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ABSTRACT Antibiotic resistance is the most important factor leading to failed
Helicobacter pylori eradication therapy, and personalized treatment based on antibiotic
susceptibility is becoming increasingly important. To strengthen the understanding of
antibiotic genotypic resistance of H. pylori and identify new antibiotic resistance loci,
in this study, we identified phenotypic resistance information for 60 clinical isolates
and compared the concordance of phenotypic and genotypic resistance using whole-
genome sequencing (WGS). Clarithromycin and levofloxacin genotypic resistance was
in almost perfect concordance with phenotypic resistance, with kappa coefficients of
0.867 and 0.833, respectively. All strains with the R16H/C mutation and truncation in
rdxA were metronidazole resistant, with 100% specificity. For other genes of concern,
at least one phenotypically sensitive strain had a previous mutation related to antibi-
otic resistance. Moreover, we found that the A1378G mutation of HP0399 and the
A149G mutation of FabH might contribute to tetracycline resistance and multidrug
resistance, respectively. Overall, the inference of resistance to clarithromycin and levo-
floxacin from genotypic resistance is reliable, and WGS has been very helpful in dis-
covering novel H. pylori resistance loci. In addition, WGS has also enhanced our study
of strain lineages, providing new ways to understand resistance information and
mechanisms.

KEYWORDS Helicobacter pylori, whole-genome sequencing, antibiotic resistance,
genotypic, phenotypic, lineage

As one of the most prevalent pathogens in the world, Helicobacter pylori has
infected more than half of the world’s population in the last decades since its dis-

covery. Studies have shown that infection is strongly associated with chronic gastritis,
peptic ulcers, gastric cancer, and mucosa-associated lymphoid tissue (1–3). It is well
known that eradicating H. pylori can prevent the progression of associated diseases
and reduce the risk of gastric cancer (4). Multiple consensus guidelines recommend
that all patients with H. pylori infection should receive eradication therapy, unless there
are contraindications (3, 5, 6). In addition, the H. pylori eradication rates have declined
significantly due to factors such as antibiotic resistance, with the standard triple

Copyright © 2022 Zhou et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Feihu Bai,
baifeihu@sohu.com, or Yang Bo,
boyang1976@163.com.

The authors declare no conflict of interest.

Received 21 November 2021
Returned for modification 28 February 2022
Accepted 11 April 2022
Published 2 June 2022

June 2022 Volume 66 Issue 6 10.1128/aac.02188-21 1

SUSCEPTIBILITY

https://orcid.org/0000-0003-2254-0131
https://orcid.org/0000-0002-1560-6131
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/aac.02188-21
https://crossmark.crossref.org/dialog/?doi=10.1128/aac.02188-21&domain=pdf&date_stamp=2022-6-2


therapy eradication rate dropping from .90% to ,60% (7). In addition, antibiotic re-
sistance has been further exacerbated by the spread of large-scale empirical eradica-
tion therapy and the unregulated use of antibiotics. Antibiotic resistance has become
the main cause of H. pylori eradication failure (8, 9). H. pylori strains isolated from
patients for whom eradication therapy failed were found to be nearly 100% resistant
to metronidazole, and more than 60% were resistant to clarithromycin and levofloxacin
(10–12). Hence, the antibiotic resistance of H. pylori is alarming.

Personalized therapy based on antibiotic resistance testing, which includes both phe-
notypic resistance and genotypic resistance testing, might be a major strategy to over-
come eradication failure. Traditional antibiotic susceptibility testing requires the isolation
and culture of strains from gastric mucosal specimens. The demanding culture conditions,
long culture time, and low culture success rate associated with traditional antibiotic sus-
ceptibility testing hamper widespread clinical applications (13). H. pylori genotypic resist-
ance testing might be a good alternative to phenotypic resistance testing. Some genetic
mutation loci have been reported to contribute to the H. pylori phenotype, and pheno-
typic resistance tests for clarithromycin and quinolones have been partially replaced by
genotypic resistance tests (14, 15). However, the loci of H. pylori conferring resistance to
other antibiotics are controversial (16, 17), and further studies are needed to determine
which genetic mutations are responsible for resistance.

Recently, whole-genome sequencing (WGS) has been widely applied to discover new
antibiotic resistance loci and even as a partial replacement for traditional antibiotic suscep-
tibility testing (18, 19). Several studies have reported local WGS findings that have contrib-
uted to the discovery of new mutant loci for antibiotic resistance genes. However, these
results remain inconsistent in terms of phenotypic resistance and genotypic resistance
concordance for clarithromycin and quinolone (17). Owing to the small sample sizes in
these studies, the mechanisms of resistance to some antibiotics to which H. pylori is rarely
resistant (e.g., amoxicillin) remain unclear.

In view of the differences in H. pylori characteristics in different regions, as well as
the controversy and potential of WGS to detect antibiotic resistance and the strain
spectrum, China still lacks WGS data on clinically isolated H. pylori strains. We per-
formed WGS on 60 clinically isolated H. pylori strains stored in the China Center for H.
pylori Molecular Medicine, compared the genotypes and phenotypes of strains resist-
ant to six antibiotics, and detected some novel resistance mutation loci. In addition,
we identified the strain lineage using WGS.

RESULTS
Clinical data and phenotypic resistance.We successfully recovered and identified

60 clinical isolates of H. pylori. Demographic data and clinical characteristics were also
analyzed. The mean age of the strain hosts was 43.78 6 12.06 years. Thirty-two sam-
ples were isolated from male patients, and the remaining 28 samples were from female
patients. Half of the patients had a primary infection with no history of eradication
treatment.

The MIC distribution of the six antibiotics is shown in Fig. 1, and the specific MIC
values for 60 clinical isolates are presented in Table S1. The total phenotypic antibiotic
resistance rates were as follows: metronidazole, 90% (54/60), clarithromycin, 51.67%
(31/60), levofloxacin, 48.33% (29/60), amoxicillin, 23.33% (14/60), tetracycline, 5.00%
(3/60), and furazolidone, 8.33% (5/60) (Table 1). Two isolates were sensitive to all six
antibiotics tested. Sex and age were not significantly associated with antibiotic resist-
ance. The resistance rates of the isolates with a history of eradication with clarithromy-
cin and amoxicillin were significantly higher than those without eradication history
(P = 0.000 and P = 0.000, respectively), but the rates of resistance to other antibiotics
were not related to eradication history. Overall, the secondary resistance rates were
higher than the primary resistance rates, except those for metronidazole and furazoli-
done (Table 1). Multidrug resistance (MDR) accounted for 46.67% of strains, with two
strains being simultaneously resistant to five antibiotics, and 26.67% of the strains
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were simultaneously resistant to clarithromycin, levofloxacin, and metronidazole. The
distribution of antibiotic resistance patterns is shown in Fig. 2.

Mutation analysis using WGS. (i) Clarithromycin resistance. Mutations in the
peptidyl transferase region of domain V of 23S rRNA are associated with clarithromycin
resistance (20). In total, 31 strains were phenotypically resistant to clarithromycin, of

TABLE 1 The distribution of antibiotic resistance of H. pylori isolated strains by sex, age, and infection status

Antibiotic-resistant strain, n (%)

Group Total, n (%) CLA LEV MTZ AML TET FR
Total 60 (100) 31 (51.67) 29 (48.33) 54 (90.00) 14 (23.33) 3 (5.00) 5 (8.33)

Sex
Female 28 (46.67) 16 (57.14) 13 (46.43) 26 (92.85) 6 (21.43) 1 (3.57) 1 (3.57)
Male 32 (53.33) 15 (46.88) 16 (50.00) 28 (87.5) 8 (25.00) 2 (6.25) 4 (12.5)
P value 0.427 0.782 0.675 0.770 0.635 0.212

Age
18–35 14 (23.33) 6 (42.86) 5 (35.71) 11 (78.57) 3 (21.43) 0 (0.00) 1 (7.14)
35–50 31 (51.67) 16 (51.61) 16 (51.61) 29 (93.55) 9 (29.03) 2 (6.45) 4 (12.90)
50–75 15 (25.00) 9 (60.00) 8 (53.33) 14 (93.33) 2 (13.33) 1 (6.67) 0 (0.00)
P value 0.653 0.555 0.291 0.523 1.000 0.413

Eradication history
None 30 (50.00) 8 (26.67) 12 (40.00) 28 (93.33) 1 (3.33) 0 (0.00) 3 (10)
Yes 30 (50.00) 23 (76.67) 17 (56.67) 26 (86.67) 13 (43.33) 3 (10.00) 2 (6.67)
P value 0.000 0.196 0.671 0.000 0.237 1.000

No. of treatments
One 19 (63.33) 14 (73.68) 11 (57.89) 15 (78.94) 6 (31.58) 0 (0.00) 1 (5.26)
Two 8 (26.67) 6 (76.67) 4 (50.00) 8 (100.00) 5 (62.50) 1 (12.5) 1 (12.5)
Three 2 (6.67) 2 (100.00) 1 (50.00) 2 (100.00) 1 (50.00) 1 (50.00) 0 (0.00)
Five 1 (3.33) 1 (100.00) 1 (100.00) 1 (100.00) 1 (100.00) 1 (100.00) 0 (0.00)

