial 

culture. Antibiotic resistance analysis showed a high prevalence of metronidazole resistance (83.3%, 

5/6), and investigation of the related genes showed truncation of the rdxA and frxA genes and single 

nucleotide polymorphisms in the rdxA, frxA, ribF, omp11, and fur genes. Most virulence genes of the 

144 assessed were present, except for the cag pathogenicity island (cagPAI), babA/B/C, and tlpB genes. 

An incomplete type 4 secretion system (tfs) was found in three strains. Pan-genome analysis revealed 

1926 genes in Sri Lankan H. pylori strains, with 1225 core genes. Analysis of non-Sri Lankan H. pylori 

strains showed that the htpX gene was found only in Sri Lankan strains (P-corrected = 0.0008). 

Phylogenetic analysis showed that the Sri Lankan strains clustered with strains from hpAsia2 and 

hpEurope. This comparative genomic study shows that H. pylori strains with low virulence potential 

are present in countries with a low prevalence of infection and disease severity, indicating a strain-

type geographical pattern. 
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1. Introduction 

Around 50% of the world’s human population is infected with H. pylori, a carcinogenic pathogen 

[1]. H. pylori infection represents a serious public health problem because it has a causal relationship 

with gastric cancer and gastric mucosal-associated lymphoid tissue (MALT) lymphoma [2]. Over 

years of persistent H. pylori infection in humans, co-evolution has led to adaptation to the unique 

environment of the human gastric lumen, resulting in extreme genomic diversity [3]. The diversity 

of H. pylori is also reflected in its causal effect on humans. Infection prevalence varies between 

countries, and even between regions within a country. The probability of developing disease among 

H. pylori-infected patients tends to be widely variable, consistent with the geographic pattern of H. 

pylori distribution [4–6]. 

The genetic variation observed in H. pylori strains is attributed to their long-term interaction with 

the host. Factors such as the ethnicity, residence, and antibiotic consumption patterns of the host are 

thought to influence the adaptation of H. pylori, as reflected in its genetic diversity [7]. This genetic 

variation can now be assessed more comprehensively by evaluating whole genome sequences, as 

technologies become more advanced and more feasible [8] [9]. Current advances in next generation 

sequencing technologies have enabled researchers to assemble and screen multiple genes, evaluate 

the synteny, and perform comparative genomic analyses [10]. This approach is ideal for a 

comprehensive description of the virulence properties of H. pylori, especially in countries where H. 

pylori has been newly reported. Thus, this technology is beneficial for the development of precision 

H. pylori therapy. The most valuable genetic variation data is related to antibiotic resistance and 

virulence factors [9]. This information can be used to mitigate the risk of infection and assist in the 

development of more precise treatment guidelines tailored to specific regions or countries. 

Virulence genes are required to colonize, adapt, persist, and propagate inside the host, and 

genetic variations contribute to the induction of inflammation [11]. One of the crucial virulence 

factors is CagA, an oncogenic protein that is injected through the type 4 secretion system (Tfs) and 

enables H. pylori to induce a dysmorphic phenotype internally in gastric epithelial cells [12]. CagA 

has variable EPIYA motifs with varying affinity to SHP2, which follow a geographic pattern that 

partially explains the different rates of carcinogenesis between different geographical regions [12]. 

Vacuolating cytotoxin (VacA) is a pore-forming toxin that causes vacuolation in gastric epithelial cells 

[8]. VacA enhances the capability of H. pylori to colonize the stomach and contributes to the 

pathogenesis of H. pylori-induced diseases [9]. The urease family genes, flagella-apparatus encoding 

genes, and the chemotaxis gene are involved in early colonization and persistence in the acidic 

environment of the human stomach [13]. Genomic analysis has already screened H. pylori for well-

known virulence genes, such as cagA, vacA, and several outer membrane proteins, including babA 

[14]. There is also evidence supporting the association of insertion sequences, phage elements, and 

plasticity regions (such as the cag pathogenicity island, cagPAI) with disease severity [15,16]. Several 

genes related to antibiotic resistance have been extensively studied and can be used as biomarkers to 

detect antibiotic resistance. For example, 23S rRNA and gyrA are markers for clarithromycin (CLA) 

and levofloxacin (LEV) resistance, respectively [17]. 

A recent investigation on the seroprevalence of H. pylori infection in Sri Lanka, a country in South 

Asia that is separated from the Asian continent, revealed an extremely low H. pylori infection rate 

[18]. Furthermore, an endoscopy study found no cases of duodenal ulcers or gastric cancer [18]. The 

resistance profiles possessed by the strains found in this low gastric cancer environment are also 

crucial. A genomic dataset of Sri Lankan strains, together with histological evaluation of biopsy 

specimens for disease severity, could be an interesting model to understand the genomic profile of 

H. pylori from regions with a low prevalence of severe disease. Moreover, understanding the 

virulence genes possessed by these strains is equally important. Therefore, this study was conducted 

to elucidate the antibiotic resistance and virulence potential of Sri Lankan H. pylori strains, based on 

a whole genome approach in strains associated with low infection prevalence and disease severity. 

