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Summary
Background Rising antimicrobial resistance of Helicobacter pylori is a public health challenge. Genomic-based
susceptibility testing allows for the identification of resistance-associated mutations, complementing conventional
diagnostics and advancing towards pathogen-based personalised therapies. Our study aimed to identify genes and
mutations involved in antimicrobial resistance in H pylori and evaluate the extent to which these markers can be
used as predictors of phenotypic resistance against clarithromycin and levofloxacin.

Methods In this retrospective phenotypic and genotypic observational study, we included 1011 H pylori whole-genome
sequences and strains of known geographical origin from the H pylori Genome Project (HpGP) collection. We
performed phenotypic clarithromycin and levofloxacin susceptibility testing on a subset of 419 HpGP strains using
Etest at a centralised laboratory. A genomic analysis was conducted to identify 23S rRNA and gyrA variants and
build a curated catalogue of mutations associated with resistance to clarithromycin (ie, 23S rRNA 2142A→G,
2142A→C, and 2143A→G) and levofloxacin (ie, gyrA A88V or A88P, N87K or N87I, and D91G, D91N, or D91Y).
Genotype–phenotype concordance was assessed to estimate sensitivity and specificity, and the curated catalogue of
resistance-associated mutations was applied to the complete HpGP set. Region-specific prevalence of resistance-
associated mutations was calculated for a combined dataset including the HpGP genomes and 768 whole-genome
sequences retrieved from the US National Center for Biotechnology Information Sequence Read Archive repository.
Associations between resistance genotypes, H pylori subpopulations, and minimum inhibitory concentrations
(MICs) were tested.

Findings Clarithromycin-resistant and levofloxacin-resistant HpGP strains were estimated with a sensitivity and
specificity of 100%, with all confidence intervals ranging from 96% to 100%. The combined analysis (n=1779) found
the highest prevalence of clarithromycin resistance in the western Pacific region (173 [51⋅2%] of 338 in southeast Asia
and 75 [29⋅8%] of 252 in eastern Asia), north African region (seven [38⋅9%] of 18), and western Asian region
(12 [31⋅6%] of 38), whereas the highest prevalence of levofloxacin resistance was found in south Asia (14 [51⋅85%] of
27), Central America (48 [38⋅7%] of 124), eastern Europe (four [36⋅4%] of 11), and southern Africa (three [33⋅3%] of
nine). Similarly, 23S rRNA and gyrA genotypes are variable across H pylori subpopulations. MIC values changed
depending on the specific mutation in 23S rRNA (mean clarithromycin MIC 24⋅61 mg/L [95% CI 12⋅27–36⋅96] for
2143A→G and 142⋅25 mg/L [95% CI 77⋅88–206⋅61] for 2142A→G) and gyrA (mean levofloxacin MIC 9⋅66 mg/L
[95% CI 6⋅75–12⋅56] for mutations on codon 91, and 27⋅97 mg/L [95% CI 25⋅82–30⋅11] for mutations on codon 87).

Interpretation Mutations in specific genes are reliable indicators to clarithromycin and levofloxacin resistance in
H pylori, making them useful markers for the development of diagnostic assays and molecular monitoring. Our
results suggest that using clarithromycin and levofloxacin empirically, without previous susceptibility testing, is
unsuitable in all geographical regions covered by this study.
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Introduction
Eradication treatment of about a quarter of individuals
infected with Helicobacter pylori is unsuccessful due to
resistance-conferring mutations selected during previous
treatments for other infections or during the ongoing

H pylori treatment and due to the increased prevalence of
antimicrobial-resistant strains.1 Treatment of H pylori
infection commonly consists of a triple therapy based on
amoxicillin and clarithromycin with a proton pump
inhibitor or bismuth-quadruple therapy.2 Other first-line