FIG 1 MIC distribution for strains sensitive and resistant to CLA, LEV, AML, TET, FR, and MTZ. Antibiotic resistance in 60 clinical strains of Helicobacter pylori
was determined by the Etest. Resistance to CLA, LEV, TET, MTZ, and AML was determined according to the breakpoints published in the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines. The breakpoint of FR resistance was 4 mg/mL according to a previous report. R
denotes resistant and S denotes susceptible. MTZ, metronidazole; CLR, clarithromycin; AML, amoxicillin; LEV, levofloxacin; TET, tetracycline; FR, furazolidone.
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which 27 had the A2143G mutation (Table S2). Another four strains were phenotypi-
cally resistant but genotypically sensitive, and one of them was associated with a high
MIC (.256 mg/mL). None of the isolates contained the A2142G mutation. We per-
formed kappa concordance analysis with the A2143G mutation as genotypic resistance
versus phenotypic resistance, with a kappa coefficient of 0.867 and a 95% confidence
interval (CI) of 0.742 to 0.992 (Table 2). In addition, we examined other mutation loci in
23S rRNA that might be associated with clarithromycin resistance, such as G2111A,
A2115G, A2144G, A2116G, C2694A, and T2717C, which were previously considered to
be associated with low levels of resistance, as well as C2173T and G2212A, which
occurred only in resistant strains, but none of these mutations were found in our iso-
lates (21–25). Moreover, the T2182C mutation has been reported to be associated with
low levels of antibiotic resistance (26), and 83% of our isolates had this mutation, with
MIC values ranging from 0.064 to 256 mg/mL. Furthermore, we analyzed the mutations
associated with rpl22 and infB (27, 28), which were reported to confer synergistic resist-
ance with 23S rRNA mutations (Table S2). However, we did not find mutations in rpl22
that were reported to contribute to clarithromycin resistance. One isolate had both the
23S rRNA (A2143G) and infB (G160A) mutations, with an MIC of.256 mg/mL.

(ii) Levofloxacin resistance. Levofloxacin resistance is usually thought to be caused
by mutations in the quinolone resistance-determining region of gyrA (16). In total, 29 iso-
lates were phenotypically resistant to levofloxacin, 26 of which had gyrA (N87I/N87K/
N87Y/D91N/D91G) mutations, with no D91Y mutations identified (Table S3). R130K and

FIG 2 Distribution of antibiotic resistance patterns. Sixty clinical isolates showed different resistance patterns,
with all-susceptible, single-antibiotic-resistant, dual-antibiotic-resistant, triple-antibiotic-resistant, tetra-antibiotic-
resistant, and penta-antibiotic-resistant strains. AS, sensitivity to all antibiotics; M, MTZ, metronidazole; C, CLR,
clarithromycin; A, AML, amoxicillin; L, LEV, levofloxacin; T, TET, tetracycline; F, FR, furazolidone.

TABLE 2 Consistency of phenotypic resistance with genotypic resistance

Antibiotic

Genotypic
resistance or
susceptibility

No. of
phenotypically
resistant or
susceptible strains

Sensitivity
(%)

Specificity
(%) Accuracy (%)

Kappa coefficient
(95% CI) P valueR S

CLA R 27 0 87.10 100.00 93.33 0.867 (0.742–0.992) 0.000
S 4 29

LEV R 26 2 89.66 92.86 91.67 0.833 (0.693–0.973) 0.000
S 3 29

MTZ R 17 0 31.48 100.00 40.00 0.084 (0.012–0.158) 0.170
S 37 6

TET R 2 0 66.67 100.00 98.33 0.792 (0.396–1.188) 0.000
S 1 57

AML R 12 31 85.71 32.61 45.00 0.106 (20.035–0.248) 0.310
S 2 15

FR R 0 0 93.33
S 5 55
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S63P were previously thought to be associated with high levels of levofloxacin resistance
(29). No S63P mutations were detected in our isolates. The R130K mutation was found in
only one isolate, which also had the N87K mutation and was associated with high MIC val-
ues. Some mutations in gyrA suspected to be associated with levofloxacin resistance were
incidental in this study and did not correlate with phenotypic resistance (17, 28) (Table S3).
In addition, A407T occurred only in phenotypically resistant strains. For gyrB, the D481E
and R484K mutations, which were previously thought to be associated with levofloxacin
resistance (30, 31), occurred only in phenotypically resistant strains (Table S3). In addition,
gyrB mutations (N573D/S, A584V) occurred only in phenotypically resistant strains. We
used the N87K/I/Y and D91N/G mutations of gyrA in a kappa concordance analysis of levo-
floxacin genotypic resistance with phenotypic resistance, finding a kappa coefficient of
0.833 and a 95% CI of 0.693 to 0.973 (Table 2).

(iii) Metronidazole resistance. Most current studies suggest that metronidazole
resistance is closely related to mutations in and the inactivation of rdxA, encoding oxy-
gen-insensitive NADPH nitroreductase, and frxA, encoding NADPH flavin oxidoreduc-
tase (32, 33), but there is no definitive conclusion. Therefore, we described all genetic
mutations associated with metronidazole resistance. The R16H/C and M21A mutations
of rdxA are considered most strongly associated with metronidazole resistance (34).
Unfortunately, we found that only 12 of the 54 phenotypically resistant strains had R16
H/C mutations (Table S4). Our isolates did not harbor an M21A mutation. Moreover,
the A68V mutation occurred only in metronidazole-resistant strains. Furthermore, we
identified mutations in rdxA and frxA that were previously confirmed using natural
transformation assays and suspected to be associated with metronidazole resistance,
which included some studies on clinical isolates, but none had any correlation with
metronidazole resistance (Table S4). Interestingly, we found truncated alterations in
rdxA and frxA only in resistant strains (Table S5). The genotypic resistance, defined as
rdxA truncations and R16H/C mutations, correlated slightly with the metronidazole
phenotypic results (kappa coefficient, 0.084; 95% CI, 0.012 to 0.158), but the specificity
was 100% (Table 2). In addition, we investigated previously reported genetic mutations
associated with metronidazole resistance, including RclC, HP0370, HP0918, Rpsu, Fur,
RecA, Ribf, and Omp11 (29, 35–38), and found that only V265I of HP0370 and A51V/T of
HP0918 occurred at higher frequencies in our samples, and these were harbored only
by resistant strains. In addition, we report the following novel findings: N118K in Fur,
Q242K in Ribf, and K219Q/N and H705fs in Omp11, which were found only in resistant
strains (Table S4).

(iv) Amoxicillin resistance. Mutations in or near the penicillin-binding protein
motifs SXXK, SXN, and KTG of the penicillin-binding protein genes PBP1A, PBP2, and
PBP3 are generally considered associated with amoxicillin resistance (39, 40). We eval-
uated 60 clinical isolates for variants in genes encoding penicillin-binding proteins,
including 14 phenotypically resistant strains. Surprisingly, S402G and N562Y in SXN
occurred only in two sensitive strains, whereas T593A/R and S414N/R occurred in both
resistant and sensitive strains. T556S in KTG was detected in only one resistant strain
(Table S6). These five point mutations were previously validated using natural transfor-
mation assays and verified in clinical strains with amoxicillin resistance (14, 41). In addi-
tion, we evaluated other possible antibiotic resistance mutation sites in PBP1A and partial
mutation sites in PBP2 and PBP3 that were synergistic with PBP1A resistance mutations
in previous reports but did not correlate with the amoxicillin phenotypic resistance (31,
42). Unexpectedly, we found that T318A, located near SXXK of the PBP1A motif, was
associated with amoxicillin resistance (P = 0.01; Table S6). Furthermore, we found that
both sensitive and resistant strains had different degrees of mutations in or near SXN/
SXXK/KTG (Table S7). The kappa concordance analysis showed a kappa coefficient of
0.106, with a 95% CI of 20.035 to 0.248 (Table 2). Moreover, we performed bubble map
analysis of mutations occurring in and around the SXN/SXXK/KTG motifs of PBP1A, PBP2,
and PBP3; however, we did not find a strong association between the amoxicillin resist-
ance phenotype and coexisting mutations (Fig. 3). By performing clustering analysis, we
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found that simultaneous L240F and G242A mutations in the PBP1A gene, I493insH and
S494delN mutations in the PBP2 gene, and I508V and V527I in the PBP3 gene seemed to
be associated with a high MIC and confer resistance (Fig. 4). Meanwhile, the resistant
strain SHZY54 associated with a high MIC had mutations near the PBP motifs of PBP1A,
PBP2, and PBP3. Furthermore, L378F and D131E in hefC and G228W in hofH were previ-
ously found to be significantly associated with the in vitro induction of amoxicillin resist-
ance using WGS (43). However, our results were not consistent with these findings
(Table S6).

(v) Tetracycline resistance. The main molecular mechanism underlying tetracy-
cline resistance in H. pylori is associated with single, double, or triple base mutations in
the 16S rRNA gene AGA926-928 (44, 45). Three isolates were phenotypically resistant to
tetracycline (SHZY01, SHZY41, and SHZY52) in our study. After a sequence comparison,
we did not find the AG926-927 mutation, whereas the A928C mutation occurred in the
resistant strains SHZY01 and SHZY41. The AGA926-928 mutation in 16S rRNA was in
substantial concordance with the tetracycline phenotype (kappa coefficient, 0.792;
95% CI, 0.396 to 1.188), with a specificity of 100% (Table 2). Meanwhile, A980G and
G961A occurred in SHZY01 and SHZY52, respectively (Table S8). In addition, we found
that the A1378G mutation in HP0399, encoding 30S ribosomal protein S1, was strongly
correlated with tetracycline phenotypic resistance (P = 0.002; Table S8).

(vi) Furazolidone resistance. Five furazolidone-resistant strains were included in
our isolates. We chose to examine porD (G353A, A356G, C357T) and oorD (A41G,
A122G, C349A[G]), point mutations previously reported to be associated with furazoli-
done resistance. However, these mutations were not found in our strains (46).
Furthermore, the high frequency of mutant loci in the porD and oorD genes, described
in a previous study reporting unknown furazolidone resistance, was still present in our
isolates but did not correlate with furazolidone resistance (47) (Table S8).