2. Materials and Methods 
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2.1. Sample Collection and Bacterial Strains 

The isolates evaluated in this study were based on a clinical survey in Sri Lanka from 2017 [19]. 

In the survey, 353 patients with dyspeptic symptoms were recruited for endoscopy. Biopsy specimens 

were collected from the antrum, body, and angulus. Patients with no previous history of H. pylori 

eradication and gastric resection were included and provided written informed consent for the study 

[18]. However, the prevalence of H. pylori infection was very low; only six strains could be isolated 

from all subjects. The strains were isolated from patients from different ethnicities as follows: Muslim, 

SLK36; Tamil, SLK231; and Sinhalese, strains SLK40, SLK91, SLK231, and SLK237.  

All the study protocols of this study were approved by the ethical committee of Paradeniya 

Hospital, Sri Lanka, and the Faculty of Medicine, Oita University, Yufu, Japan, in accordance with 

the Declaration of Helsinki. The biopsy specimens for histology analysis were fixed in 10% formalin 

and embedded in liquid paraffin to form a block. Hematoxylin-eosin and Giemsa staining were 

performed to determine the gastric inflammation level according to the Updated Sydney System 

[20,21]. Gastritis was evaluated in the biopsy specimens collected from the antrum, body, and 

angulus. Neutrophil infiltration, monocyte infiltration, atrophy, and intestinal metaplasia were 

evaluated in each location. Each of these parameters was graded as follows: 0, none; 1, mild; 2, 

moderate; 3, severe. The Operative Link on Gastritis Assessment (OLGA) score was calculated by the 

sum of the atrophy grade/score in the antrum, body, and angulus.  

For H. pylori isolation, a gastric biopsy from the antrum was taken and stored in Brucella broth 

medium (Becton, Dickinson and Company, Sparks, USA) supplemented with 10% glycerol. After 

transportation to the laboratory, the biopsy specimens were homogenized and inoculated on H. pylori 

selective culture plates (Eiken Chemical Co., Ltd., Tokyo, Japan). Strains growing with purple-

colored colonies were collected and used for whole genome sequencing and other in vitro analyses.  

2.2. Next Generation Sequencing and H. pylori Virulence Factors 

DNA was extracted from a bacterial suspension of strains isolated from different patients using 

a Qiagen DNeasy Blood and Tissue Kit following the manufacturer’s instructions. Whole genome 

sequencing was performed using a high-throughput next-generation sequencer (Illumina MiSeq, 

Illumina, San Diego, CA). The Illumina MiSeq provided paired-end short-read results that were used 

for further analyses. The short reads were trimmed using Trimmomatic version 0.39 and assembled 

using Unicycler v3.13.1 [22]. The sequences were then annotated by DFAST [23] and the open reading 

frames were used to determine the virulence genes. The quality of the assembly was assessed by 

Quast [24] and DFAST [23]. The presence of virulence genes was assessed by abricate 

(https://github.com/tseemann/abricate) using databases from the Virulence Factors Database (VFDB) 

[25] and Victors [26], with a minimum identity of 70% and minimum coverage of 50%. The cagA, 

vacA, and oipA genes were extracted by BLASTN algorithm. The sequences were aligned and 

visualized by Mega version 7.0 [27] to evaluate the genotype and “on” or “off” status. Plasmids, 

phages, and insertion sequences (IS) were predicted by plasmidfinder, phaster, and ISFinder, 

respectively [28–30]. The type 4 secretion system was detected by BLAST and visualized by CGview 

[31].  

2.2. Comparative Genomic Analysis 

The pan-genome analysis used GFF files from DFAST as input files for Roary [32], with a split-

paralog mode and a minimum identity of 70%, to evaluate the core genomes and strain-specific genes. 

The results were visualized on phandango [33]. To assess the phylogenetic relatedness of cagA and 

vacA, a neighbor-joining tree using the Kimura-2 parameter was constructed using cagA and vacA 

sequences obtained from the reference sequences for which the genome populations had previously 

been determined [34]. We used complete genome sequences of 29 H. pylori strains collected from 

various parts of the world. The names and accession numbers of these reference genome sequences 

are as follows: 26695, NC_000915.1; J99, NC_000921.1; HPAG1, NC_008086.1; pHPAG, NC_008087.1; 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 January 2025 doi:10.20944/preprints202501.1220.v1

https://www.ncbi.nlm.nih.gov/nuccore/NC_000915.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_000921.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_008086.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_008087.1
https://doi.org/10.20944/preprints202501.1220.v1


 4 of 17 

 

Shi470, NC_010698.2; G27, NC_011333.1; pHpG27, NC_011334.1; P12, NC_011498.1; pHpP12, 

NC_011499.1; F57, DDBJ: AP011945; F32, DDBJ: AP011943; pHpF32, AP011944; F30, DDBJ: AP011941; 

pHpF30, AP011942; F16, DDBJ: AP011940; B38, NC_012973.1; 51, CP000012.1; v225d, CP001582.1; 

pHpv225d, CP001583.1; B8, NC_014256.1; pHpB8, NC_014257.1; SJM180, NC_014560.1; PeCan4, 