LancetMicrobe2025

Published Online
https://doi.org/10.1016/
j.lanmic.2025.101217

*Co-first authors
†Members listed in appendix 1
(pp 13–31)
‡Co-last authors

Tuberculosis Genomics Unit,
Instituto de Biomedicina de
Valencia (IBV), CSIC, Valencia,
Spain (F J Martínez-MartínezMSc,
V Furió PhD, I Comas PhD);
Genomics of (Re)Emerging
Pathogens, Genomics and
Health Area, FISABIO – Public
Health, Valencia, Spain
(Á Chiner-Oms PhD); Joint
Research Unit of Infection and
Public Health, FISABIO-
University of Valencia, Institute
for Integrative Systems Biology
(I2SysBio), Valencia, Spain
(Á Chiner-Oms); CIBER de
Epidemiología y Salud Pública,
CIBERESP, Madrid, Spain
(Á Chiner-Oms, I Comas);
Department of Environmental
and Preventive Medicine, Oita
University Faculty of Medicine,
Oita, Japan (Y Yamaoka PhDMD);
Research Center for Global and
Local Infectious Diseases, Oita
University, Oita, Japan
(Y Yamaoka); Department of
Medicine, Gastroenterology and
Hepatology Section, Baylor
College of Medicine, Houston,
TX, USA (Y Yamaoka,
L Bénéjat MSc,
A Ducournau Tech); Bacterial
Pathogenesis and Antimicrobial
Resistance Section, Laboratory
of Clinical Immunology and
Microbiology, Division of
Intramural Research, National
Institute of Allergy and
Infectious Diseases, National
Institutes of Health, Bethesda,
MD, USA (J P Dekker PhD MD);
INSERM, UMR1312 Bordeaux
Institute of Oncology,
University of Bordeaux,
Bordeaux, France
(F Mégraud MD, A Giese MSc,

Articles

www.thelancet.com/microbe Vol ▪ ▪ 2025 1



treatment combinations also contain metronidazole,
tetracycline, levofloxacin, or rifabutin.
The rising rates of treatment failure make the accurate

identification of antimicrobial-resistant (AMR) strains
increasingly important. Identification of AMR strains has
typically been done using phenotypic antimicrobial sus-
ceptibility testing (pAST), which requires time-consuming,
culture-based methods, specific conditions for biospeci-
men transportation, selective agar plates, and expertise in
culturing this fastidious microorganism.3

Genotypic antimicrobial susceptibility testing (gAST) has
identified AMR-associated mutations for other infectious
pathogens. The WHO Mycobacterium tuberculosis muta-
tions catalogue is the most comprehensive example.4 This
catalogue can predict with high sensitivity and specificity
AMR to rifampicin and isoniazid, the major drugs in the
first-line treatment against tuberculosis. This approach has
also proved to be successful for other pathogens such as
Enterococcus faecium.5 Such a catalogue does not exist for
H pylori, although intense work has been done to identify
genes and specific AMR-associated mutations,6,7 mostly
focused on specific genes, rather than on genome-wide
approaches, or limited to specific geographical regions.
Likewise, whole-genome sequencing studies are limited
by sample size, geographical extent, or rely on publicly
available data to gather phenotypes.8–12

Whether current knowledge of AMR targets and muta-
tions is enough to predict susceptibility to the main drugs
used forHpylori treatment remains unclear. This hampers
the implementation of rapid diagnostic tests, especially
relevant for H pylori as pAST has significant inter-
laboratory inconsistencies. In addition, rapid and accurate
detection of AMR can guide treatment choices for infec-
tions whose standard of care is often based on empirical
treatment rather than being guided by susceptibility pro-
files,13 andwhereprevalencediffers across regions.1 Finally,
data are even scarcer for multidrug-resistant strains, which
involve phenotypic resistance tomore than two of the drugs
used in combined therapy and pose an additional risk for
prevention and eradication.
Using long-read sequencing data and strains from the
H pylori Genome Project (HpGP),14 our study aimed to
identify genes and mutations involved in AMR inH pylori.
In addition, by combiningHpGP data with available short-
read sequencing data, we aimed to estimate the global
prevalence of resistance to commonly used antibiotics.

Methods
Study population and design
In this retrospective phenotypic and genotypic observa-
tional study, we included genomic data andHpylori strains
from theHpGPdataset (n=1011; appendix 2 p 1), which was
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Research in context

Evidence before this study
We searched PubMed for publications about genotypic versus
phenotypic antimicrobial testing focused on the 23S rRNA gene in
Helicobacter pylori using the search terms “Helicobacter pylori” AND
“resistance” AND “23S” AND (“genotypic drug susceptibility
testing” OR “genotype”), obtaining 88 results. The same was
done for the gyrA gene with the search terms “Helicobacter pylori”
AND “resistance” AND “gyrA” AND (“genotypic drug susceptibility
testing” OR “genotype”), obtaining 31 results. For both searches,
articles published from Jan 1, 1998, to Jan 10, 2022, were
considered without any language restriction. Most publications
included gene amplification or sequencing of the 23S rRNA and
gyrA genes. A2142 and A2143 mutations were sought in 49 and
70 articles, respectively, linking these variants with clarithromycin
resistance. Regarding levofloxacin, mutations at positions N87
and D91 were described in nine and eight articles, respectively,
associated with resistance. In most of these studies, the datasets
were small and based on gene amplification or limited sequencing
of only the genes of interest, instead of using whole-genome
sequencing.