(vii) MDR. Unexpectedly, Fisher’s test results for all possible variants revealed that
the A149G mutation in FabH was closely associated with MDR (P = 0.009; Table S9). In
addition, we found that four strains (SHZY05, SHZY06, SHZY23, and SHZY56) were gen-
otypically sensitive and phenotypically resistant to clarithromycin and had an A149G
mutation in FabH (highlighted in yellow in Table S9).

Evolutionary tree analysis of H. pylori. We used WGS data to compare the 60
strains from this study with the 40 complete genomes already classified in the data-
base to construct a phylogenetic tree to determine where the 60 strains clustered. As
expected, the majority of our strains (83.33%, 50/60) belonged to the hpEastAsia clade
(Fig. 5). Two strains (SHZY08 and SHZY56) clustered with the South India branch, four
(SHZY19, SHZY38, SHZY39, and SHZY55) clustered with the European branch, and
another four (SHZA16, SHZY41, SHZY52, and SHZY54) clustered with the Amerind
branch. None of the isolates clustered with the West Africa or Africa2 branch. The four
isolates clustered in Amerind had the same susceptibility or resistance to levofloxacin
and clarithromycin, whereas three of them were resistant to amoxicillin.

DISCUSSION

Declining H. pylori eradication rates have led to a focus on precision treatment (48),
which might be able to specify the resistance of H. pylori using genotypic testing to select
antibiotics for personalized treatment; however, the results from various studies are incon-
sistent (17, 34, 49). In this study conducted in China, we identified the phenotypic resist-
ance of 60 clinical isolates of H. pylori to six antibiotics and performed WGS to identify
gene mutations associated with this trait and discover new antibiotic resistance sites.

The resistance rate to clarithromycin, which is a key component of nonbismuth
quadruple therapy, is rapidly increasing worldwide (50, 51). The point mutations
A2143G and A2142G/C in the 23S rRNA gene have been reported to be associated with
clarithromycin-resistant strains of H. pylori isolated from Western countries (52–54).
Gong et al. (55) noted that all patients developed clarithromycin resistance after failure
of clarithromycin-based triple therapy for eradication, whereas 23S rRNA sequencing
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FIG 3 Consistency between amino acid substitutions near SXN/SXXK/KTG of PBP1A, PBP2, and PBP3 motifs
and the MIC of amoxicillin. The horizontal axis is the amino acid substitution site, the vertical axis is the
value of the logarithm of 10 for the lowest inhibitory concentration, and the red line represents the drug
resistance breakpoint.
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FIG 4 Visualization of MIC and sample clustering of amino acid substitutions near SXN/SXXK/KTG for PBP1A,
PBP2, and PBP3 motifs. The MIC values in the graph are the result of taking the logarithm of 10. The light blue
background represents an MIC-associated truncation.
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revealed they all had A2143G or A2142G mutations. Our results showed that the sam-
ples with the A2143G mutation in 23S rRNA were all clarithromycin-resistant strains.
Hence, the A2143G mutation is highly specific for putative clarithromycin sensitivity
and has almost perfect concordance. Similar to some previously reported results, the
concordance was high (14, 16, 49). In addition, the reliability of the results was con-
firmed by previous validation work from this group in a large national multicenter
study based on Sanger sequencing (12). Of course, there were also four strains with
inconsistent phenotypic and genotypic resistance. One possible explanation for the
different phenotypic–genotypic results is the following. Since all four inconsistent iso-
lates were MDR and had the A149G mutation in FabH, we hypothesized that they
might be associated with MDR. Of note, none of our isolates had the A2142G/C muta-
tion. In addition, we found that the G2864A mutation occurs only in resistant strains,
which further complements the clarithromycin resistance locus. Thus, clarithromycin
genotypic resistance testing can replace phenotypic resistance testing.

Levofloxacin is crucial in the second-line eradication treatment of H. pylori infection
and is recommended as a first-line antibiotic in some countries (56, 57). Almost half of
our isolates were resistant to levofloxacin. It is generally believed that levofloxacin re-
sistance is associated with the mutations N87K/I/Y and D91N/Y/G in gyrA (16). It has
been reported that 97.7% of levofloxacin-resistant strains have the gyrA mutation N87

FIG 5 Phylogenetic tree based on the amino acid and nucleotide sequences of 100 genes shared across 100 Helicobacter pylori genomes. Those marked
with black dots are the 60 genomes evaluated in our study. The additional 40 genomes were previously described in the literature.
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K/I/Y or D91 N/Y/G (58). We investigated the full-length sequence of gyrA and found
that the mutation rate at amino acid positions 87 and 91 was 89.66% in phenotypically
resistant strains. Although there were five isolates with different phenotypic and geno-
typic results, the kappa coefficient showed almost perfect agreement between the
overall phenotypic and genotypic resistance. In fact, not all studies are highly consist-
ent with the study by Domanovich-Asor et al. (17), which showed poor agreement
between phenotypic and genotypic resistance to levofloxacin. Overall, most of the lev-
ofloxacin resistance can be explained by amino acid mutations at positions 87 and 91
in gyrA, but there are other reasons for levofloxacin resistance, such as mutations in
gyrB and other mutations mentioned in our results.

The rate of resistance to metronidazole, a common antibiotic used in triple therapy,
has reached 100% in some areas, and its resistance loci remain unclear (59). rdxA and frxA
mutations are thought to be highly correlated with phenotypic resistance to metronida-
zole. The R16H/C mutation in rdxA and truncation of rdxA and frxA occurred in 35% of the
isolates in our study, and all of them were phenotypically resistant strains. Chu et al. veri-
fied via a natural transformation experiment (15) and WGS conducted in New York that
the occurrence of R16H mutations or truncations in rdxA is highly correlated with pheno-
typic resistance, with a kappa coefficient of 0.76 (49). This suggests that the R16H/C muta-
tion and truncation of rdxA are useful in determining metronidazole resistance with 100%
specificity. However, there were 37 phenotypically resistant strains without the R16H/C
mutation or truncation in our study. Another two studies showed that owing to the poly-
morphism of the variants, it was not possible to infer a resistance phenotype for metroni-
dazole based on the occurrence of distinct single nucleotide polymorphisms in frxA and
rdxA (16, 17). The concordance between phenotypic and genotypic resistance was low.
Furthermore, we investigated other reported gene mutations that might be associated
with metronidazole resistance, such as mutations in frxA, rpsu, RclC, HP0918, HP0370, and
other genes, and no meaningful results were found. This means that the inactivation of
rdxA function is responsible for the development of resistance to metronidazole in some
strains. Furthermore, there are many other mechanisms of metronidazole resistance,
including altered drug uptake, efflux from the efflux pump system, and permeability of
biofilms, which need to be considered (32, 60). In general, there are still some limitations
in determining phenotypic resistance to metronidazole alone.

Amoxicillin is a crucial antibiotic used in bismuth quadruple therapy, concomitant
therapy, and high-dose diphtheria regimens for H. pylori eradication (6). The amoxicillin
resistance rate is increasing annually (61). In total, 14 isolates in our study were resist-
ant to amoxicillin. We investigated the mutations in the PBP motifs SXXK, SXN, and
KTG of PBP1A, PBP2, and PBP3 using WGS. Both sensitive and resistant strains had dif-
ferent degrees of mutations in and near the motifs SXXK, SXN, and KTG of PBP (Table
S7). Only one resistant strain had an amino acid substitution in the PBP1A gene at the
site previously reported to confer amoxicillin resistance (S414N/R, T556S) (14, 41).
Rimbara et al. suggested that PBP1A, PBP2, and PBP3 mutations have synergistic effects
on amoxicillin resistance (62). Our clustering results seem to confirm this, with the
highly resistant strain SHZY54 mutated near the motifs SXXK, SXN, and KTG of PBP1A,
PBP2, and PBP3. However, for mutations in and around the PBP1A, PBP2, and PBP3
motifs, bubble plots showed no clear association between the amoxicillin genotypic
and phenotypic results (Fig. 3). Kappa concordance analysis yielded the same results
(Table 2). In addition, other reported genetic mutations associated with amoxicillin re-
sistance were not observed in our study (Table S6). This suggests that there is large
heterogeneity in amoxicillin resistance and that the resistance mechanisms of different
isolates cannot be explained by a single amino acid substitution in PBP motifs (17). We
also need to consider the isolation status of the strain, host differences, degree of coc-
coid transformation, and length of survival time.

The rate of resistance to tetracycline is low worldwide but is still increasing (63). Only
three tetracycline-resistant strains were detected among our isolates, and we detected a
mutation in the 16S rRNA gene, which was previously considered to be related to
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tetracycline resistance, using WGS (16, 58). We found only two strains with the A928C
mutation, and both were tetracycline-resistant strains, which means that the specificity of
tetracycline resistance based on the AGA926-928TTC mutation in 16S rRNA reached 100%.
In addition, we found that the A1378G mutation in HP0399 occurs only in tetracycline-re-
sistant strains. On the one hand, tetracycline binds to the 30S subunit of the bacterial ribo-
some and inhibits protein synthesis outside (64). On the other hand, tetracycline also
inhibits the binding of nucleoprotein bodies to released factors (65, 66), preventing the
release of synthesized peptide chains and thus inhibiting protein synthesis. HP0399 enco-
des the 30S ribosomal protein S1, and mutations in this gene weaken the binding of nu-
cleoprotein to released factors, allowing the synthesized peptide chains to be normally
released and the bacteria to continue to grow and multiply. This might be another mecha-
nism of resistance to tetracycline, which requires further study.