NC_014555.1; pHpPC4, NC_014556.1; Cuz20, CP002076.1; Sat464, CP002071.1; pHpSat464, 

CP002072.1; OK113, DDBJ: AP012600; OK310, DDBJ: AP012601; pHpOK310, AP012602; 35A, 

CP002096.1; 83, CP002605.1; Gambia94/24, CP002332.1; pHpGambia94/24, CP002333.1; India7, 

CP002331.1; Lithuania75, CP002334.1; pHpLithuania75, CP002335.1; Puno120, CP002980.1; 

pHpPN120, CP002981.1; Puno135, CP002982.1; Santal49, CP002983.1; pHpSNT, CP002984.1; and 

NAB47, AJFA00000000.  

2.3. Adherence Test and Hummingbird Phenotypes 

An adherence and invasion test was performed based on a previous study with slight 

modifications [35,36]. Each strain was cultured on Brucella agar supplemented with 7% horse blood. 

A standardized bacterial concentration with an optical density (OD) of 0.07 of Sri Lankan strains 

together with reference strain 26695 were inoculated into a gastric epithelial (AGS) cell line with a 

confluence of more than 80% in 12-well plates to produce a multiplicity of infection (MOI) of 50. This 

co-culture was incubated for 4 hours before the medium was replaced with RPMI 1640 Medium 

(Gibco, Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine serum (FBS) with 100 

mg/l gentamycin for 1 hour. The cells were washed with phosphate buffer saline (PBS) and added 

to RPMI supplemented with 10% FBS and 10 mg/l gentamycin for incubation for 24 hours. The cells 

were then incubated with 0.1% saponin (Sigma Aldrich, Darmstadt, Germany) to break the 

attachment between the cells and the plate. The supernatant was diluted 10, 100, and 1000 times with 

PBS and inoculated onto Brucella agar (Becton Dickinson, California, USA) supplemented with 7.0% 

FBS. The number of colonies grown were evaluated after 5 days. For hummingbird phenotype 

analysis, strains were co-cultured in the AGS cell line for 6 hours. The hummingbird phenotype was 

defined as AGS cell elongation with a height:width proportion of around 1:5, evaluated at 100-times 

magnification [37]. 

2.4. Antibiotic Susceptibility Test 

An antibiotic susceptibility test against five major H. pylori antibiotics—including amoxicillin 

(AMX), clarithromycin (CLA), metronidazole (MNZ), levofloxacin (LEV), and tetracycline (TCN)—

was done using an E-test (Biomerieux, Marcy I’Etoille, France) [18]. Briefly, a H. pylori suspension 

from fresh culture was adjusted to be equivalent to 3.0 McFarland and then inoculated onto Mueller–

Hinton II agar (Becton Dickinson, USA). An E-test strip was placed onto the middle of each agar plate 

and then incubated at 37°C under microaerophilic conditions (10% O2, 5% CO2, and 85% N2). The 

minimum inhibitory concentration (MIC) of H. pylori strains towards each antibiotic was determined 

after 72 hours. The determination of a strain as resistant or susceptible was made following the 

European Committee on Antimicrobial Susceptibility Testing (EUCAST) criteria of MIC > 0.125 mg/L 

for AMX, MIC > 0.5 mg/L for CAM, MIC > 8 mg/L for MNZ, MIC > 1 mg/L for LEV, and MIC > 1 

mg/L for TCN [38]. 

3. Results 

3.1. H. pylori Infection and Gastric Inflammation Severity 

Of the six strains cultured, four strains were isolated from male patients and two from female 

patients, with a median age of 43.5 years (range, 33–62 years). All subjects infected with H. pylori were 

diagnosed with superficial gastritis. The scores for gastric inflammation according to the Updated 

Sydney System are shown in Supplementary Figure S1. Intestinal metaplasia was zero in all subjects. 

The patient infected with strain SLK231 had a prominent inflammation score and showed very high 

(severe) monocyte infiltration and high atrophy, especially in the gastric body. The highest OLGA 
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score was observed in the patient infected with strain SLK231 (score 4), followed by those infected 

with strains SLK40 (score 3) and SLK237 (score 2). None of the strains showed any signs of intestinal 

metaplasia. 

3.2. General Genomic Features of Sri Lankan Strains 

All H. pylori strains isolated from Sri Lanka were sequenced by Illumina MiSeq. The size of the 

draft genomes ranged from 1,534,541 bp to 1,625,743 bp with a GC percentage of 38.8%–39.2%. 

Although the number of contigs ranged from 29 to 48, the longest N50 of the draft genomes was 

137,496 bp. The average coding ratio was 89.7%, similar to the reference strain 26695, which had a 

value of 90.5%. Each genome had 36 tRNA and two rRNA genes. Clustered regularly interspaced 

short palindromic repeats (CRISPRs) were also detected in all strains except SLK40 and SLK260. To 

examine the conserved genomic regions, the genomes were aligned to the genome of strain 26695 

(Figure 1). A total of 104 paralogous genes belonging to strain 26695 were absent in all Sri Lankan 

strains. The alignments also showed that this missing region possessed a high GC skewness, 

indicating that it may be a region of plasticity.  

