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Helicobacter pylori is increasingly resistant to antibiotics, significantly lowering eradication rates and posing a major public health challenge. This study investigated the distribution of antibiotic-resistant phenotypes and genotypes of H. pylori in Hainan Province. It determined the minimum inhibitory concentrations (MICs) of six antibiotics using the E-test method and detected resistance genes via Sanger sequencing. Furthermore, we compared resistance detection based on phenotypic analysis and whole genome sequencing (WGS) across 19 clinical isolates of H. pylori. A total of 140 H. pylori strains were isolated. The resistance rates to levofloxacin (LEV), clarithromycin (CLA), and metronidazole (MTZ) were 37.9%, 40.0%, and 93.6%, respectively. Notably, only 3.3% of the strains were susceptible to all six antibiotics. Multidrug-resistant strains accounted for 25.0% of the total, with no resistance detected to amoxicillin (AMX), tetracycline (TET), or furazolidone (FR) during the study period. Genotypic resistance to CLA and LEV showed near-perfect concordance with phenotypic resistance, with Kappa values of 0.910 and 0.938, respectively. Although all isolates were phenotypically sensitive to TET, 16 exhibited a mutation in the 16S rRNA gene (A926G). All strains harboring the R16H/C mutation and truncated rdxA were resistant to metronidazole, demonstrating a specificity of 100%. Therefore, FR, AMX, and TET are recommended as suitable empirical treatment options for H. pylori infections in this region. Genotypic analysis provides a reliable method for predicting resistance to CLA and LEV. WGS proves to be a valuable tool for identifying novel resistance loci in H. pylori and contributes to the phylogenetic classification of strains.
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Introduction

Helicobacter pylori is a gram-negative bacterium that resides on the luminal surface of the gastric epithelium, first identified by Warren and Marshall in 1983 (McColl, 2010). Since its discovery, H. pylori has emerged as one of the most prevalent pathogens worldwide, infecting more than half of the global population (Crowe, 2019). In China, the infection rate of H. pylori is approximately 44.2% (Chen et al., 2023). This bacterium has been established as the primary causative agent of various gastrointestinal diseases, including chronic gastritis, peptic ulcers (10-20%), gastric adenocarcinoma (1-2%), and gastric lymphoma (<1%) (Vakil and Megraud, 2007; Fukase et al., 2008; Bauer and Meyer, 2011).

The rise of antibiotic resistance has significantly compromised the eradication of H. pylori, with the success rate of the standard triple therapy declining from over 90% to less than 60% (Wang et al., 2014; Chen et al., 2023). Factors such as patient non-adherence to prescribed antibiotic regimens and the overuse of antibiotics in both healthcare and agricultural settings have exacerbated the spread of bacterial resistance (Sukri et al., 2022). Of particular concern is the resistance to clarithromycin (CLA), which severely undermines the effectiveness of triple therapy for H. pylori eradication. In response to this growing challenge, the World Health Organization (WHO) has identified CLA-resistant H. pylori as a critical priority for the development of new antibiotics (Tacconelli et al., 2018; Hanafiah et al., 2024).

In response to the growing challenge of antibiotic resistance, recent guidelines recommend bismuth-based quadruple therapy as the first-line empirical treatment for H. pylori eradication in our country (Zhou et al., 2022). Additionally, recent studies have shown that vonoprazan-based regimens yield favorable outcomes in patients infected with H. pylori. The vonoprazan-amoxicillin (VA) regimen achieves an eradication rate of 82.8%, the vonoprazan-amoxicillin-clarithromycin (VAC) combination reaches 89.1%, and the bismuth-containing quadruple therapy with vonoprazan (VBQT) attains a 91.8% eradication rate. Importantly, increasing the frequency of amoxicillin (AMX) administration and extending the treatment duration further enhance the efficacy of these regimens (Okubo et al., 2020; Qian et al., 2023; Liu et al., 2024). Moreover, there are notable differences in infection prevalence across different geographical regions within a country and between countries, as well as variations in antimicrobial resistance rates (Hooi et al., 2017).

Personalized therapy, guided by antibiotic resistance profiling—including both phenotypic and genotypic assessments—represents a critical strategy to address eradication failure (Xiong et al., 2023). Genotypic resistance testing for H. pylori has emerged as a promising alternative to traditional phenotypic resistance testing, overcoming the challenges of stringent culture requirements and low cultivation success rates. Whole-genome sequencing (WGS) has recently proven to be a powerful tool for identifying novel antibiotic resistance loci and serves as a complementary method to conventional antibiotic susceptibility testing (Fauzia et al., 2023). In this study, we applied WGS to 19 clinical isolates of H. pylori to elucidate the local strain lineages and compared the genotypic and phenotypic resistance profiles of these strains against six antibiotics, identifying novel resistance mutation sites. Additionally, WGS was utilized to characterize the strain lineages.