Furazolidone is widely used as an antibiotic in China for the eradication of H. pylori. Its
efficacy and safety have also been well demonstrated (67–70). There were five furazoli-
done-resistant strains among our isolates, and the previously described mutations in the
porD and oorD genes associated with furazolidone resistance were not found (46). In the
future, as the use of furazolidone increases, an increasing number of resistant strains might
appear in clinical practice, and the resistance mechanisms need to be further studied.

Notably, MDR was common, and nearly half of the isolates exhibited this MDR in our
study. The A149G mutation in FabH was strongly correlated with MDR (P = 0.009). As an im-
portant constituent of cell membranes, alterations in lipid metabolism have an effect on an-
tibiotic resistance, and previous studies have shown that the type II fatty acid synthesis
pathway in bacteria is associated with MDR (71–73) and that FabH plays a key role in the
overall bacterial fatty acid synthesis pathway (74). FabH is commonly found in many clinical
pathogens, such as Gram-positive bacteria, Gram-negative bacteria, chlamydia, anaerobic
bacteria, Mycobacterium, and many protozoa, and its gene sequence is highly conserved in
three-dimensional structures. Structural analysis identified HP0202 as being active in the H.
pylori 26695 genome with a homologue of FabH. FabH has been shown to be involved in
fatty acid anabolism in H. pylori (75). The role of FabH gene mutations in H. pylori MDR is
unclear. In the future, we might need to explore the mechanism of FabH-mediated MDR in
H. pylori, which is an important next step.

H. pylori is divided into seven different lineages according to geographical region (76).
Phylogenetic analysis revealed that the 60 isolates from one region in this study did not
have consistent H. pylori lineages. In addition to the majority of the strains belonging to
HpEastAsia, there were scattered distributions among HspAmerind, HpEurope, and South
India. A modeling study suggests that H. pylori appears to have spread from East Africa
approximately 58,000 years ago, with people becoming infected with H. pylori before migrat-
ing from Africa (77), and that H. pylori has maintained close contact with human hosts over
time. However, the currently existing H. pylori lineage has been at the intersection of humans
that coevolved with the HpAsia2 lineage of H. pylori on the Indian subcontinent and humans
from Central Asia with ancestral links to Europe (78). Because of the plasticity of the H. pylori
genome, it is expected that these coexisting lineages will converge over time, and thus
maintaining the independence of H. pylori in a stable ethnic group seems somewhat diffi-
cult. This could be one of the reasons for the distribution of isolates across different lineages.
In addition, the increased globalization process might be another major reason for the diver-
sity of our strains. Moreover, we observed that the four isolates that clustered in the
Amerind lineage had the same susceptibility or resistance to levofloxacin and clarithromycin,
and there was a larger proportion of amoxicillin-resistant strains (3/4, 75%). Considering our
small sample size, further studies with more samples are required to determine if there is an
association between H. pylori strain lineage and antibiotic resistance.

In this study, we investigated the loci of H. pylori conferring resistance to different anti-
biotics using WGS. Our results showed almost perfect concordance between genotypic
and phenotypic resistance to clarithromycin and levofloxacin, substantial concordance for
tetracycline, and slight concordance for the others. However, the R16H/C mutation and
truncation in rdxA were very specific for determining metronidazole resistance. Therefore,
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23S rRNA and gyrA phenotypic testing for clarithromycin and levofloxacin resistance can
be implemented to a greater extent to facilitate the implementation of precision therapy.
However, it is still challenging to infer resistance results directly from the genotypic profiles
of other antibiotics. Of course, the use of WGS technology has also enabled the identifica-
tion of novel mutations that could be associated with antibiotic resistance, which will help
us to further investigate the genotypic resistance mechanisms of H. pylori. At the same
time, WGS also allows us to perform a deeper study of the strain lineage, providing a new
way to understand antibiotic resistance information and mechanisms. Our study had some
limitations. For example, there were fewer tetracycline- and furazolidone-resistant strains
in our sample set. In addition, it would be better if we had known the basic characteristics
of the sample hosts and previous eradication treatment antibiotic regimens, which would
facilitate a clarification of genotypic resistance mechanisms.

MATERIALS ANDMETHODS
Recovery and identification of H. pylori. We recovered 60 clinical isolates stored at 280°C in the

strain bank of the China Center for H. pylori Molecular Medicine. These strains were previously tested by the
Kirby-Bauer disk diffusion method and had basic drug sensitivity results. Briefly, the strains were rapidly
thawed and recovered within 1 min in a 37°C water bath. Then, 200mL of the cell suspension was inoculated
onto Karmali agar plates supplemented with H. pylori selective supplement (Oxoid, UK) and incubated at
37°C in a microaerobic atmosphere (5% O2, 10% CO2, and 85% N2) for 2 to 3 days. The successful recovery of
H. pylori was determined by observing the colony morphology and Gram-stained bacterial morphology and
performing urease, peroxidase, and oxidase tests. The need for informed consent was waived owing to the
patients being lost to follow-up. We had basic information such as age, sex, eradication history, and region.
Not enough clinical information was collected. The protocol for this study was approved by the Ethics
Committee of the Outdo China Center for H. pyloriMolecular Medicine (YB M-05-01).

Antibiotic susceptibility testing. An Etest (BIO-KONT, Wenzhou, China) was used to detect the antibi-
otic resistance of H. pylori. Pure cultures of H. pylori from the plates were inoculated into 1 mL of sterile saline
with a turbidity comparable to McFarland’s turbidity standard number 3. Using a disposable sterile swab, the
bacterial solution was inoculated onto MH blood agar plates. The plate was allowed to dry and a single test
strip was placed on it. Petri dishes were incubated at 37°C under slightly aerobic conditions for 72 h, and
then the MIC was determined. Resistance to clarithromycin, levofloxacin, tetracycline, metronidazole, and
amoxicillin was determined according to the breakpoints published in the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) guidelines (79). The breakpoint of furazolidone resistance was
4mg/mL according to a previous report (80). The MIC was measured at the point of complete growth inhibi-
tion. For the antibiotic susceptibility assay, the standard strain 26695 was used as a quality control.

DNA extraction, library preparation, and WGS of H. pylori isolates. H. pylori clinical isolates were
subcultured on blood agar plates for genomic DNA isolation. Three plates were used for each isolate af-
ter 3 to 4 days of incubation under microaerophilic conditions at 37°C. The colonies were scraped with a
ring and resuspended in saline. Genomic DNA was prepared using the HiPure bacterial DNA kit (Magen
Inc.), following the manufacturer’s instructions. DNA quality was assessed using a NanoDrop One spec-
trophotometer (Thermo Fisher Scientific, Inc.). The genomic library was prepared using the KAPA
HyperPlus kit (Illumina, 96, rxns) according to the manufacturer’s instructions. Sequencing was per-
formed on an Illumina MiSeq platform (Illumina, Inc.). The quality of the read files was evaluated using
FastQC (v0.11.7) software. Reads and adapters were trimmed using fastp (v0.12.5) software, and the
reads were assembled using SPAdes version 3.13.0 software. The number of contigs obtained after as-
sembly ranged from 16 to 172, and the sequence coverage of all isolates was evaluated using the
Qualimap (v2.2.1) reporting program, using H. pylori 26695 as a reference. The coverage ranged from 74
to 470 times, with an average depth of 257 times. Quality metric data for all sequenced genomes, includ-
ing coverage, genome length, and N50 and L50 values, are presented in Table S10.

Identification of antibiotic resistance mutations. We investigated the sequences of rdxA, frxA,
rpsu, RclC, HP0918, HP0370, Ribf, RecA, Fur, Omp11 (associated with metronidazole resistance), 23S rRNA,
rpl22, infB (associated with clarithromycin resistance), gryA, gryB (associated with levofloxacin resistance),
PBP1A, PBP2, PBP3, hefC, hofH (associated with amoxicillin resistance), 16s RNA (associated with tetracy-
cline resistance), oorD, and porD (associated with furazolidone resistance) in the WGS data. Using 26695
(NC_000915.1) as the reference genome, multiple sequence comparisons were performed to determine
the presence of the genes and mutations (31). The correlation between phenotypic and genotypic anti-
biotic resistance was analyzed. We also analyzed possible novel mutations in phenotypically resistant
strains. In addition, MDR was defined as resistance to $3 antibiotics of different classes (81), which has
raised concerns worldwide. Therefore, we also evaluated the mutations associated with MDR.

Construction of a phylogenetic tree. Based on the approach used by Saranathan et al. (49), as
described in the literature, we used the PATRIC (version 3.6.10) online tool to construct a phylogenetic tree.
We chose the default Codon Trees, which uses the amino acid and nucleotide sequences from a defined num-
ber of PATRIC global protein families (82). Both the protein (amino acid) and gene (nucleotide) sequences
were used for each of the selected genes from the PGFams. A concatenated alignment of all proteins and nu-
cleotides was written to a PHYLIP-formatted file, and then a partition file for RaxML (83) was generated,
describing the alignment in terms of the proteins and then the first, second, and third codon positions.
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Support values were generated using 100 rounds of the “Rapid” bootstrapping option of RaxML (84). We set
the parameters to sequences from 100 genes (38,562 amino acids and 115,686 nucleotides) for phylogenetic
tree construction, which included 100 genomes (Table S11 and S12). These genomes included the 60
genomes sequenced in this study and an additional 40 genomes previously reported in the literature (49, 85).

Statistical analyses. The phenotypic and genotypic concordance of the antibiotics was quantified
using the kappa coefficient. Kappa coefficient values of ,0.20, 0.21 to 0.40, 0.41 to 0.60, 0.61 to 0.80,
and .0.80 indicated slight, fair, moderate, substantial, and almost perfect concordance, respectively.
Qualitative variables were compared using the chi-square test or Fisher’s exact test. For all statistical
tests, P values of ,0.05 were considered statistically significant. All statistical analyses and graph con-
struction were performed using R software (version 3.6.4).