 

Figure 1. Whole genome sequences of six Sri Lankan strains. The annotated genomes of the Sri Lankan strains 

(n = 6) were compiled and a pan-genome was built. 

Annotation showed that the genomes of the Sri Lankan strains had an average number of coding 

sequences of around 1470 genes, and that 1213 of those genes were possessed by all strains and thus 

defined as core genes. The total number of unique genes specific to each strain was 374 

(Supplementary Figure S2).  

3.3. Pan-Genome Analysis of Sri Lankan Strains 

To further investigate the characteristics of the genes that were specific to only the Sri Lankan 

strains, a pan-genome analysis was performed in comparison with representative genomes belonging 

to the main H. pylori population (hpAfrica1, hpAsia2, hpEurope, and hpEastAsia) [34]. The pan-

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 January 2025 doi:10.20944/preprints202501.1220.v1

https://doi.org/10.20944/preprints202501.1220.v1


 6 of 17 

 

genomes were obtained by Roary with a minimum identity of 70% (Figure 2). The tree constructed 

from the binary accessory genes showed that the genomes of all the Sri Lankan strains were 

concentrated in a cluster that also included the Indian strains NAB47 and SNT49, from hpEurope and 

hpAsia2, respectively (Figure 2) [34,39,40]. The SLK231, SLK237, and SLK40 strains clustered with 

hpAsia2, while SLK36 and SLK91 clustered with hpEurope. 

Data on the presence and absence of genes was used to determine the genes that are specifically 

present only in Sri Lankan strains. In the split-paralog mode, screening using Scoary found 122 genes 

with a naive P-value < 0.05. Benjamini–Hochberg correction (P-corrected) showed that six genes had 

a statistically significant association with the Sri Lankan strains. Genes annotated as protease HtpX 

(group_982, P-corrected = 0.008) and restriction endonuclease R (group_437, P-corrected = 0.046) were 

present in all Sri Lankan strains but absent in 93.1% (27/29) and 86.2% (25/29), respectively, of the 

other strains (Figure 2). Interestingly, two variant types of htpX were found, group_982 and original 

htpX. The original htpX gene was present in 96.6% (28/29) of the non-Sri Lankan strains and absent in 

all Sri Lankan strains (P-corrected = 0.008). These results suggest an adaptation at the gene level to 

hosts in a particular geographic location.  

In the non-split paralog mode, an outer membrane protein, Omp22 (HP0923), was absent in all 

Sri Lankan strains but present in the others (false discovery rate (FDR) = 0.0006). These results reflect 

a wide range of genomic diversity that characterizes this specific geographic location. 

 

Figure 2. Gene presence matrix in Sri Lankan strains compared with reference genomes by the split-paralog 

mode. The left side of the tree is constructed using accessory genes from Roary, and the presence/absence matrix 

on the right side shows the genes with a specific link to Sri Lanka. 

3.4. Presence of H. pylori Virulence Factors and Genotypes 

Comparative analysis of virulence factors using databases revealed the genes with various 

virulence functions, summarized in Supplementary Figure S3. We examined 144 virulence genes 

listed in the VFDB and Victor databases. We included as virulence factors not only genes related to 

toxicity to the host, but also genes supporting the processes of colonization and survival in chronic 

infection. Most adherence genes were present, except for babA, which was absent in four of the six 

strains. In our previous study, the presence of babA in locus A was significantly associated with an 

increased severity of inflammation [41]. Hence, further analysis of the locus-wise presence of the bab 

genes was performed (Supplementary Figure S4). The babA genes in SLK40 and SLK231 were in locus 

A. The only babC gene in strain SLK260 was in locus A after the hypD gene (a marker gene for locus 
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A), whereas four strains (SLK40, SLK231, SLK237, and SLK260) harbored the babB gene only in locus 

B. 

Genome annotation and confirmation by BLASTN revealed that the cagA gene was only present 

in two strains, SLK231 and SLK237 (2/6; 33.3%). The cagPAI-negative Sri Lankan strains clustered 

with hpEurope (3 strains) and hpAsia2 (1 strain). Meanwhile, vacA was present in all strains. vacA 

consists of a signal region (s), a p33 domain (i, c, and d), and a p55 (m) domain. Both the cagA-positive 

Sri Lankan strains possessed the s1a i1 d1 m1 c1 vacA genotype, while all cagA-negative strains 

possessed the s2 i2 d2 m2 c2 genotype. We constructed a phylogenetic tree of the complete vacA gene 

to understand its variation compared with reference genomes worldwide (Supplementary Figure S5). 

The vacA s2 m2 genotype formed a cluster with vacA genes from India (SNT49, India7), France (B8, 

B38), and Peru (Cuz20), while the vacA s1 m1 genotype was found in a large cluster with strains from 

Japan, separated as a distinct branch. 