Materials and methods




Study subjects

From May to September 2023, a total of 193 patients with H. pylori infection were evaluated across five hospitals in Hainan (Haikou, Sanya, Qionghai, Wuzhishan, and Dongfang) due to symptoms of indigestion (Figure 1). A stratified sampling survey was conducted among hospital visitors. The inclusion criteria were patients confirmed to have H. pylori infection through a rapid urease test or urea breath test (UBT), who also provided informed consent to participate in the study. The exclusion criteria were as follows: (1) use of proton pump inhibitors (PPI), gastric mucosal protectants, AMX, CLA, metronidazole, or sulfonamide antibiotics within the past month; (2) severe mental illnesses, including anxiety, depression, or cognitive impairments; (3) pregnancy or breastfeeding; and (4) age under 18 years.




Figure 1 | Map of Hainan Province and the distribution of samples. Samples were collected from five regions, including hospitals in Haikou, Sanya, Qionghai, Wuzhishan, and Dongfang.



Gastrointestinal diseases were diagnosed through gastroscopy and histopathological examination. During upper gastrointestinal endoscopy, gastric mucosal biopsies were taken from the greater curvature of the gastric body and antrum. This study was conducted in accordance with the Declaration of Helsinki (revised in 2013) and the Maastricht Consensus Report (latest revision in 2022). Approval for the study was obtained from the Institutional Review Board of the Second Affiliated Hospital of Hainan Medical University (approval number: LW202149), and written informed consent was obtained from all participants.





Cultivation and identification of H. pylori

H. pylori strains were isolated from patients diagnosed with various gastric diseases during routine endoscopic examinations and biopsies. The strains were cultured on Columbia agar plates supplemented with 5% defibrinated sheep blood under microaerophilic conditions (5% O2, 10% CO2, and 85% N2) for approximately 3-4 days. The identification of H. pylori was confirmed by assessing colony morphology, Gram staining, and positive results from oxidase, catalase, and urease tests. All isolates were subsequently preserved at -80°C in sterile brain heart infusion (BHI) broth containing 20% glycerol for further analysis.





Antibiotic susceptibility testing

The antibiotic susceptibility of the H. pylori strains was initially screened using the Kirby-Bauer disk diffusion method to assess basic drug responses. Further sensitivity testing was performed using the Etest method (BIO-KONT, Wenzhou, China) for metronidazole, CLA, levofloxacin (LEV), AMX, tetracycline (TET), and furazolidone (FR). The reference strain H. pylori 26695 was used as a quality control standard. Pure colonies were resuspended in 750 mL of sterile saline to match the turbidity of the McFarland 3 standard. This suspension was uniformly spread onto Columbia agar plates containing 5% sheep blood using a disposable sterile cotton swab. After allowing the plates to dry naturally, antibiotic susceptibility test strips were applied vertically. The plates were then incubated under microaerophilic conditions at 37°C for 72 hours, after which the minimum inhibitory concentrations (MICs) were determined. Resistance breakpoints were defined according to the EUCAST (version 11.0) guidelines as follows: CLA (>0.5 μg/mL), LEV (>1 μg/mL), TET (>1 μg/mL), metronidazole (>8 μg/mL), and AMX (>0.125 μg/mL) (Fazal, 2019). For FR, in the absence of an established standard resistance breakpoint, a threshold of >4 μg/mL was adopted based on prior research (Goh and Navaratnam, 2011).





Detection of antibiotic resistance-related genetic variants

Comprehensive sequence alignment analyses were performed using the reference strain genome H. pylori 26695 (NC_000915.1) to identify genetic variants and mutations associated with resistance to various antibiotics (Tshibangu-Kabamba and Yamaoka, 2021). The analysis focused on key resistance mechanisms, including mutations in the rdxA gene linked to metronidazole resistance, 23S rRNA for CLA resistance, the gyrA gene for LEV resistance, and the pbp1 genes for AMX resistance. Additionally, mutations in 16S rRNA were investigated for TET resistance, and mutations in the oorD and porD genes were examined for FR resistance. The study also explored the correlations between phenotypic resistance and genotypic characteristics, as well as the identification of novel mutations in strains that exhibited phenotypic resistance. Furthermore, the presence of multidrug resistance (MDR), defined as resistance to three or more antibiotic classes (Rokkas and Ekmektzoglou, 2023), was investigated to identify mutations associated with this significant global health concern.