Data availability. All 60 sequenced genomes of the H. pylori strains isolated from the 60 clinical
specimens investigated in this study were assembled, annotated, and submitted to the NCBI BioProject
database under BioProject accession number PRJNA745492. Visit the website at https://www.ncbi.nlm
.nih.gov/bioproject/PRJNA745492.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.75 MB.

ACKNOWLEDGMENTS
This work was funded by Ningxia Hui Autonomous Region Key Research and

Development Program (No. 2019BFG02003), Postdoctoral Research Foundation of
China (No. 2020M670068ZX), National Natural Science Foundation of China (No.
82104604), and Hainan Province Clinical Medical Center (No. 2021818). We thank
Xiaobing Peng of the China Center for Helicobacter pylori Molecular Medicine for his
assistance with statistical analyses. We declare no competing interests.

REFERENCES
1. McColl KE. 2010. Clinical practice. Helicobacter pylori infection. N Engl J

Med 362:1597–1604. https://doi.org/10.1056/NEJMcp1001110.
2. Hooi JKY, Lai WY, Ng WK, Suen MMY, Underwood FE, Tanyingoh D,

Malfertheiner P, Graham DY, Wong VWS, Wu JCY, Chan FKL, Sung JJY,
Kaplan GG, Ng SC. 2017. Global Prevalence of Helicobacter pylori infection:
systematic review andmeta-analysis. Gastroenterology 153:420–429. https://
doi.org/10.1053/j.gastro.2017.04.022.

3. Malfertheiner P, Megraud F, O'Morain CA, Gisbert JP, Kuipers EJ, Axon AT,
Bazzoli F, Gasbarrini A, Atherton J, Graham DY, Hunt R, Moayyedi P, Rokkas T,
Rugge M, Selgrad M, Suerbaum S, Sugano K, El-Omar EM, European Helico-
bacter and Microbiota Study Group and Consensus panel. 2017. Manage-
ment of Helicobacter pylori infection-the Maastricht V/Florence consensus
report. Gut 66:6–30. https://doi.org/10.1136/gutjnl-2016-312288.

4. Ford AC, Yuan Y, Moayyedi P. 2020. Helicobacter pylori eradication ther-
apy to prevent gastric cancer: systematic review and meta-analysis. Gut
69:2113–2121. https://doi.org/10.1136/gutjnl-2020-320839.

5. El-Serag HB, Kao JY, Kanwal F, Gilger M, LoVecchio F, Moss SF, Crowe SE,
Elfant A, Haas T, Hapke RJ, Graham DY. 2018. Houston consensus conference
on testing for Helicobacter pylori infection in the United States. Clin Gastro-
enterol Hepatol 16:992–1002.e6. https://doi.org/10.1016/j.cgh.2018.03.013.

6. Liu WZ, Xie Y, Lu H, Cheng H, Zeng ZR, Zhou LY, Chen Y, Wang JB, Du YQ,
Lu NH, Chinese Society of Gastroenterology, Chinese Study Group on Hel-
icobacter pylori and Peptic Ulcer. 2018. Fifth Chinese national consensus
report on the management of Helicobacter pylori infection. Helicobacter
23:e12475. https://doi.org/10.1111/hel.12475.

7. Wang B, Lv ZF, Wang YH, Wang H, Liu XQ, Xie Y, Zhou XJ. 2014. Standard tri-
ple therapy for Helicobacter pylori infection in China: a meta-analysis. World
J Gastroenterol 20:14973–14985. https://doi.org/10.3748/wjg.v20.i40.14973.

8. Zhang M. 2015. High antibiotic resistance rate: a difficult issue for Helico-
bacter pylori eradication treatment. World J Gastroenterol 21:13432–13437.
https://doi.org/10.3748/wjg.v21.i48.13432.

9. Khademi F, Poursina F, Hosseini E, Akbari M, Safaei HG. 2015. Helicobacter
pylori in Iran: a systematic review on the antibiotic resistance. Iran J Basic
Med Sci 18:2–7.

10. Vilaichone RK, Ratanachu-Ek T, Gamnarai P, Chaithongrat S, Uchida T,
Yamaoka Y, Mahachai V. 2016. Extremely high prevalence of metronida-
zole-resistant Helicobacter pylori strains in mountain people (Karen and
Hmong) in Thailand. Am J Trop Med Hyg 94:717–720. https://doi.org/10
.4269/ajtmh.15-0449.

11. Gao W, Cheng H, Hu F, Li J, Wang L, Yang G, Xu L, Zheng X. 2010. The evolu-
tion of Helicobacter pylori antibiotics resistance over 10 years in Beijing, China.
Helicobacter 15:460–466. https://doi.org/10.1111/j.1523-5378.2010.00788.x.

12. Zhong Z, Zhang Z, Wang J, Hu Y, Mi Y, He B, Zhang Y, Zhang X, Xia X,
Huang H, Lai Y, Lin M, Su C, Zhang Z, Wu Z, Lu L, Zhang B, Huang S,
Zhong C, Zeng X, Peng Y, Chen G, Zhang H, Zhou G, Liu S, Yang C, Yan L,
Chen A, Zhang G, Xu P, Wang S, Zheng P, Xu S, Gao H. 2021. A retrospec-
tive study of the antibiotic-resistant phenotypes and genotypes of Helico-
bacter pylori strains in China. Am J Cancer Res 11:5027–5037.

13. Congcong F, Chunyan Z, Haiyang J, Dandan T, Yanan Z, Libo W. 2019.
Analysis of antibiotic resistance of Helicobacter pylori isolates in Chang-
chun area. Chin J Gastroenterol 24:169–172.

14. Tshibangu-Kabamba E, Ngoma-Kisoko PJ, Tuan VP, Matsumoto T, Akada
J, Kido Y, Tshimpi-Wola A, Tshiamala-Kashala P, Ahuka-Mundeke S, Ngoy
DM, Disashi-Tumba G, Yamaoka Y. 2020. Next-generation sequencing of
the whole bacterial genome for tracking molecular insight into the
broad-spectrum antimicrobial resistance of Helicobacter pylori clinical
isolates from the Democratic Republic of Congo. Microorganisms 8:887.
https://doi.org/10.3390/microorganisms8060887.

15. Chu A, Wang D, Guo Q, Lv Z, Yuan Y, Gong Y. 2020. Molecular detection
of H. pylori antibiotic-resistant genes and molecular docking analysis.
FASEB J 34:610–618. https://doi.org/10.1096/fj.201900774R.

16. Lauener FN, Imkamp F, Lehours P, Buissonnière A, Benejat L, Zbinden R,
Keller PM, Wagner K. 2019. Genetic determinants and prediction of antibi-
otic resistance phenotypes in Helicobacter pylori. J Clin Med 8:53. https://
doi.org/10.3390/jcm8010053.

17. Domanovich-Asor T, Motro Y, Khalfin B, Craddock HA, Peretz A, Moran-
Gilad J. 2020. Genomic analysis of antimicrobial resistance genotype-to-
phenotype agreement in Helicobacter pylori. Microorganisms 9:2. https://
doi.org/10.3390/microorganisms9010002.

18. Goldberg B, Sichtig H, Geyer C, Ledeboer N, Weinstock GM. 2015. Making
the leap from research laboratory to clinic: challenges and opportunities
for next-generation sequencing in infectious disease diagnostics. mBio 6:
e01888-15. https://doi.org/10.1128/mBio.01888-15.

19. Hendriksen RS, Bortolaia V, Tate H, Tyson GH, Aarestrup FM, McDermott
PF. 2019. Using genomics to track global antimicrobial resistance. Front
Public Health 7:242. https://doi.org/10.3389/fpubh.2019.00242.

20. Iwamoto A, Tanahashi T, Okada R, Yoshida Y, Kikuchi K, Keida Y,
Murakami Y, Yang L, Yamamoto K, Nishiumi S, Yoshida M, Azuma T. 2014.

WGS of Antibiotic-Resistant H. pylori Antimicrobial Agents and Chemotherapy

June 2022 Volume 66 Issue 6 10.1128/aac.02188-21 13

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA745492
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA745492
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA745492
https://doi.org/10.1056/NEJMcp1001110
https://doi.org/10.1053/j.gastro.2017.04.022
https://doi.org/10.1053/j.gastro.2017.04.022
https://doi.org/10.1136/gutjnl-2016-312288
https://doi.org/10.1136/gutjnl-2020-320839
https://doi.org/10.1016/j.cgh.2018.03.013
https://doi.org/10.1111/hel.12475
https://doi.org/10.3748/wjg.v20.i40.14973
https://doi.org/10.3748/wjg.v21.i48.13432
https://doi.org/10.4269/ajtmh.15-0449
https://doi.org/10.4269/ajtmh.15-0449
https://doi.org/10.1111/j.1523-5378.2010.00788.x
https://doi.org/10.3390/microorganisms8060887
https://doi.org/10.1096/fj.201900774R
https://doi.org/10.3390/jcm8010053
https://doi.org/10.3390/jcm8010053
https://doi.org/10.3390/microorganisms9010002
https://doi.org/10.3390/microorganisms9010002
https://doi.org/10.1128/mBio.01888-15
https://doi.org/10.3389/fpubh.2019.00242
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.02188-21


Whole-genome sequencing of clarithromycin resistant Helicobacter
pylori characterizes unidentified variants of multidrug resistant efflux
pump genes. Gut Pathog 6:27. https://doi.org/10.1186/1757-4749-6-27.