H. pylori virulence factors, such as oipA, babA, babB, and iceA, were also genotyped. oipA, the gene 

encoding the outer membrane inflammatory protein, was present in all the isolated strains; however, 

a variable number of CT repeats were observed (Table 1). Among the six strains, four showed oipA 

with an ‘on’ status, while the other two had an oipA ‘off’ status.  

Table 1. Virulence factors of H. pylori isolates from Sri Lanka. 

Gene SLK36 SLK40 SLK91 SLK231 SLK237 SLK260 

cagA Absent Absent Absent Present Present Absent 

  EPIYA Motif   BCCC ABC  

  CagA type    western western  

vacA  Present Present Present Present Present Present 

Signal (s) s2 s2 s2 s1a s1a s2 

Intermediate (i) i2 i2 i2  i1 i1 i2 

Deletion (d) d2 d2 d2 d1 d1 d2 

Middle (m) m2 m2 m2 m1a m1a m2 

C-region (c) c2 c2 c2 c1 c1 c2 

oipA Present Present Present Present Present Present 

  CT repeat 8 7 10 6 6 7 

  On/off status On Off On On On Off 

iceA1 Present Absent Present Present Present Absent  

3.5. CagA Genotype Specific to Strains from South Asia 

Sequence analysis of the two cagA-positive strains, focusing on the EPIYA region, showed the 

typical western-type CagA with an ABC-type EPIYA motif in one strain, and a BCCC-type EPIYA 

motif in the other (Table 3). We identified that the sequence following the first EPIYA motif matched 

the B-specific sequence, and the other EPIYA motifs matched the C-specific sequence (Supplementary 

Figure S6). Both strains possessed the typical CagA-multimerization (CM) sequence 

(FPLKRHDKVVNDL) of western-type CagA.  

To further understand the phylogeny of cagA, a neighbor-joining tree was constructed from the 

full cagA sequences of strains SLK231 and SLK237 together with the full cagA sequences extracted 

from the reference genomes used in the pan-genome construction (Figure 3) and vacA phylogeny 

analysis in the previous section. The cagA sequences of strains SLK231 and SLK237 clustered together 

with the Indian strains India7 and SNT49, belonging to hpAsia2 (Figure 3). Even though this 

phylogenetic tree was constructed using only the cagA sequences, it was concordant with the genomic 

population and geographical region.  
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Figure 3. The cagA gene from Sri Lanka shows a BCCC genotype. Phylogenetic tree showing SLK231 and SLK237 

clustered with the India7 cagA sequence. 

To assess the ability of the strains to damage host cells, we investigated the hummingbird 

phenotype of AGS cells after six hours of co-culture with different CagA motifs. The results showed 

that strain SLK231 resulted in a greater number of AGS cells with the hummingbird phenotype and 

dead cells compared with strains SLK237 and SLK36. Moreover, strain SLK231 caused a greater 

number of cells to show the hummingbird phenotype than strain SLK237 (Supplementary Figure S7). 

As most of the strains from Sri Lanka were cagPAI negative, we further evaluated the synteny 

of cagPAI. cagA and cagPAI are proposed to be insertion sequences to the H. pylori genome between 

the dapB gene (4-hydroxy-tetrahydropicolinate reductase) and the glr gene (glutamate racemase). In 

cagA- and cagPAI-negative strains, this region is called the dg region, and is classified as pre-type A 

or pre-type B, based on the order of the genes inside the dg region. Using the SouthAfrica7 strain, 

which has a pre-type B dg region, our analysis showed that SLK40 and SLK91 possess pre-type A dg 

regions, while SLK36 and SLK260 possess pre-type B (Supplementary Figure S8). This classification 

is related to the evolution of cagPAI and possibly contributes to the level of virulence. 

3.7. Other Virulence Determinants: Screening for Plasmids, Phages, and Secretion Systems 

The plasticity region was analyzed by BLAST against the reference sequences that represent the 

main type of tfs, and then visualized by CGview. These regions were also indicated by the lower GC 

content (Supplementary Figure S9). We used the plasticity region of the reference strains for genes as 

follows: P12 for tfs4a, Shi470 for tfs4b, Gambia94/24 and India7 for tfs3, and 26695 for cagPAI and 

comB. The complete cagPAI was only present in two strains, SLK231 and SLK237, and the tfs3 and tfs4 

regions were not found in either of these cagPAI-positive strains. Incomplete tfs4a, tfs4b, and tfs3 

regions were observed in SLK36, SLK91, and SLK260. Strain SLK40 did not contain tfs3, tfs4, or 

cagPAI. The comB apparatus for DNA uptake and natural transformation was detected in all strains 

(Table 2).  

Table 2. Type IV secretion system, comB apparatus, and IS elements. 