Genomic analysis of H. pylori isolates

Clinical isolates of H. pylori were cultured on blood agar to facilitate genomic DNA extraction. Following incubation under microaerophilic conditions at 37°C for 3-4 days, bacterial colonies were collected with a sterile loop and resuspended in saline solution. Genomic DNA was extracted using the HiPure Bacterial DNA Kit (Magen Inc.) according to the manufacturer’s instructions. The integrity and purity of the extracted DNA were assessed using a NanoDrop One spectrophotometer (Thermo Fisher Scientific, Inc.). For whole-genome sequencing (WGS), library preparation was carried out utilizing the KAPA HyperPlus Kit (Illumina) in a batch of 96 reactions, adhering to established protocols. Sequencing procedures were executed on the Illumina MiSeq platform (Illumina, Inc.). Sequence quality assessment was performed with FastQC software (v0.11.7), and adapter sequences were removed, followed by trimming using Fastp software (v0.12.5). The resultant sequence reads were subsequently assembled with SPAdes software (version 3.13.0). The coverage for the sequencing spanned from 168x to 347x, averaging 287x. Comprehensive quality metrics for the genomes sequenced, such as coverage, genome length, and the N50, N75, L50 and L75 values, can be found in Supplementary Table S1.





Phylogenetic tree construction

To identify resistance mutations, we selected 61 H. pylori genomes from various regions as reference sequences. Using MEGA software (v10.0.5) and Orthofinder (Kumar et al., 2018; Gutiérrez et al., 2024), we extracted 161 sets of conserved single-copy genes from a total of 80 genomes, including 19 strains from this study. Multiple sequence alignments were performed with MAFFT, followed by the construction of a phylogenetic tree using PhyML software based on the maximum likelihood method. This approach allowed us to determine the clustering of the 19 clinical strain genomes from our samples in comparison to previously defined H. pylori sequence types. The sequence setting parameters for these conserved single-copy genes, used for constructing the phylogenetic tree, are detailed in Supplementary Table S4. The genomes analyzed include the 19 sequenced in this study, along with 61 others previously reported in the literature.





Statistical analysis

The concordance between antibiotic resistance phenotypes and genotypes was quantified using the Kappa statistic. Kappa values were interpreted as follows: <0.2 indicating slight agreement, 0.21–0.4 fair agreement, 0.41–0.6 moderate agreement, 0.61–0.8 good agreement, and >0.8 almost perfect agreement. The association between single nucleotide mutation and antibiotic resistance was evaluated employing either Chi-square tests or Fisher’s exact tests. Statistical significance for all analyses was determined with a p-value threshold of less than 0.05. All computations and visualizations were conducted using R software (version 3.6.4).





Data availability

In this study, the genomes of 19 H. pylori strains, each isolated from distinct clinical samples, were sequenced, assembled, and annotated. These genomes have been submitted to the NCBI BioProject database, registered under the accession number PRJNA1171892.






Results




Patient characteristics

Antibiotic susceptibility testing was conducted on 193 participants, from which 140 H. pylori strains were successfully isolated. This resulted in a 73% success rate for isolation and culture in this study. Table 1 presents the baseline characteristics of the included subjects: 57 males (40.7%) and 83 females (59.3%). The average age of the participants was 49.01 ± 13.06 years. The geographic distribution of the strains was as follows: 42 cases from Haikou City (30.0%), 20 cases from Qionghai City (14.2%), 32 cases from Dongfang City (22.8%), 25 cases from Sanya City (17.8%), and 21 cases from Wuzhishan City (15.0%).


Table 1 | Basic information for patients with H. pylori isolated strains.







Phenotypic antibiotic resistance of H. pylori isolates

The majority of the strains exhibited high resistance to MTZ, LEV, and CLA. The overall resistance rate for CLA was 40.0%, while the resistance rate for LEV was slightly lower at 37.9%, with similar patterns observed across all regions. Notably, Wuzhishan City showed relatively lower resistance rates for both CLA and LEV at 12.5%. The resistance rate for MTZ was alarmingly high at 93.6%, reaching 100% in certain areas. During the study period, no resistance was observed for FR, AMX, or TET.

Further analysis revealed that H. pylori resistance was associated with high MIC levels. Among MTZ-resistant strains, 92.1% (130/140) had MIC values exceeding 32 μg/mL, as depicted in Figure 2. For LEV-resistant strains, 31.2% (44/140) had MIC values over 32 μg/mL, while 35.4% (50/140) of CLA-resistant strains had MIC values above 32 μg/mL (Figure 2).