21. Hansomburana P, Anantapanpong S, Sirinthornpunya S, Chuengyong K,
Rojborwonwittaya J. 2012. Prevalence of single nucleotide mutation
in clarithromycin resistant gene of Helicobacter pylori: a 32-months pro-
spective study by using hybridization real time polymerase chain reac-
tion. J Med Assoc Thai 95:S28–35.

22. Zhao LJ, Huang YQ, Chen BP, Mo XQ, Huang ZS, Huang XF, Wei LD, Wei
HY, Chen YH, Tang HY, Huang GR, Qin YC, Li XH, Wang LY. 2014. Helico-
bacter pylori isolates from ethnic minority patients in Guangxi: resistance
rates, mechanisms, and genotype. World J Gastroenterol 20:4761–4770.
https://doi.org/10.3748/wjg.v20.i16.4761.

23. Caliskan R, Tokman HB, Erzin Y, Saribas S, Yuksel P, Bolek BK, Sevuk EO,
Demirci M, Yilmazli O, Akgul O, Kalayci F, Cakan H, Salih B, Bal K, Kocazeybek
B. 2015. Antimicrobial resistance of Helicobacter pylori strains to five antibi-
otics, including levofloxacin, in Northwestern Turkey. Rev Soc Bras Med Trop
48:278–284. https://doi.org/10.1590/0037-8682-0027-2015.

24. Phan TN, Santona A, Tran VH, Tran TN, Le VA, Cappuccinelli P, Rubino S,
Paglietti B. 2015. High rate of levofloxacin resistance in a background of clari-
thromycin- and metronidazole-resistant Helicobacter pylori in Vietnam. Int J
Antimicrob Agents 45:244–248. https://doi.org/10.1016/j.ijantimicag.2014.10
.019.

25. Rimbara E, Noguchi N, Kawai T, Sasatsu M. 2008. Novel mutation in 23S
rRNA that confers low-level resistance to clarithromycin in Helicobacter
pylori. Antimicrob Agents Chemother 52:3465–3466. https://doi.org/10
.1128/AAC.00445-08.

26. Khan R, Nahar S, Sultana J, Ahmad MM, Rahman M. 2004. T2182C muta-
tion in 23S rRNA is associated with clarithromycin resistance in Helico-
bacter pylori isolates obtained in Bangladesh. Antimicrob Agents Chemo-
ther 48:3567–3569. https://doi.org/10.1128/AAC.48.9.3567-3569.2004.

27. Binh TT, Shiota S, Suzuki R, Matsuda M, Trang TT, Kwon DH, Iwatani S,
Yamaoka Y. 2014. Discovery of novel mutations for clarithromycin resist-
ance in Helicobacter pylori by using next-generation sequencing. J Anti-
microb Chemother 69:1796–1803. https://doi.org/10.1093/jac/dku050.

28. Miftahussurur M, Shrestha PK, Subsomwong P, Sharma RP, Yamaoka Y.
2016. Emerging Helicobacter pylori levofloxacin resistance and novel
genetic mutation in Nepal. BMC Microbiol 16:256. https://doi.org/10
.1186/s12866-016-0873-6.

29. Tsugawa H, Suzuki H, Satoh K, Hirata K, Matsuzaki J, Saito Y, Suematsu M,
Hibi T. 2011. Two amino acids mutation of ferric uptake regulator deter-
mines Helicobacter pylori resistance to metronidazole. Antioxid Redox
Signal 14:15–23. https://doi.org/10.1089/ars.2010.3146.

30. Teh X, Khosravi Y, Lee WC, Leow AH, Loke MF, Vadivelu J, Goh KL. 2014.
Functional and molecular surveillance of Helicobacter pylori antibiotic re-
sistance in Kuala Lumpur. PLoS One 9:e101481. https://doi.org/10.1371/
journal.pone.0101481.

31. Tshibangu-Kabamba E, Yamaoka Y. 2021. Helicobacter pylori infection
and antibiotic resistance - from biology to clinical implications. Nat Rev
Gastroenterol Hepatol 18:613–629. https://doi.org/10.1038/s41575-021
-00449-x.

32. Lee SM, Kim N, Kwon YH, Nam RH, Kim JM, Park JY, Lee YS, Lee DH. 2018.
rdxA, frxA, and efflux pump in metronidazole-resistant Helicobacter
pylori: their relation to clinical outcomes. J Gastroenterol Hepatol 33:
681–688. https://doi.org/10.1111/jgh.13906.

33. Butlop TR, Mungkote NT, Chaichanawongsaroj NT. 2016. Analysis of allelic
variants of rdxA associated with metronidazole resistance in Helicobacter
pylori: detection of common genotypes in rdxA by multiplex allele-spe-
cific polymerase chain reaction. Genet Mol Res 15:gmr.15038674. https://
doi.org/10.4238/gmr.15038674.

34. Zhang S, Wang X, Wise MJ, He Y, Chen H, Liu A, Huang H, Young S, Tay
CY, Marshall BJ, Li X, Chua EG. 2020. Mutations of Helicobacter pylori
RdxA are mainly related to the phylogenetic origin of the strain and not
to metronidazole resistance. J Antimicrob Chemother 75:3152–3155.
https://doi.org/10.1093/jac/dkaa302.

35. Chua EG, Debowski AW, Webberley KM, Peters F, Lamichhane B, Loke MF,
Vadivelu J, Tay CY, Marshall BJ, Wise MJ. 2019. Analysis of core protein
clusters identifies candidate variable sites conferring metronidazole re-
sistance in Helicobacter pylori. Gastroenterol Rep (Oxf) 7:42–49. https://
doi.org/10.1093/gastro/goy048.

36. Binh TT, Suzuki R, Trang TT, Kwon DH, Yamaoka Y. 2015. Search for novel
candidate mutations for metronidazole resistance in Helicobacter pylori
using next-generation sequencing. Antimicrob Agents Chemother 59:
2343–2348. https://doi.org/10.1128/AAC.04852-14.

37. Chang KC, Ho SW, Yang JC, Wang JT. 1997. Isolation of a genetic locus associ-
ated with metronidazole resistance in Helicobacter pylori. Biochem Biophys
Res Commun 236:785–788. https://doi.org/10.1006/bbrc.1997.7050.

38. Albert TJ, Dailidiene D, Dailide G, Norton JE, Kalia A, Richmond TA, Molla
M, Singh J, Green RD, Berg DE. 2005. Mutation discovery in bacterial
genomes: metronidazole resistance in Helicobacter pylori. Nat Methods
2:951–953. https://doi.org/10.1038/nmeth805.

39. Gerrits MM, Godoy AP, Kuipers EJ, Ribeiro ML, Stoof J, Mendonça S, van Vliet
AH, Pedrazzoli J, Jr, Kusters JG. 2006. Multiple mutations in or adjacent to the
conserved penicillin-binding protein motifs of the penicillin-binding protein
1A confer amoxicillin resistance to Helicobacter pylori. Helicobacter 11:
181–187. https://doi.org/10.1111/j.1523-5378.2006.00398.x.

40. Gerrits MM, Schuijffel D, van Zwet AA, Kuipers EJ, Vandenbroucke-Grauls
CM, Kusters JG. 2002. Alterations in penicillin-binding protein 1A confer
resistance to beta-lactam antibiotics in Helicobacter pylori. Antimicrob
Agents Chemother 46:2229–2233. https://doi.org/10.1128/AAC.46.7.2229
-2233.2002.

41. Kwon YH, Kim JY, Kim N, Park JH, Nam RH, Lee SM, Kim JW, Kim JM, Park
JY, Lee DH. 2017. Specific mutations of penicillin-binding protein 1A in 77
clinically acquired amoxicillin-resistant Helicobacter pylori strains in com-
parison with 77 amoxicillin-susceptible strains. Helicobacter 22:e12437.
https://doi.org/10.1111/hel.12437.

42. Hu Y, Zhang M, Lu B, Dai J. 2016. Helicobacter pylori and antibiotic resist-
ance, a continuing and intractable problem. Helicobacter 21:349–363.
https://doi.org/10.1111/hel.12299.

43. Qureshi NN, Gallaher B, Schiller NL. 2014. Evolution of amoxicillin resist-
ance of Helicobacter pylori in vitro: characterization of resistance mecha-
nisms. Microb Drug Resist 20:509–516. https://doi.org/10.1089/mdr.2014
.0019.

44. Gerrits MM, de Zoete MR, Arents NL, Kuipers EJ, Kusters JG. 2002. 16S
rRNA mutation-mediated tetracycline resistance in Helicobacter pylori.
Antimicrob Agents Chemother 46:2996–3000. https://doi.org/10.1128/
AAC.46.9.2996-3000.2002.

45. Dailidiene D, Bertoli MT, Miciuleviciene J, Mukhopadhyay AK, Dailide G,
Pascasio MA, Kupcinskas L, Berg DE. 2002. Emergence of tetracycline re-
sistance in Helicobacter pylori: multiple mutational changes in 16S ribo-
somal DNA and other genetic loci. Antimicrob Agents Chemother 46:
3940–3946. https://doi.org/10.1128/AAC.46.12.3940-3946.2002.

46. Zamani M, Rahbar A, Shokri-Shirvani J. 2017. Resistance of Helicobacter
pylori to furazolidone and levofloxacin: a viewpoint. World J Gastroen-
terol 23:6920–6922. https://doi.org/10.3748/wjg.v23.i37.6920.

47. Dong F, Ji D, Huang R, Zhang F, Huang Y, Xiang P, Kong M, Nan L, Zeng X,
Wu Y, Bao Z. 2015. Multiple genetic analysis system-based antibiotic sus-
ceptibility testing in Helicobacter pylori and high eradication rate with
phenotypic resistance-guided quadruple therapy. Medicine (Baltimore)
94:e2056. https://doi.org/10.1097/MD.0000000000002056.