Strain  tfs4a tfs4b tfs3 cagPAI comB IS 

SLK36 P12 None  None  None  26695 IS21 

SLK40 None None None None 26695 IS21 

SLK91 None Shi470 None None 26695 None 

SLK231 None None None 26695 26695 IS21, IS605 
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SLK237 None None None 26695 26695 IS21 

SLK260 P12 None Gambia24 None 26695 IS21, IS200/605 

No well-known plasmids were identified in any of the Sri Lankan genomes using the 

PlasmidFinder database. For the phage analysis, a well-known phage was found in only one strain, 

SLK237, with a GC percentage of 36.1%. However, four strains—SLK231, SLK260, SLK36, and 

SLK91—showed incomplete types, enabling the possibility of phage similar to those found in other 

bacteria (Supplementary Table S2). No phage were detected in the SLK40 strain, in concordance with 

the absence of tfs3, tfs4, and cagPAI. These three regions have been proposed to play important roles 

in the transfer of genetic material. 

3.6. Adherence Ability of Sri Lankan Strains 

Adherence and invasion abilities are the mechanisms used by H. pylori for colonization and are 

associated with the development of gastric cancer and duodenal ulcers [39]. To determine the 

adherence and invasion abilities of the strains in gastric mucosal tissue, we carried out an adherence 

assay on AGS cells. The supernatant culture revealed no bacterial growth in the control group, 

whereas a high bacterial colony-forming unit (CFU) was observed for strain 26695. All strains isolated 

from Sri Lanka showed lower adherence. A pairwise comparison between all the Sri Lankan strains 

showed no significant differences, except between SLK40 and SLK36 (P = 0.04). The highest adherence 

and invasion abilities were found in strain SLK237; however, these were still significantly lower than 

those of strain 26695 (P = 0.0032) (Figure 4). 

 

Figure 4. Overview of the presence of H. pylori virulence factors in the genome. The x-axis shows the strain 

names and the y-axis represents the mean colony-forming unit (CFU) of three replicates. 

3.7. Antibiotic Susceptibility Test Results 

We used an E-test to test for antibiotic susceptibility to five major H. pylori antibiotics (AMX, 

TCN, CAM, MNZ, and LEV) on six H. pylori isolates from Sri Lanka. The antibiotic susceptibility test 

results of the Sri Lankan strains are shown in Table 3. All strains from Sri Lanka were sensitive to 

AMX, CAM, and TCN. Only one strain, SLK91, showed sensitivity to all five antibiotics tested. The 

prevalence of LEV resistance was 16.7% (1/6), while the prevalence of MNZ resistance was 83.3% 

(5/6). We defined multiple-drug resistance as resistance to at least two of the antibiotics tested. 

SLK260 was the only multiple-drug resistant strain, resistant to both LEV and MNZ. 

To further investigate the cause of this antibiotic resistance of Sri Lankan strains, we checked for 

mutations in well-known genes related to these antibiotics. As expected, none of the strains showed 
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any well-known mutations in the 23S rRNA, 16S rRNA, and pbp1a genes. For LEV resistance, we 

investigated the gyrA and gyrB genes. An Asn87Lys mutation was observed in the gyrA gene of strain 

SLK260, which could explain the resistance of this strain to LEV. 

Table 3. Antibiotic susceptibility test results. 

Strain name 
AMX TCN CAM MNZ LEV 

MIC Susc MIC Susc MIC Susc MIC Susc MIC Susc 

SLK36 0.023 S <0.016 S 0.023 S >256 R <0.02 S 

SLK40 0.032 S 0.032 S 0.064 S 192 R 0.094 S 

SLK91 0.023 S 0.032 S 0.023 S 0.75 S 0.19 S 

SLK231 <0.016 S 0.094 S 0.125 S 48 R 0.5 S 

SLK237 0.023 S 0.032 S 0.047 S 24 R 0.19 S 

SLK260 0.19 S 0.094 S 0.125 S >256 R >32 R 

AMX, amoxicillin; TCN, tetracycline; CAM, clarithromycin; MNZ, metronidazole; LEV, levofloxacin; MIC, 

minimum inhibitory concentration in mg/L; S, sensitive; Susc, susceptibility; R, resistant. . 

To understand the high prevalence of resistance to metronidazole, we evaluated five genes—

frxA, fur, omp11, rdxA, and ribF—and aligned these with the ATCC 26695 control strain. We observed 

SNPs that were present in the resistant strains and were not observed in the MNZ-sensitive strains. 

The rdxA gene was investigated for any mutational changes or premature termination (Table 4). 

RdxA is the receptor for MNZ, and any changes to the protein by mutations or variation could affect 

the drug affinity. An early stop codon was found at position 52 in SLK231, causing premature 

termination. The remaining strains had an intact rdxA but synonymous point mutations were 

observed. Alteration of histidine (H) to tyrosine (Y) or threonine (T) at locus 97 was found in 80% 

(4/5) of the resistant strains, and this may play a role in metronidazole resistance. Meanwhile, the 

genes encoding Fur and Omp11 are the most conserved of the five genes evaluated, and the mutations 

to these genes that were detected are listed in Table 2. Mutations to RibF were also observed, such as 

Q78R, Q111K, and Q242K.  

Table 4. Mutations in genes related to metronidazole resistance (each row represents one locus that are mutated 

in one or more strains). 