Added value of this study
By comparing genotypic versus phenotypic antimicrobial
susceptibility testing in 419 H pylori strains from the H pylori
Genome Project (HpGP), we show that resistance to
clarithromycin and levofloxacin can be accurately predicted using
a catalogue of genomic mutations. Along with a new curated

genomic dataset of 1011 HpGP genomes from different settings,
we provide a list of validated mutations that explain all the
resistance found in the phenotyped part of the dataset for both
antibiotics, which contrasts with the oftenmore complex genetic
underpinnings of antimicrobial resistance in other pathogens.
This study also highlights regional differences in resistance
patterns, with novel insights in under-reported areas such as the
African continent. In addition, using a catalogue of known
mutations for other drugs not tested in vitro, the prevalence of
resistance for different eradication regimens was estimated.

Implications of all the available evidence
Together with available evidence, our study supports the
implementation of genome sequencing to guide antimicrobial
resistance detection in H pylori. Validated mutation catalogues
allow for accurate resistance prediction for clarithromycin and
levofloxacin and could be used to complement phenotypic
testing. According to this and previously published studies,
resistance prevalence for both antibiotics varies by region,
suggesting the need to develop adapted treatment guidelines. In
addition, our results also encourage continued surveillance, as
new or rare mutations might become clinically relevant in the
coming years. These kinds of studies allow the implementation of
tailored treatments based on an early evaluation of the resistance
profile for clarithromycin and levofloxacin in each case. However,
our findings also stress that further research is needed to clearly
identify genomic determinants of resistance to other drugs.

See Online for appendix 1

See Online for appendix 2
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further partially phenotyped in this study, and retrieved
768 available whole-genome Illumina sequences (appendix 2
p 2) from the US National Center for Biotechnology
Information (NCBI)’s Sequence Read Archive repository
(last accessed March 28, 2024). We included samples of
known geographical origin in studies focused on H pylori
infection and disease. Intra-patient samples (ie, collected
from the same individuals at different times) were
excluded.
As previously described (and expanded in appendix 1

[pp 1–2]),14 the HpGP consortium generated PacBio de
novo genome assemblies of 1011H pylori strains collected
between 1995 and 2020 from 50 countries. The HpGP
genomes represent four mainH pylori population clusters,
divided into 17 subpopulations. The strains were obtained
from individuals with various gastric conditions who pro-
vided written informed consent. This study was deemed
exempt from US National Institutes of Health (NIH) Insti-
tutional Review Board review by the NIH Office of Human
Subjects Research Protections because only genome
sequences of de-identified bacterial isolates were used.

Procedures
In this study, centralised pAST for clarithromycin and
levofloxacin was assessed in 419 HpGP strains in a refer-
ence laboratory at the University of Bordeaux (Bordeaux,
France). The strainswere cultured on an in-house prepared
human blood agar supplemented with antibiotics. The
media were incubated in a microaerobic atmosphere (85%
N2, 10% CO2, and 5% O2) in a special workstation (Baker
Ruskinn, Concept Ruskinn, Bridget, UK) at 36◦C. After
2 days, the plates were observed every day and colonies were
tested for oxidase, catalase, urease, and morphological
observation. pAST was performed onMueller–Hinton agar
containing 10% horse blood and globular extract prepared
every week, using Etest strips (bioMérieux) for clari-
thromycin and levofloxacin. The cutoff values used were
those recommended by the French Microbiology Society
Antibiogram Committee: clarithromycin resistance if the
minimum inhibitory concentration (MIC) was greater than
0⋅5mg/L and levofloxacin resistance if theMIC was greater
than 1mg/L.15 AllMICsweremeasured by two independent
readers (LP and BL). Quality control was conducted using
the H pylori strain CCUG 17874 (Culture Collection
University of Gothenburg, Gothenburg, Sweden).16