Figure 2 | The distribution of MIC for strains sensitive and resistant to clarithromycin (CLA) (A), levofloxacin (LEV) (B), metronidazole (MTZ) (C), amoxicillin (AMX) (D), furazolidone (FR) (E) and tetracycline (TET) (F) was analyzed in 140 clinical H. pylori strains using the E-test. Antibiotic resistance was assessed based on the breakpoints defined in the European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines. Specifically, resistance to CLA, LEV, TET, MTZ, and AMX was categorized according to these criteria. For FR, a resistance breakpoint of 4 μg/mL was used, as indicated in previous studies. In this context, ‘R’ indicates resistance, and ‘S’ indicates susceptibility.



The 140 strains exhibited diverse antibiotic resistance patterns (Table 2), with 5.0% of the strains being sensitive to all six antibiotics tested. The most common single antibiotic resistance was MTZ, observed in 42.9% of the strains. Regarding multidrug-resistant strains, the majority exhibited dual or triple resistance. The most frequent dual resistance pattern was CLA+MTZ, found in 39.3% of the strains, while the rates of dual resistance for CLA+LEV and LEV+MTZ were 0.7% and 36.4%, respectively. A triple antibiotic resistance pattern involving CLA+LEV+MTZ was observed in 25.0% of the strains. No strains were found to be resistant to combinations of four or five antibiotics (Table 2). The rates of MDR varied by geographical area, with Haikou City and Wuzhishan City showing relatively lower rates of 14.3% and 19.0%, respectively, while Sanya City and Qionghai City exhibited higher rates of 36.0% and 45.0%. Review of medical records indicated that among these patients, 23.57% had primary infections and had not received eradication treatment.


Table 2 | Distribution of resistance patterns among H. pylori strains.



Factors influencing resistance to CLA, LEV, and MTZ are illustrated in Figure 3. When stratified by gender, females exhibited significantly higher resistance rates to CLA compared to males (p = 0.017, p < 0.05). However, gender did not significantly correlate with resistance to LEV (p = 0.360) or MTZ (p = 0.814). Additionally, no significant differences in resistance rates to these three antibiotics were observed when participants were categorized by age or the presence or absence of ulcers.




Figure 3 | CLA, LEV, and MTZ resistance were classified by sex (A), age (B), and endoscopic findings (C). MTZ, metronidazole; CLA, clarithromycin; LEV, levofloxacin.







Genotypic determination of antibiotic resistance

To gain a deeper understanding of the molecular basis of antibiotic resistance, we not only assessed the efficacy of antibiotics against the bacteria but also conducted PCR analysis on biopsy samples to identify specific genotypes associated with antibiotic resistance (Table 3). Our analysis revealed a significant prevalence of resistant genotypes, particularly for CLA, MTZ, and LEV. Within these genotypes, several key mutation patterns were identified. For CLA resistance, the A2143G mutation was predominant, accounting for 35.7% of the cases. For LEV resistance, a comparative analysis between LEV-sensitive and LEV-resistant strains revealed significant mutational differences, with the N87K mutation being particularly notable, occurring at a frequency of 15.0%. Notably, no N87T mutations were detected in our dataset. Regarding AMX resistance, mutations in the pbp1A gene were observed in 22.9% of the strains, with the most common mutation being Thr593Ala, which was present in 7.9% of the cases. For TET resistance, potential mutations in the 16S rRNA gene, characterized by single or multiple base substitutions in AGA926_928 > GGA, were identified, with an overall occurrence rate of 7.1%.


Table 3 | Correlation between point mutations and amino acid substitutions of antibiotic resistance genes and phenotypic resistance in H. pylori.



Resistance to MTZ is primarily attributed to mutations in the rdxA and frxA genes, which reduce the efficacy of reductase activity, leading to insufficient activation of MTZ (Tshibangu-Kabamba and Yamaoka, 2021). RdxA mutations are considered to be central to the potential mechanisms of resistance, although definitive conclusions are still lacking. This study cataloged all mutations in the rdxA gene linked to MTZ resistance, identifying R16H/C and M21A as the mutations most strongly correlated with MTZ resistance (Zhang et al., 2020). Among the 131 phenotypically resistant strains, 22 were found to carry R16H/C mutations. Additionally, 13 strains exhibited truncated rdxA genes due to nonsense mutations at positions 15, 35, 50, 75, 76, 110, 146, and 209 (Supplementary Table S2), leading to the production of truncated or non-functional proteins. Truncation of the rdxA gene was observed in only 11.5% of the resistant strains, with these isolates frequently displaying multiple nonsynonymous point mutations previously linked to MTZ resistance (Mannion et al., 2021). Furthermore, regardless of the resistance phenotype, several amino acid substitutions were identified in most strains, including T31E, H53R, D59N, L62V, S88P, G98S, R131K, and V172.