Gene SLK36 SLK40 SLK91 SLK231 SLK237 SLK260 

frxA 
Early stop 

codon 

Early stop 

codon 

Truncated 

locus 1–96 
 - 

Truncated 

locus 1–96 
 - 

   - N124S  - N124S N124S  - 

fur  -  -  - P114H  -  

 - - - - - C150Y 

omp11  - T13A  -  - -  -  

rdxA  -  -  - 
Early stop 

codon locus 52 
 -  - 

 R16C - - - R16C - 
 - K64N - K64N K64N - 
 H97Y H97T - H97T H97T - 
 - P106S - P106S P106S - 
 - - - V204I V204I V204I 

   -  -  - D205A D205A D205A 

ribF - Q78R - Q78R Q78R - 
 D86E - - - - D86E 
 - H94N - - H94N - 
 E109G - - - - E109G 
 - Q111K - Q111K Q111K - 
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  Q242K  -  - Q242K  - Q242K 

4. Discussion 

H. pylori is one of the most diverse bacteria, as shown by its high recombination and mutation 

rates [42,43]. Persistent H. pylori infection, leading to co-evolution with humans, has contributed to 

the wide variety of strains, which show regional characteristics [3]. In this study, a comparative 

genomics analysis was performed on the genomes of H. pylori strains isolated from indigenous people 

of Sri Lanka. This population is unique in showing a much lower prevalence of H. pylori than the 

worldwide rate of 50%. In Sri Lanka, the prevalence of infection is only 1.7%, and the severity of 

gastric inflammation is low [18]. However, there had been no reports on the genomic features and 

virulence factors of H. pylori isolates from Sri Lanka. Thus, this study is the first to provide data on 

the antibiotic resistance, virulence factors, and disease severity of Sri Lankan H. pylori strains.  

Infection by the strains isolated from Sri Lanka resulted in non-severe inflammation in the hosts, 

as indicated by histological analysis of the gastric mucosa (Figure 1). Genomic analysis also showed 

the absence of cagPAI as the predominant virulence factor in H. pylori, and a less virulent vacA 

genotype (the s2 m2 type). Moreover, the genes encoding BabA and its paralogues were also 

incomplete. This finding is concordant with a report showing that strains isolated from the South 

Asian region (Bangladesh and India) had lower pathogenicity than worldwide H. pylori, indicating 

that the genetic composition of the H. pylori population affects the virulence properties [44]. 

Furthermore, the genomes of the Sri Lankan strains were divided into two groups, one close to 

NAB47 (hpEurope) and one close to SNT49 (hpAsia2) [34,39,40][45]. These results indicate that Sri 

Lankan strains have similar characteristics to strains isolated from the South Asian region [43,46], 

suggesting that the H. pylori strains found in Sri Lanka may be less of a health concern than those 

infecting East Asian countries. 

CagA and VacA are the major factors of H. pylori virulence. The delivery of CagA is dependent 

on the secretion system encoded by cagPAI [47]. A previous study revealed that cagA evolution is the 

result of horizontal gene transfer [48], which was then incorporated into the H. pylori genome in the 

dg region as a cluster of genes, termed cagPAI, encoding the secretion apparatus. In the genomes of 

Sri Lankan strains, there were no traces of the cagPAI components in the cagA-negative strains. The 

gene arrangement of the dg region of SLK, classed as pre-type B, is similar to that of strains from 

hpAfrica1. This pre-type B region then can become occupied by cagPAI type B genes, as in hpEurope 

strains, likely including multiple cagA genes [48]. As shown by evaluation of the phylogenetic tree, 

cagA from Sri Lankan strains clustered with cagA of hpAsia2 strains, close to hpEurope. This 

phylogenetic tree supports the suggestion that cagA evolves in concordance with the whole genome 

[49]. 

In terms of the adherence genes, some Sri Lankan strains did not possess bab-paralogous genes, 

such as babA, babB, and babC. Contrary to this study, when we performed targeted PCR for bab-

paralogous genes in our previous study, we detected the presence of babA in 87% of strains isolated 

from different regions of South Asia [41]. BabA is a Lewis b binding adhesin required for the 

colonization of epithelial cells [50,51]. The location of babA in locus A is also related to a higher 

severity of inflammation [41]. The absence of babA may contribute to low adherence to AGS cells. In 

agreement with this, the strains in this study that possessed babA showed higher adherence, and thus 

higher gastric inflammation and atrophy scores (Figure 1 and Figure 2).  

Alongside a lack of cagA, 67% (4/6) of Sri Lankan strains also showed a less virulent type of vacA 

(s2 i2 m2). There are several genotype markers for the s, i, and m regions, encoding the signal 

sequence, p33 domain, and p55 domain, respectively [52]. The sequence of the s2 genotype contains 

an insertion that inhibits vacuolization, and the m2 genotype reduces the specificity of VacA to the 

cellular receptor. VacA creates vacuoles, detaching the tight junction, and is required for colonization 

[53]. This may explain the lower severity of the gastritis revealed by histology score evaluation for 

most of the strains in this study (Figure 4 and Figure 5). Unlike cagA, the diversity of vacA matches 

the geographic region (Asian versus non-Asian vacA), in concordance with our previous study 
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[52,54]. These results support the findings of our previous study that virulence genes are fixed in the 

indigenous people, including cagA and vacA [44]. Hence, it is not surprising that the Sri Lankan 

population maintains the vacA s2 m2 genotype in the cagA-negative strains. 