Statistical analysis
The sample size was calculated to detect a difference
between two independent proportionswith a two-sided test,
80% power, and significance level of 0⋅05. We used
three prevalence estimates (ie, 10% for the Americas
region, 18% for the European region, and 33% for the
eastern Mediterranean region) for primary clarithromycin
resistance from the meta-analysis by Savoldi and col-
leagues.17 The corresponding sample sizes ranged from
49 to 295. The maximum estimate was inflated by 50%
(n=443) to account for difficulties processing the bacterial

cultures. The set represents 20 resistance-enriched samples,
selected based on partial results provided by international
collaborating centres, and 423 samples selected randomly.
Available literature was reviewed for genes associated with

resistance to any of the prescribed antibiotics in H pylori
(appendix 1 p 3). For clarithromycin, the 23S rRNA gene is
widely described as a robust predictor of resistance.7,18,19 For
levofloxacin, mutations in gyrA, and to a lesser extent in
gyrB, have been associated with resistance.20 The 23S rRNA
and gyrA sequences from the 1011 HpGP genomes
were extracted with BLASTN v2.5.0, using the H pylori
reference genes (GenBank accessions: U27270.1:372-3339
for 23S rRNA and CP079087.1:752290-754773 for gyrA and
CP079087.1:527460-529781 for gyrB). Multiple sequence
alignment was used to identify variants. Using the pAST
data, we performed a Bonferroni-corrected, one-tailed upper
Fisher’s exact test to identify mutations positively associated
with resistance. Details of the bioinformatic and statistical
approach are described in appendix 1 (pp 3–4).
Comparison of gAST versus pASTwas performed for the

significantly associatedmutations to assess their predictive
power for clarithromycin and levofloxacin resistance and to
determine unexplained resistant cases. In this context, true
positive (TP) cases are those with a resistant pAST and a
resistant gAST, true negative (TN) cases are those with a
susceptible pAST and a susceptible gAST, false positive
(FP) cases are thosewith a susceptible pAST and a resistant
gAST, and false negative (FN) cases are those with a
resistant pAST and a susceptible gAST. Taking this into
account, the sensitivity ( TP

TP+FN) and specificity ( TN
TN+FP), and

the positive predictive values ( TP
TP+FP) and negative

predictive values
(

TN
TN+FN

)
, achievedby everymutationalone

and combined by genes were calculated. We also
estimated the 95%CI for each value, using theWilson score
interval.
In addition, the prevalence of each mutation in the dif-

ferent global sociodemographic regions (as defined by
Comas and colleagues21) was calculated by dividing the
strains from each region that harbour the mutation by the
total strains with the mutation from that region.
We performed association analyses between different

genotypes and theHpylori subpopulations (as identified by
Thorell and colleagues;14 appendix 2 p 1) using a χ2 test, and
between different genotypes and the MIC levels using a
Mann–WhitneyU test (appendix 1 p 4). We also conducted
amultivariate ANOVA to examine the association between
genotypes, theH pylori subpopulations, and the country of
sample origin.
By combining the drug resistance characterisation of the

419 phenotyped HpGP samples and their geographical
origin, we estimated continent-wide resistance prevalence
for clarithromycin and levofloxacin by calculating the pro-
portion of resistant samples fromeach continent divided by
the total number of resistant samples for each drug in that
continent. Additionally, we estimated the trend in resist-
ance prevalence for clarithromycin and levofloxacin
between 1995 and 2021 by grouping our dataset in 5-year

For the H pylori strain CCUG
17874 see https://www.ccug.se/
strain?id=17874
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intervals and considering the 419 phenotyped HpGP
samples.
We performed an analysis of global, genomic-based

prevalence of clarithromycin and levofloxacin resistance
by combining the HpGP dataset (n=1011) and the NCBI
dataset (n=768), reaching a total of 1779 H pylori strains
(combinedH pylori dataset). To assess the presence in the
combined H pylori dataset of the variants associated with
resistance previously defined by gASTor pAST comparison,
we extracted 23S rRNA, gyrA, and gyrB genes from the
samples, made a multiple sequence alignment, and then
performed variant calling, as detailed in appendix 1 (pp 3–4).
Theprevalenceof clarithromycinand levofloxacin resistance
per sociodemographic region was estimated for both the
HpGP and combinedH pylori datasets by dividing, for each
region, the samples harbouring any of the mutations in the
catalogue by the total amount of samples from that region.
Sociodemographic regions proposed by Comas and col-
leagues21 (as shown in appendix 1 p 11) were used to group
the prevalence in different countries.
We sought point mutations with strong evidence in the