In this study, the occurrence rate of mutations at reported sites in porD associated with FR resistance was 19.3%, while the occurrence rate for oorD mutations associated with FR resistance was 100%, suggesting that this mutation may be a primary mechanism of FR resistance. Further research is needed to decipher the relationship between multiple resistance gene mutations and actual resistance phenotypes to better understand how these mutations contribute to enhanced antibiotic resistance. Among the antibiotics with high resistance rates, the resistance pattern for MTZ was particularly complex, indicating that resistance resulting from multiple mutational sites is more prevalent than resistance caused by a single mutation.

Table 4 presents the alignment between phenotypic and genotypic resistance of H. pylori to six antibiotics was examined. Mutations at the 23S rRNA (A2143G) and gyrA (N87, D91) loci showed strong agreement in determining resistance to CLA (Kappa = 0.910, 95% CI, 0.838 to 0.980) and LEV (Kappa = 0.938, 95% CI, 0.879 to 0.998). Conversely, the correlation between phenotypic and genotypic resistance for AMX, FR, TET, and metronidazole did not reach statistical significance.


Table 4 | Consistency of phenotypic resistance with genotypic resistance.







Mutation analysis using WGS

1. WGS was performed on 19 of the successfully cultured 140 strains, including 13 MDR strains (Table 5). Figure 4 summarizes the distribution of antibiotic resistance patterns in strains based on whole genome sequencing. Annotated genomes were analyzed to retrieve gene sequences linked to resistance, aiming to identify potential mutations conferring resistance. The study focused on mutations previously associated with resistance to AMX, TET, CLA, LEV, MTZ, and FR, and explored their correlation with phenotypic results. Among the 19 isolates, resistance to CLA and LEV was more prevalent in strains obtained from patients with a history of H. pylori infection (CLA: 57.89% vs. 10.53%, p=0.003; LEV: 57.89% vs. 15.79%, p=0.007). In contrast, mutations associated with resistance to AMX, TET, and FR were identified in the pbp1A (Rimbara et al., 2008; Gong and Yuan, 2018; Windham and Merrell, 2022), 16S rRNA (Malfertheiner et al., 2023), and porD genes of the isolates (Tshibangu-Kabamba and Yamaoka, 2021).




Figure 4 | Distribution of antibiotic resistance patterns in strains based on whole genome sequencing. The study includes 19 clinical isolates of H. pylori, demonstrating diverse resistance patterns including susceptibility to all antibiotics, single-drug resistance, dual-drug resistance, and triple-drug resistance. ‘AS’ indicates susceptibility to all antibiotics; ‘M’ stands for Metronidazole (MTZ); ‘C’ represents Clarithromycin (CLA); ‘L’ denotes Levofloxacin (LEV).




Table 5 | The distribution of antibiotic resistance of H. pylori isolated strains by age, gender and infection status.



2. Genotypic determination of antimicrobial resistance.

The most common genetic mutation associated with CLA resistance is the point mutation in the 23S rRNA gene, specifically A2142G/C or A2143G (Lyu et al., 2023). Among the isolates, 15 demonstrated phenotypic resistance to CLA, all of which carried the A2143G mutation. The A2142G mutation was absent in all isolates. A kappa consistency analysis was conducted to assess the correlation between genotypic and phenotypic resistance using the A2143G mutation, yielding a kappa coefficient of 1.000 with a 95% CI of 1.0 to 1.0 (Table 6). This indicates perfect concordance between phenotypic and genotypic assessments in predicting CLA resistance in these isolates. Additionally, none of the isolates carried mutations such as A2142C, A2115G, A2144T, G2141A, C2147G, T2289C, or T2190C (Marques et al., 2020; Zhou et al., 2022), which have previously been associated with low-level resistance. Similarly, mutations like C2173T and G2212A, found only in resistant strains, were not observed in our isolates (Hansomburana et al., 2012; Zhao et al., 2014; Rosli et al., 2023).


Table 6 | Phenotypic and genotypic resistance consistency analysis of H. pylori isolates based on WGS.



In the quinolone resistance-determining region (QRDR) of the gyrA gene, mutations at N87 (K, I, T) and D91 (Y, G, H) are hotspots associated with LEV resistance (Chu et al., 2020). These specific mutations impair the ability of LEV to bind to its target, thereby reducing the bactericidal activity of the drug (Ansari and Yamaoka, 2022; Šamanić et al., 2023). Fourteen strains exhibited resistance to LEV and harbored quinolone resistance mutations within the QRDR of gyrA (N87I/K, D91N/G). Both phenotypic and genotypic methods showed perfect consistency in detecting LEV resistance (kappa coefficient = 1.000; 95% CI, 1.0 to 1.0) (Table 6), indicating high concordance between phenotypic and genotypic assessments in predicting LEV resistance in these isolates.