48. Gong Y, Yuan Y. 2018. Resistance mechanisms of Helicobacter pylori and
its dual target precise therapy. Crit Rev Microbiol 44:371–392. https://doi
.org/10.1080/1040841X.2017.1418285.

49. Saranathan R, Levi MH, Wattam AR, Malek A, Asare E, Behin DS, Pan DH,
Jacobs WR, Jr, Szymczak WA. 2020. Helicobacter pylori infections in the
Bronx, New York: surveying antibiotic susceptibility and strain lineage by
whole-genome sequencing. J Clin Microbiol 58:e01591-19. https://doi
.org/10.1128/JCM.01591-19.

50. Mégraud F. 2004. H pylori antibiotic resistance: prevalence, importance,
and advances in testing. Gut 53:1374–1384. https://doi.org/10.1136/gut
.2003.022111.

51. Thung I, Aramin H, Vavinskaya V, Gupta S, Park JY, Crowe SE, Valasek MA.
2016. Review article: the global emergence of Helicobacter pylori antibi-
otic resistance. Aliment Pharmacol Ther 43:514–533. https://doi.org/10
.1111/apt.13497.

52. de Francesco V, Margiotta M, Zullo A, Hassan C, Valle ND, Burattini O, Cea
U, Stoppino G, Amoruso A, Stella F, Morini S, Panella C, Ierardi E. 2006. Pri-
mary clarithromycin resistance in Italy assessed on Helicobacter pylori
DNA sequences by TaqMan real-time polymerase chain reaction. Aliment
Pharmacol Ther 23:429–435. https://doi.org/10.1111/j.1365-2036.2006
.02769.x.

53. De Francesco V, Margiotta M, Zullo A, Hassan C, Giorgio F, Burattini O,
Stoppino G, Cea U, Pace A, Zotti M, Morini S, Panella C, Ierardi E. 2007.
Prevalence of primary clarithromycin resistance in Helicobacter pylori
strains over a 15 year period in Italy. J Antimicrob Chemother 59:783–785.
https://doi.org/10.1093/jac/dkm005.

54. Wueppenhorst N, Stueger HP, Kist M, Glocker E. 2009. Identification and
molecular characterization of triple- and quadruple-resistant Helicobacter

WGS of Antibiotic-Resistant H. pylori Antimicrobial Agents and Chemotherapy

June 2022 Volume 66 Issue 6 10.1128/aac.02188-21 14

https://doi.org/10.1186/1757-4749-6-27
https://doi.org/10.3748/wjg.v20.i16.4761
https://doi.org/10.1590/0037-8682-0027-2015
https://doi.org/10.1016/j.ijantimicag.2014.10.019
https://doi.org/10.1016/j.ijantimicag.2014.10.019
https://doi.org/10.1128/AAC.00445-08
https://doi.org/10.1128/AAC.00445-08
https://doi.org/10.1128/AAC.48.9.3567-3569.2004
https://doi.org/10.1093/jac/dku050
https://doi.org/10.1186/s12866-016-0873-6
https://doi.org/10.1186/s12866-016-0873-6
https://doi.org/10.1089/ars.2010.3146
https://doi.org/10.1371/journal.pone.0101481
https://doi.org/10.1371/journal.pone.0101481
https://doi.org/10.1038/s41575-021-00449-x
https://doi.org/10.1038/s41575-021-00449-x
https://doi.org/10.1111/jgh.13906
https://doi.org/10.4238/gmr.15038674
https://doi.org/10.4238/gmr.15038674
https://doi.org/10.1093/jac/dkaa302
https://doi.org/10.1093/gastro/goy048
https://doi.org/10.1093/gastro/goy048
https://doi.org/10.1128/AAC.04852-14
https://doi.org/10.1006/bbrc.1997.7050
https://doi.org/10.1038/nmeth805
https://doi.org/10.1111/j.1523-5378.2006.00398.x
https://doi.org/10.1128/AAC.46.7.2229-2233.2002
https://doi.org/10.1128/AAC.46.7.2229-2233.2002
https://doi.org/10.1111/hel.12437
https://doi.org/10.1111/hel.12299
https://doi.org/10.1089/mdr.2014.0019
https://doi.org/10.1089/mdr.2014.0019
https://doi.org/10.1128/AAC.46.9.2996-3000.2002
https://doi.org/10.1128/AAC.46.9.2996-3000.2002
https://doi.org/10.1128/AAC.46.12.3940-3946.2002
https://doi.org/10.3748/wjg.v23.i37.6920
https://doi.org/10.1097/MD.0000000000002056
https://doi.org/10.1080/1040841X.2017.1418285
https://doi.org/10.1080/1040841X.2017.1418285
https://doi.org/10.1128/JCM.01591-19
https://doi.org/10.1128/JCM.01591-19
https://doi.org/10.1136/gut.2003.022111
https://doi.org/10.1136/gut.2003.022111
https://doi.org/10.1111/apt.13497
https://doi.org/10.1111/apt.13497
https://doi.org/10.1111/j.1365-2036.2006.02769.x
https://doi.org/10.1111/j.1365-2036.2006.02769.x
https://doi.org/10.1093/jac/dkm005
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.02188-21


pylori clinical isolates in Germany. J Antimicrob Chemother 63:648–653.
https://doi.org/10.1093/jac/dkp003.

55. Gong EJ, Ahn JY, Kim JM, Lee SM, Na HK, Lee JH, Jung KW, Choi KD, Kim
DH, Song HJ, Lee GH, Kim SW, Jung HY. 2020. Genotypic and phenotypic
resistance to clarithromycin in Helicobacter pylori strains. J Clin Med 9:
1930. https://doi.org/10.3390/jcm9061930.

56. Yuan Y, Thabane L, Hunt RH. 2006. Levofloxacin-based rescue regimens
after Helicobacter pylori treatment failure: how strong is the evidence?
Aliment Pharmacol Ther 23:1283–1285. https://doi.org/10.1111/j.1365
-2036.2006.02857.x.

57. Heo J, Sw J. 2014. Optimal treatment strategy for Helicobacter pylori: era
of antibiotic resistance. World J Gastroenterol 20:5654–5659. https://doi
.org/10.3748/wjg.v20.i19.5654.

58. Glocker E, Berning M, Gerrits MM, Kusters JG, Kist M. 2005. Real-time PCR
screening for 16S rRNA mutations associated with resistance to tetracy-
cline in Helicobacter pylori. Antimicrob Agents Chemother 49:3166–3170.
https://doi.org/10.1128/AAC.49.8.3166-3170.2005.

59. Junye L, Junda L, Guihua H, Jiangang S, Jinwen H, Jiahua Q, Zhaoxia F.
2020. Analysis of the secondary resistance in Helicobacter pylori. China
Medical Herald 17:60–63.

60. Moore RA, Beckthold B, Bryan LE. 1995. Metronidazole uptake in Helico-
bacter pylori. Can J Microbiol 41:746–749. https://doi.org/10.1139/m95-102.

61. Liu DS, Wang YH, Zeng ZR, Zhang ZY, Lu H, Xu JM, Du YQ, Li Y, Wang JB,
Xu SP, Chen Y, Lan CH, Cheng H, Jiang MD, Zhang LX, Huo LJ, Chen SY,
Zhang GX, Wu KC, Zhu X, Chen YX, Zhu Y, Shu X, Xie Y, Lu NH. 2018. Pri-
mary antibiotic resistance of Helicobacter pylori in Chinese patients: a
multiregion prospective 7-year study. Clin Microbiol Infect 24:
780.e5–780.e8. https://doi.org/10.1016/j.cmi.2017.11.010.

62. Rimbara E, Noguchi N, Kawai T, Sasatsu M. 2008. Mutations in penicillin-
binding proteins 1, 2 and 3 are responsible for amoxicillin resistance in
Helicobacter pylori. J Antimicrob Chemother 61:995–998. https://doi.org/
10.1093/jac/dkn051.

63. Liu DS, Wang YH, Zhu ZH, Zhang SH, Zhu X, Wan JH, Lu NH, Xie Y. 2019.
Characteristics of Helicobacter pylori antibiotic resistance: data from four
different populations. Antimicrob Resist Infect Control 8:192. https://doi
.org/10.1186/s13756-019-0632-1.

64. Trieber CA, Taylor DE. 2002. Mutations in the 16S rRNA genes of Helico-
bacter pylori mediate resistance to tetracycline. J Bacteriol 184:
2131–2140. https://doi.org/10.1128/JB.184.8.2131-2140.2002.

65. Chukwudi CU. 2016. rRNA binding sites and the molecular mechanism of
action of the tetracyclines. Antimicrob Agents Chemother 60:4433–4441.
https://doi.org/10.1128/AAC.00594-16.

66. Schluenzen F, Tocilj A, Zarivach R, Harms J, Gluehmann M, Janell D,
Bashan A, Bartels H, Agmon I, Franceschi F, Yonath A. 2000. Structure of
functionally activated small ribosomal subunit at 3.3 angstroms resolu-
tion. Cell 102:615–623. https://doi.org/10.1016/s0092-8674(00)00084-2.

67. Xie Y, Zhang Z, Hong J, Liu W, Lu H, Du Y, Wang W, Xu J, Wang X, Huo L,
Zhang G, Lan C, Li X, Li Y, Wang H, Zhang G, Zhu Y, Shu X, Chen Y, Wang J,
Lu N, Chinese Society of Gastroenterology Chinese Study Group on Heli-
cobacter pylori. 2018. Furazolidone-containing triple and quadruple erad-
ication therapy for initial treatment for Helicobacter pylori infection: a
multicenter randomized controlled trial in China. Helicobacter 23:e12496.
https://doi.org/10.1111/hel.12496.