literature of conferring resistance against different rifa-
mycins and tetracyclines, namely rpoB L525I, L525P,
Q527K, Q527R, D530E, D530G, D530N, D530V, H540L,
H540N, H540Y, S545L, L547F, I586L, and I586N,22–25 and
16S rRNA 926–928AGA→TTC, 926–928AGA→TGA,
926–928AGA→GGA, and 926–928AGA→GTA,26–28

respectively. To search for these mutations, the same
pipeline as described above was used.

With these results, we estimated the prevalence in the
HpGPdataset of resistant strains to at least one of the drugs
comprising the following regimens, detailed in appendix 1
(pp 4–5): triple clarithromycin, metronidazole and
rifampicin-based therapy, sequential treatment, concomi-
tant therapy, hybrid therapy, reverse hybrid therapy, novel
concomitant therapy, bismuth-based therapy containing
metronidazole, bismuth-based therapy containing levo-
floxacin, and levofloxacin-containing therapy. We also
searched for double-resistant H pylori, defined as a strain
resistant to at least two drugs. A p<0⋅05 was considered
statistically significant for all analyses. Analyses were per-
formedwithRversion 4.3.2. Thepackages used are detailed
in appendix 1 (pp 3–4).

Role of the funding source
The funders of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results
Of the 1011H pylori strains included in theHpGP dataset,
443 were selected for pAST (figure 1). Of these, 24 could
not be recovered, so we used a subset of 419 strains
(appendix 2 p 1) to identify mutations associated with
clarithromycin and levofloxacin resistance.
Based on our phenotypic HpGP data, 113 (26⋅9%) of

419 strainswere resistant to clarithromycin and 134 (31⋅9%)
were resistant to levofloxacin. The overall distribution of

 419 HpGP strains underwent clarithromycin and levofloxacin pAST

 419 HpGP strains recovered

 443 HpGP strains selected for pAST

 24 HpGP strains could not
  be recovered

568 HpGP strains excluded
  from pAST

768 H pylori whole-genome
  sequences from NCBI SRA

 419 HpGP used for gAST vs pAST analysis and estimation of sensitivity and specificity
  of mutations in the curated catalogue for prediction of phenotypic resistance

1779 H pylori whole-genome sequences used for prediction of global prevalence of
  clarithromycin and levofloxacin resistance

1011  Helicobacter pylori strains with whole-genome sequences from the HpGP
  collection

Figure 1: Study profile
gAST=genomic antimicrobial susceptibility testing. HpGP=Helicobacter pylori Genome Project. pAST=phenotypic antimicrobial susceptibility testing. NCBI SRA=US
National Center for Biotechnology Information Sequence Read Archive.
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these resistant strains varied across geographical regions.
For clarithromycin, the highest prevalence was found in
Asia (30 [33⋅3%] of 90) and Europe (59 [32⋅8%] of 180),
whereas the lowestwas found in theAmericas (20 [15⋅4%] of
130). For levofloxacin, the highest prevalence was found in
the Americas (47 [36⋅2%] of 130) andAsia (32 [35⋅6%] of 90),
whereas the lowest was in Africa (four [21⋅0%] of 19).
Country-specific estimates are presented in appendix 2 (p 3)
and visualised in figure 2.
We found two 23S rRNA mutations significantly asso-

ciated with clarithromycin resistance: 2142A→G (A2142G;
p<0⋅0001), present in 16 (14⋅1%) of 113 clarithromycin-
resistant strains, and 2143A→G (A2143G; p<0⋅0001), pre-
sent in 98 (86⋅7%) clarithromycin-resistant strains, with
two strains harbouring both mutations, whereas the
2142A→C (A2142C)mutation, also described as associated
with resistance,was found inone resistant strain.However,
it was not possible to determine an association for this
mutation due to its low frequency in the dataset. These
three mutations were included in our catalogue. In this
study, no significant associations were found with in-vitro
macrolide resistance for 2245C→T (C2245T; corrected
p>0⋅99), present in one susceptible strain, and 2182C→T
(T2182C; corrected p>0⋅99), present in 93 strains, both
susceptible and resistant.
For levofloxacin, five gyrA mutations, N87K (48 [35⋅8%]