In this study, among the 18 phenotypically resistant strains, two strains (HN07, HN13) carried nonsense mutations at amino acid positions 35 and 75, resulting in the synthesis of truncated or non-functional proteins. In addition to truncating mutations, amino acid substitutions in rdxA were also associated with MTZ resistance (Huang et al., 2024). Of the 18 phenotypically resistant strains, only five (HN03, HN08, HN14, HN15, and HN18) were found to have R16H/C mutations, and two strains (HN02 and HN09) exhibited M21 mutations. The detection of truncated rdxA genes or R16 site mutations was fully consistent with the phenotypic resistance results, showing a 100% correlation.

3. H. pylori lineage tree analyses.

In this study, the phylogenetic positions of the 19 strains were determined by utilizing WGS data and comparing them with 80 well-classified complete genomes in the database. Subsequently, a phylogenetic tree was constructed. The analysis revealed that 16 strains (84.2% of the total) clustered closely with the East Asian H. pylori lineage as expected. Two strains (10.5%), namely HN02 and HN14, were identified to align with the Amerind lineage. Only one strain (5.3%), designated as HN17, was found to be associated with the South Indian lineage. It is noteworthy that none of the genomes exhibited a significant phylogenetic relationship with either the European or West African lineages (Figure 5).




Figure 5 | Constructed based on the amino acid and nucleotide sequences of 161 sets of single-copy genes common to 80 Helicobacter pylori genomes. The genomes marked with black dots are the 19 genomes evaluated in our study. These genes were used for multiple sequence alignment, followed by the construction of a phylogenetic tree using the maximum likelihood method.








Discussion

In this study, we conducted antibiotic susceptibility testing on 140 H. pylori isolates. The findings revealed notable resistance levels to multiple antibiotics, notably MTZ, CLA, and LEV. Of particular concern was the high resistance rate observed for MTZ, reaching 93.6%. According to previous reports, H. pylori resistance to MTZ in mainland China is estimated at 70.14% (95% CI: 29.53%-37.46%), while globally, MTZ resistance ranges from 10% to over 90%, depending on geographical location and variations in patient populations with differing patterns of MTZ use (Zeng et al., 2024; Marques et al., 2019; Megraud et al., 2021; Tshibangu-Kabamba and Yamaoka, 2021; Gong et al., 2023). Further examination of MIC values indicated that the sensitivity thresholds for the majority of resistant strains exceeded 32 μg/mL, significantly compromising the efficacy of this antibiotic in the management of H. pylori infections. MTZ is considered an alternative treatment option for patients who are allergic to or resistant to CLA or AMX (Gisbert and Pajares, 2005), and it has been widely used in the treatment of anaerobic infections, particularly parasitic infections (Löfmark et al., 2010). However, the emergence of resistance is often closely associated with the historical use of this medication, especially in the context of treating gynecological and dental infections with nitroimidazole compounds, which may exacerbate the further development of resistance (Mégraud, 2004). Moreover, the correlation between MTZ resistance and treatment failure differs significantly from that of CLA resistance (McMahon et al., 2003; Thung et al., 2016; Zhong et al., 2021; Malfertheiner et al., 2022). Due to the diversity of microbiological testing methods and issues related to measurement reproducibility, the reported in vitro resistance rates for MTZ often exhibit considerable variability across studies (Mégraud, 2004). However, these discrepancies may also reflect potential trends in the development of resistance. Therefore, further investigation and confirmation of the high incidence of MTZ resistance and its potential consequences are warranted.

Resistance rates to CLA and LEV were recorded at 40.0% and 37.9%, respectively, while the overall resistance rates of H. pylori in mainland China to CLA and LEV were 30.72% (95% CI:27.53%-33.99%) and 32.98 (95% CI: 28.73%-37.37%), respectively (Zeng et al., 2024). This indicates a significant decline in the effectiveness of the conventional triple therapy approach for H. pylori in the studied region. Furthermore, when considering these resistance rates in a global context, the CLA resistance level in Hainan Province (40.0%) is significantly higher than that observed in other Southeast Asian countries, such as Thailand, Singapore, Malaysia, Indonesia, Cambodia, Japan, and South Korea, where resistance rates range from 12.9% to 35.5% (Chang et al., 2019; Hong et al., 2024; Okimoto et al., 2024). In addition, a study examining H. pylori isolates, it was found that the CLA resistance rate exceeded 15% across all subregions of the United States and European countries. Specifically, in the United States, the highest resistance rate was recorded in the Southeastern region, reaching 24.9% (47/189). Among European countries, the Czech Republic exhibited the highest resistance rate at 26.7% (4/15) (Mégraud et al., 2023). Moreover, a study indicated that, during the European Helicobacter pylori management registry (Hp-EuReg) conducted from 2013 to 2020, the resistance rate to LEV after the first eradication treatment reached 28%. This resistance rate significantly increased to over 45% among patients who underwent more than two eradication attempts (Bujanda et al., 2021). This phenomenon suggests that repeated treatments may contribute to the enhancement of resistance. Therefore, it is crucial to place greater emphasis on the selection of treatment regimens and the rationale for antibiotic usage in clinical practice.