68. Zhang YW, Hu WL, Cai Y, Zheng WF, Du Q, Kim JJ, Kao JY, Dai N, Si JM.
2018. Outcomes of furazolidone- and amoxicillin-based quadruple ther-
apy for Helicobacter pylori infection and predictors of failed eradication.
World J Gastroenterol 24:4596–4605. https://doi.org/10.3748/wjg.v24.i40
.4596.

69. Xie Y, Zhu Y, Zhou H, Lu ZF, Yang Z, Shu X, Guo XB, Fan HZ, Tang JH, Zeng
XP, Wen JB, Li XQ, He XX, Ma JH, Liu DS, Huang CB, Xu NJ, Wang NR, Lu
NH. 2014. Furazolidone-based triple and quadruple eradication therapy
for Helicobacter pylori infection. World J Gastroenterol 20:11415–11421.
https://doi.org/10.3748/wjg.v20.i32.11415.

70. Zhang J, Han C, Lu WQ, Wang N, Wu SR, Wang YX, Ma JP, Wang JH, Hao C,
Yuan DH, Liu N, Shi YQ. 2020. A randomized, multicenter and

noninferiority study of amoxicillin plus berberine vs tetracycline plus fura-
zolidone in quadruple therapy for Helicobacter pylori rescue treatment. J
Dig Dis 21:256–263. https://doi.org/10.1111/1751-2980.12870.

71. Lu XY, Tang J, Zhang Z, Ding K. 2015. Bacterial b-ketoacyl-acyl carrier protein
synthase III (FabH) as a target for novel antibacterial agents design. Curr Med
Chem 22:651–667. https://doi.org/10.2174/0929867322666141212115236.

72. Parsons JB, Rock CO. 2011. Is bacterial fatty acid synthesis a valid target
for antibacterial drug discovery? Curr Opin Microbiol 14:544–549. https://
doi.org/10.1016/j.mib.2011.07.029.

73. Wang J, Kodali S, Lee SH, Galgoci A, Painter R, Dorso K, Racine F, Motyl M,
Hernandez L, Tinney E, Colletti SL, Herath K, Cummings R, Salazar O,
González I, Basilio A, Vicente F, Genilloud O, Pelaez F, Jayasuriya H, Young
K, Cully DF, Singh SB. 2007. Discovery of platencin, a dual FabF and FabH
inhibitor with in vivo antibiotic properties. Proc Natl Acad Sci U S A 104:
7612–7616. https://doi.org/10.1073/pnas.0700746104.

74. Heath RJ, Rock CO. 1996. Regulation of fatty acid elongation and initiation
by acyl-acyl carrier protein in Escherichia coli. J Biol Chem 271:1833–1836.
https://doi.org/10.1074/jbc.271.4.1833.

75. Kim N, Marcus EA, Wen Y, Weeks DL, Scott DR, Jung HC, Song IS, Sachs G.
2004. Genes of Helicobacter pylori regulated by attachment to AGS cells.
Infect Immun 72:2358–2368. https://doi.org/10.1128/IAI.72.4.2358-2368
.2004.

76. Falush D, Wirth T, Linz B, Pritchard JK, Stephens M, Kidd M, Blaser MJ,
Graham DY, Vacher S, Perez-Perez GI, Yamaoka Y, Mégraud F, Otto K,
Reichard U, Katzowitsch E, Wang X, Achtman M, Suerbaum S. 2003. Traces
of human migrations in Helicobacter pylori populations. Science 299:
1582–1585. https://doi.org/10.1126/science.1080857.

77. Linz B, Balloux F, Moodley Y, Manica A, Liu H, Roumagnac P, Falush D,
Stamer C, Prugnolle F, van der Merwe SW, Yamaoka Y, Graham DY, Perez-
Trallero E, Wadstrom T, Suerbaum S, Achtman M. 2007. An African origin
for the intimate association between humans and Helicobacter pylori. Na-
ture 445:915–918. https://doi.org/10.1038/nature05562.

78. Maixner F, Krause-Kyora B, Turaev D, Herbig A, Hoopmann MR, Hallows
JL, Kusebauch U, Vigl EE, Malfertheiner P, Megraud F, O'Sullivan N,
Cipollini G, Coia V, Samadelli M, Engstrand L, Linz B, Moritz RL, Grimm R,
Krause J, Nebel A, Moodley Y, Rattei T, Zink A. 2016. The 5300-year-old
Helicobacter pylori genome of the Iceman. Science 351:162–165. https://
doi.org/10.1126/science.aad2545.

79. Fazal F. 2019. European Committee on Antimicrobial Susceptibility Test-
ing and Clinical and Laboratory Standards Institute breakpoints-the only
point that matters in candidemia? J Thorac Dis 11:S1412–S1414. https://
doi.org/10.21037/jtd.2019.03.12.

80. Goh KL, Navaratnam P. 2011. High Helicobacter pylori resistance to met-
ronidazole but zero or low resistance to clarithromycin, levofloxacin, and
other antibiotics in Malaysia. Helicobacter 16:241–245. https://doi.org/10
.1111/j.1523-5378.2011.00841.x.

81. Boyanova L, Hadzhiyski P, Kandilarov N, Markovska R, Mitov I. 2019. Multi-
drug resistance in Helicobacter pylori: current state and future directions.
Expert Rev Clin Pharmacol 12:909–915. https://doi.org/10.1080/17512433
.2019.1654858.

82. Davis JJ, Gerdes S, Olsen GJ, Olson R, Pusch GD, Shukla M, Vonstein V,
Wattam AR, Yoo H. 2016. PATtyFams: protein families for the microbial
genomes in the PATRIC database. Front Microbiol 7:118. https://doi.org/
10.3389/fmicb.2016.00118.

83. Stamatakis A. 2014. RAxML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 30:1312–1313. https://
doi.org/10.1093/bioinformatics/btu033.

84. Stamatakis A, Hoover P, Rougemont J. 2008. A rapid bootstrap algorithm
for the RAxML Web servers. Syst Biol 57:758–771. https://doi.org/10.1080/
10635150802429642.

85. Kumar N, Mariappan V, Baddam R, Lankapalli AK, Shaik S, Goh KL, Loke
MF, Perkins T, Benghezal M, Hasnain SE, Vadivelu J, Marshall BJ, Ahmed N.
2015. Comparative genomic analysis of Helicobacter pylori from Malaysia
identifies three distinct lineages suggestive of differential evolution.
Nucleic Acids Res 43:324–335. https://doi.org/10.1093/nar/gku1271.

WGS of Antibiotic-Resistant H. pylori Antimicrobial Agents and Chemotherapy

June 2022 Volume 66 Issue 6 10.1128/aac.02188-21 15

https://doi.org/10.1093/jac/dkp003
https://doi.org/10.3390/jcm9061930
https://doi.org/10.1111/j.1365-2036.2006.02857.x
https://doi.org/10.1111/j.1365-2036.2006.02857.x
https://doi.org/10.3748/wjg.v20.i19.5654
https://doi.org/10.3748/wjg.v20.i19.5654
https://doi.org/10.1128/AAC.49.8.3166-3170.2005
https://doi.org/10.1139/m95-102
https://doi.org/10.1016/j.cmi.2017.11.010
https://doi.org/10.1093/jac/dkn051
https://doi.org/10.1093/jac/dkn051
https://doi.org/10.1186/s13756-019-0632-1
https://doi.org/10.1186/s13756-019-0632-1
https://doi.org/10.1128/JB.184.8.2131-2140.2002
https://doi.org/10.1128/AAC.00594-16
https://doi.org/10.1016/s0092-8674(00)00084-2
https://doi.org/10.1111/hel.12496
https://doi.org/10.3748/wjg.v24.i40.4596
https://doi.org/10.3748/wjg.v24.i40.4596
https://doi.org/10.3748/wjg.v20.i32.11415
https://doi.org/10.1111/1751-2980.12870
https://doi.org/10.2174/0929867322666141212115236
https://doi.org/10.1016/j.mib.2011.07.029
https://doi.org/10.1016/j.mib.2011.07.029
https://doi.org/10.1073/pnas.0700746104
https://doi.org/10.1074/jbc.271.4.1833
https://doi.org/10.1128/IAI.72.4.2358-2368.2004
https://doi.org/10.1128/IAI.72.4.2358-2368.2004
https://doi.org/10.1126/science.1080857
https://doi.org/10.1038/nature05562
https://doi.org/10.1126/science.aad2545
https://doi.org/10.1126/science.aad2545
https://doi.org/10.21037/jtd.2019.03.12
https://doi.org/10.21037/jtd.2019.03.12
https://doi.org/10.1111/j.1523-5378.2011.00841.x
https://doi.org/10.1111/j.1523-5378.2011.00841.x
https://doi.org/10.1080/17512433.2019.1654858
https://doi.org/10.1080/17512433.2019.1654858
https://doi.org/10.3389/fmicb.2016.00118
https://doi.org/10.3389/fmicb.2016.00118
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1080/10635150802429642
https://doi.org/10.1080/10635150802429642
https://doi.org/10.1093/nar/gku1271
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.02188-21

	RESULTS
	Clinical data and phenotypic resistance.
	Mutation analysis using WGS.
	Evolutionary tree analysis of H. pylori.

	DISCUSSION
	MATERIALS AND METHODS
	Recovery and identification of H. pylori.
	Antibiotic susceptibility testing.
	DNA extraction, library preparation, and WGS of H. pylori isolates.
	Identification of antibiotic resistance mutations.
	Construction of a phylogenetic tree.
	Statistical analyses.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