of 134, p<0⋅0001), N87I (25 [18⋅7%], p<0⋅0001), D91N
(27 [20⋅1%], p<0⋅0001), D91G (24 [17⋅9%], p<0⋅0001), and
D91Y (10 [7⋅5%], p=0⋅0020), were significantly associated
with phenotypic resistance, with two strains sharing N87I
andD91Ymutations. Our study did not find an association
with A88V or A88P (p=0⋅92 in both cases), each of them
identified in one strain, despite being consistently descri-
bed in the literature.29 Still, we included them in the cata-
logue since they appeared in resistant strains not explained
by the other mutations. A88P appeared in one strain,
HpGP-POR-002, whereas A88Vwas found inHpGP-TWN-
007, both of them resistant. No other mutations in gyrA or
gyrB reached statistical significance.
Using the three 23S rRNA and the seven gyrAmutations

included in our catalogue, 113 strains were predicted as
resistant to clarithromycin and 134 strains as resistant to
levofloxacin. For clarithromycin, sensitivity and specificity
were 100% (95% CI 96⋅7–100) and 100% (95% CI 98⋅8–
100), respectively, and positive and negative predictive
values were 100% (95% CI 96⋅7–100) and 100% (95% CI
98⋅8–100), respectively. For levofloxacin, sensitivity and
specificity were 100% (95% CI 97⋅2–100) and 100%
(95% CI 98⋅7–100), while positive and negative predictive
values were 100% (95% CI 97⋅2–100) and 100% (95% CI
98⋅7–100). In both cases, we considered all the candidate
mutations (appendix 2 p 4). The mutations with the
highest diagnostic value were also identified. In this data-
set, the 23S rRNA mutation 2143A→G contributes to
85⋅0% (96 of 113) of the total resistance (figure 3).
For levofloxacin, the gyrA N87K mutation achieved a

sensitivity of 35⋅8% (95% CI 35⋅1–36⋅5), whereas the

remaining mutations gradually increased the overall sen-
sitivity (figure 3). All mutations in the evaluated catalogue
had a specificity and a positive predictive value of 100% in
our dataset (ie, no false positives were present in our ana-
lysis). However, the wide estimated confidence interval
might reflect the lowprevalenceof somemutations.A list of
AMR-associated mutations confirmed by this analysis,
along with their p-values, is provided in appendix 2 (p 5).
We observed that 23S rRNA mutations were more

prevalent in subpopulations (per Thorell and colleagues14)
hspSWEurope, hspEasia, and hspEurasia (χ2 test,
p=0⋅0031, p=0⋅0057, p=0⋅0010, respectively) and less
prevalent in the hspSWEuropeLatinAmerica (p=0⋅0003), in
both cases comparing against the rest of the sub-
populations. However, these results do not hold after
accounting for geographical regions using a multivariate
ANOVA test. We did not detect any significant association
for the gyrA variants. These results are expanded in
appendix 1 (p 5).
Among the 23S rRNAmutations, 2142A→G had higher

mean clarithromycin MIC values (142⋅25 mg/L [95% CI

0

0

Clarithromycin (n=419)

A

B
Levofloxacin (n=419)

1 5 10 20 40

Number of phenotyped samples

0 100 200–100

Resistant
Susceptible

Figure 2: Global distribution of antimicrobial resistance phenotypes for clarithromycin (A) and levofloxacin (B) inHpGP
HpGP=Helicobacter pylori Genome Project.
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77⋅88–206⋅61]) than 2143A→G (24⋅61 mg/L [95% CI
12⋅27–36⋅96]; Mann–Whitney U test p<0⋅0001; figure 4).
Regarding gyrA, D91 variants had lower mean MIC values
(9⋅66 mg/L [95% CI 6⋅75–12⋅56]) than N87 variants
(27⋅97 mg/L [95% CI 25⋅82–30⋅11]; Mann–Whitney U test
p<0⋅0001). Variants found in codon N87 showed signifi-
cant differences (Mann–Whitney U test p=0⋅0010). A88
variants showed similarMICs; however, therewas only one
representative of each of these genotypes, preventing the
application of any statistical test. Finally, the genotypes in
which two resistance-associated variants (N87I and D91Y)
appeared showed the highest MIC values (>32 mg/L).
We estimated global resistance prevalence for the full
HpGP dataset (displayed by region in figure 5A), with an
overall prevalence of clarithromycin resistance of 16⋅1%
(163 of 1011) and of levofloxacin resistance of 21⋅5% (217 of
1011). Focusing on the different sociodemographic regions
(figure 5A), a prevalence of clarithromycin resistance
greater than or equal to 15% was found in northern Africa
and western and eastern Asia, Central Africa, southeast
Asia, and eastern Europe. A prevalence of levofloxacin
resistance greater than or equal to 15% was found in all