Our investigation delved into the correlation between H. pylori genotypes and phenotypic resistance, unveiling a significant alignment. Specifically, resistance to CLA was strongly associated with the presence of the A2143G mutation in the 23S rRNA gene, identified in all CLA-resistant strains (Gong et al., 2020). For LEV, resistance was linked to specific mutations in the gyrA gene. The genotyping outcomes demonstrated a high predictive value for resistance to CLA and LEV, with Kappa coefficients of 0.910 and 0.938, respectively. These results underscore the pivotal role of molecular diagnostics in precision medicine, streamlining diagnostic processes and enabling tailored treatment approaches.

A previous prospective study conducted by our team demonstrated that both a 14-day quadruple regimen consisting of a PPI combined with bismuth, AMX, and FR, and a 14-day high-dose dual therapy regimen of PPI and AMX, achieved eradication rates exceeding 90% in Hainan (Zhang et al., 2023). Of the 140 isolates studied, none displayed resistance to AMX, TET, and FR, in stark contrast to a systematic review of antibiotic resistance in H. pylori in China, which reported resistance rates of 2.41% (95% CI 1.43%-3.60%),2.53% (95% CI 1.19%-4.28%) and 1.54% (95% CI 0.28%-3.62%) (Zeng et al., 2024; Zhong et al., 2021; Wang et al., 2023; Wang et al., 2024).However, in Gansu Province, located in the northwest region, the resistance rates of Helicobacter pylori to AMX, FR, and TET are notably high, recorded at 12.42%, 20.5%, and 19.25%, respectively. Whether this situation is associated with the excessive use of antibiotics in clinical or agricultural settings in the region requires further investigation (Zhong et al., 2021; Hu et al., 2023). Comparatively, resistance rates in Southeast Asian countries vary from 0.8% to 9.1% for AMX and 2.8% to 5.8% for FR, respectively (Ang et al., 2016; Sukri et al., 2021).

Notably, approximately 25% of the H. pylori strains exhibit MDR, defined as resistance to three or more antibiotics. This increased complexity in treatment underscores the need for more sophisticated antibiotic management strategies in clinical settings. The development of MDR is influenced by various factors, including national antibiotic consumption patterns, inappropriate antibiotic utilization, treatment failures, and bacterial characteristics such as genetic mutations, bacterial diversity, as well as host and environmental conditions (Boyanova et al., 2019). Among these factors, the upregulation of multidrug efflux pump systems plays a critical role in MDR acquisition (Ge et al., 2018; Gong et al., 2024). The four primary Resistance-Nodulation-Division (RND) efflux pump families in H. pylori—HefABC, HefDEF, HefGHI, and HP1487-HP1489 (Bina et al., 2000; Cai et al., 2020)—reduce the effective concentrations of structurally diverse antibiotics within the bacterial cell (Karbalaei et al., 2022), thereby diminishing their antibacterial effects. Bacteria enhance their defense against antibiotics through genetic mutations or by increasing the expression of efflux pump genes (Elshenawi et al., 2023).

In contrast to PCR and Sanger sequencing methods, WGS emerges as a time- and cost-effective approach for detecting and evaluating antibiotic resistance gene profiles. In our investigation into the application of WGS for identifying molecular markers of resistance in H. pylori, comprehensive whole-genome analyses were performed on 19 clinical isolates. The study unveiled a notable correlation between resistance to CLA and LEV and specific genetic mutations, essential for enhancing resistance detection workflows and designing personalized treatment strategies.

Specifically, our findings indicated that 15 CLA-sensitive strains harbored the A2143G point mutation in the 23S rRNA gene, while four LEV-sensitive strains (HN05, HN07, HN11, and HN14) displayed the N87K mutation at the gyrA gene locus. The presence of the A2143G mutation was closely associated with elevated MIC values for CLA, thereby augmenting the risk of treatment failure by up to 60%. Furthermore, the interplay of environmental factors and genetic background on phenotypic susceptibility was evident, as observed in three strains exhibiting significant differences in sensitivity or resistance to the two antibiotics.