A variety of disease outcomes are also observed among cagA-positive strains, based on the 

genotype for the EPIYA motifs, which affect the affinity to the SHP phosphatase [12]. In this study, 

both cagA-positive Sri Lankan strains possessed a western-type CagA, with one strain having a 

BCCC-type EPIYA motif. Both EPIYA-A and EPIYA-B have recognition sites for SHP2, and so CagA 

function may be retained despite an absence of EPIYA-A [12,48]. The EPIYA motifs and the CM motif 

are binding sites for both SHP2, which induces abnormal cell proliferation, and PAR1, which destroys 

the gastric mucosa [55]. AGS cells showed a higher proportion of the hummingbird phenotype with 

strains with BCCC-type EPIYA-motifs compared with the ABC type. Thus, even though most strains 

share similar virulence genes, CagA and its EPIYA motifs play integral roles in the virulence of H. 

pylori [56,57].  

This study also upholds the consensus that the region of plasticity is a factor in virulence and is 

associated with more severe gastric inflammation, duodenal ulcers, and gastric cancer [15,16]. Strains 

with cagPAI did not possess other tfs genes, while the cagPAI-negative strains possessed tfs genes that 

were incomplete or absent. These genes were acquired by horizontal gene transfer, indicated by the 

negative skew of the GC percentage [47]. The tfs3 gene produces a protein called CtkA that can be 

injected into epithelial cells [58]. Moreover, tfs3 also assists in the uptake of external genetic materials 

[59]. The lack of these tfs components is concordant with the absence of plasmids, phage, and IS 

elements in all strains except SLK237. SLK237 contained IS605 alongside the tnpA and tnpB genes, 

which play roles in genomic rearrangement and recombination [60,61]. 

The antibiotic susceptibility test is key, as it is the most effective way to determine the regimen 

of therapy to combat H. pylori infection. To our knowledge, this is the first study evaluating the 

susceptibility in Sri Lanka to five major H. pylori antibiotics. We found that all six strains were 

sensitive to AMX, TCN, and CAM. Of the six strains, five had developed resistance to MNZ, 

suggesting that a regimen containing MNZ might not be suitable as first-line therapy. The high 

prevalence of MNZ resistance was not surprising, as resistance to this antibiotic has been reported in 

many countries worldwide [29,30]. The results of this study suggest that triple therapy containing 

AMX and CAM is still an effective first-line therapy against H. pylori infection in Sri Lanka. 

Our results reveal a concerning trend of increasing resistance, particularly towards 

metronidazole (MNZ) and levofloxacin (LEV). We identified potential mechanisms for this 

resistance. We detected mutations in the rdxA gene, which plays a critical role in the action of MNZ 

[17]. One strain had a premature stop codon mutation in this gene, rendering it nonfunctional. 

Additionally, most resistant strains harbored putative mutations at locus 97, potentially changing 

histidine to tyrosine or threonine. These mutations might affect the protein structure and hinder MNZ 

binding [62]. In the case of LEV resistance, a mutation in the gyrA gene in locus 87 was identified only 

in the resistant strains [17,63,64].  

The high prevalence of antibiotic resistance in Sri Lankan H. pylori strains is a worrying 

development. Antibiotic overuse is potentially contributing to this emergence of resistance [65,66]. 

This aligns with observations in other South Asian countries, where similar increases in H. pylori 

resistance have been reported [64] [64]. To combat this growing threat, stricter antibiotic control 

programs are essential. Promoting public awareness about responsible antibiotic use and exploring 

alternative treatment options are crucial steps. Further research is needed to understand the specific 

factors driving resistance in Sri Lanka and to develop effective regional strategies to manage H. pylori 

infections. 

This study is limited by the high-throughput next-generation sequencing. The genome sizes of 

the Sri Lankan strains were lower than the whole genome size of strain 26695. There was also a 

discrepancy in the number of rRNA and tRNA genes, and a higher number of contigs. This draft 

genome used short reads to construct a de novo assembly, which might miss some overlapping 

regions, and the detection of repeated regions or genes with high copy numbers may be problematic 
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[67]. Nevertheless, short-read sequencing provides higher precision and a lower error rate [68,69]. It 

is also sufficient to comprehensively evaluate the virulome, and this accuracy is necessary for 

evaluation of the genotype and gene polymorphisms.  

5. Conclusions 

This investigation, using a comparative genomic method, provides a greater perspective on H. 

pylori virulence factors. Our comparative genomic analysis reveals genes specific to the geographic 

location, showing less virulent genes in most of the Sri Lankan strains, in concordance with in vitro 

experiments and histological assessment of gastric inflammation. This study provides a 

comprehensive insight into the virulence and antibiotic resistance of H. pylori.  
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