MTZ, a component of the triple therapy regimen for H. pylori, exhibits resistance rates reaching 100% in certain regions, despite the precise mechanisms of resistance remaining incompletely elucidated (Elshenawi et al., 2023). In this study, we identified the R16H/C mutation in the rdxA gene in 5 strains (26.3%, 5/19) that all demonstrated MTZ resistance. The prevalence of the R16H mutation, found in the majority of MTZ-resistant isolates, aligns with previous studies and underscores its pivotal role in resistance development. Interestingly, despite possessing mutations in the rdxA sequence, the HN16 strain exhibited sensitivity to MTZ based on E-test outcomes, suggesting that resistance may stem from multifaceted factors. Future research should delve into alternative potential mechanisms such as efflux pump overexpression or defects in membrane porin proteins.

Our analysis highlights that the primary resistance rate of H. pylori to AMX remains low in the Hainan region. Established mechanisms of AMX resistance encompass β-lactamase secretion, structural alterations in pbp1, efflux pump activity, and biofilm formation (Cimuanga-Mukanya et al., 2024; Kwon et al., 2003). However, the direct correlation between these mechanisms and the observed decline in resistance associated with freezing remains ambiguous (Gautier et al., 2013). In China, gastric mucosal samples utilized for H. pylori isolation and antibiotic susceptibility testing are typically transported to laboratories in a frozen state (Shu et al., 2018). This process may impact the AMX resistance of certain strains, as approximately 20% to 50% of initially AMX-resistant H. pylori strains lose resistance post-freezing, demonstrating a sensitive phenotype instead (Han et al., 2021). This phenomenon could lead to an underestimation of actual AMX resistance rates.

While the A926G mutation in the 16S rRNA gene was detected in six TET-sensitive isolates, further investigation is required to determine its significance in relation to low-level resistance and phenotypic susceptibility. In a recent study, researchers examined the correlation between mutations identified directly from formalin-fixed, paraffin-embedded (FFPE) tissue samples and patient prognosis. Among the six patients harboring the A926G mutation, only one encountered treatment failure. Yet, to comprehensively grasp the clinical implications of this specific mutation, especially among patient cohorts undergoing TET-based treatment protocols, additional large-scale studies are warranted (Nezami et al., 2019; Saranathan et al., 2020).

H. pylori can be categorized into seven distinct phylogenetic lineages based on geographic regions (Falush et al., 2003; Kersulyte et al., 2010). The phylogenetic analysis in this study reveals that the six strains originating from a single region do not align with a unified H. pylori lineage. In addition to the majority of strains falling under the HpEastAsia lineage, some are distributed among the HspAmerind and South India lineages. This finding mirrors a study conducted in the Ningxia region of China (Zhou et al., 2022), where the HpEastAsia lineage dominates. Model-based studies propose that H. pylori originated approximately 58,000 years ago in East Africa and disseminated with human migrations. The bacterium has evolved in tandem with its human hosts over extended periods, along with the HpAsia2 lineage from the Indian subcontinent and Central Asian populations of European descent. Owing to the substantial genomic adaptability of H. pylori, disparate lineages may merge over time, complicating efforts to sustain the distinctiveness of H. pylori within a stable population. This process partly accounts for the dispersion of strains across diverse lineages. Furthermore, the intensification of globalization may amplify strain diversity.

Our study had several limitations. Firstly, the sample collection was restricted to Hainan Province and drawn from specific medical centers and regions. This geographical limitation may affect the generalizability of our findings to other areas in China or to different countries. Secondly, our samples did not include strains resistant to AMX, TET, and FR. Although the sample size of 140 H. pylori isolates is considered sufficient for preliminary analyses, this limitation may hinder the feasibility of more complex multivariable analyses. In particular, the high rate of MTX resistance is concerning; however, given the relatively small number of isolates in this study, the impact of these results is limited. Future studies with larger sample sizes are needed to validate these findings. Additionally, only 19 isolates underwent WGS, which may somewhat constrain our ability to comprehensively interpret specific resistance factors. Finally, our study lacked additional data that could enhance our understanding of resistance-related characteristics, such as patients’ clinical symptoms and prior antibiotic usage records. Such information would aid in elucidating the relationship between genotypes and resistance mechanisms. Nevertheless, we established multiple sub-centers in Hainan Province to conduct dynamic research on H. pylori infections, treatment, and antibiotic resistance testing. The establishment of these sub-centers lays a solid foundation for future in-depth exploration of this field and provides strong support for larger-scale studies. Such efforts will help confirm our current findings and promote improvements in related clinical practices.

Overall, given the high global prevalence of H. pylori infections and the growing issue of antibiotic resistance, there is an urgent need to develop new effective prevention and treatment strategies. In the absence of an effective vaccine, eradication therapy remains the primary option. The data from this study are crucial for formulating effective treatment protocols aimed at eradicating H. pylori in Hainan Province and advancing personalized medicine.
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