regions except for Europe and northern Africa, with the
highest values in southern Asia, different regions of Africa,
andCentral America andSouthAmerica.We consider 15%
as a threshold to define a high incidence of resistance
according to the Maastricht VI/Florence consensus.2

Regarding the evolution of resistance prevalence over time
in our dataset, we observed a slow but firm increase
between 1995 and 2021 for both clarithromycin and levo-
floxacin (appendix 1 p 6), going from 0% to about 28⋅9% in
clarithromycin and from about 16⋅7% to 35⋅8% in
levofloxacin.
419 (23⋅6%) the 1779 strains of the HPc dataset were

predicted as clarithromycin resistant and 333 (18⋅7%) as
levofloxacin resistant (figure 5B); 118 (6⋅6%) strains were
resistant to both antibiotics. Specific mutations found for
both theHpGP alone andHPc dataset strains can be found
in appendix 2 (pp 1–2). Similar to the HpGP dataset, the
prevalence of clarithromycin resistance greater than or
equal to 15% was found in eastern Asia, north Africa,
western Asia, and Europe (figure 5B). The prevalence of
levofloxacin resistance rate was greater than or equal to
15% in all regions except for Europe, North America,
northern Africa, and southeast Asia, with the highest
values present in southern Asia, Central America, and
eastern Europe. We compared our prevalence estima-
tions after grouping by WHO-defined regions (Africa,
the Americas, South-East Asia, Europe, Eastern Medi-
terranean, and Western Pacific) and observed similar
values to those described by Savoldi and colleagues.17

After screening for mutations with strong evidence of
being associated with AMR according to the literature,
37 (3⋅7%) of 1011 strains had at least one described
mutation associated with tetracycline resistance
(33 strainswith 926–928AGA→GGAand four strainswith
926–928AGA→TGA in the 16S rRNA gene) and 6 (0⋅6%)
of 1011 associated with resistance to rifamycins (two
strains with D530N, one strain with D530G, one strain
with H540N, one strain with H540L, and one strain with
I586L, all in the rpoB gene). Altogether, including muta-
tions associated with resistance to clarithromycin and
levofloxacin, 356 (35⋅2%) of 1011 strains harboured one
resistance mutation. 69 (6⋅8%) of 1011H pylori strains in
the dataset had double resistance. The gAST resistance
profile of each strain and a summary combining all
antimicrobials are shown in appendix 2 (pp 17–24).
Other variants described in the literature are frequent in

the dataset. For example, more than 513 (50⋅7%) of
1011 strains harbour the rdxA variant T31E, which is pro-
posed as being associated with metronidazole resistance.30

All the screened variants, which have been associated with
AMR, are shown in appendix 2 (pp 11–18).
Considering the antimicrobial families with validated

mutations, we calculated the prevalence of resistance in
different standard regimens, based on resistance to at
least one of the antibiotics present (appendix 2 p 19). For
most of the regimens, the complete resistance profile
could not be evaluated as it included antimicrobials
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Figure 3: Sensitivity and specificity values of the genetic determinants explored for clarithromycin and
levofloxacin resistance
The x-axis shows the mutations in our catalogue after literature revision and identification of resistance-associated
mutations. The y-axis shows the cumulative percentage value of sensitivity and specificity as we include the
mutations.
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Figure 4: Association analysis between MIC levels and the different genotypes
(A) MIC values (mg/L) for each strain containing the described mutations in 23S rRNA, showing statistically significant differences (Mann–Whitney U test) between the
MIC values associated with 2143A→G and 2142A→G. MIC datapoints have been jittered in the plot to prevent overlap and ease interpretation. (B) MIC values for each
strain containing the describedmutations in gyrA. MIC datapoints have been jittered in both plots to prevent overlap and ease interpretation. MIC=minimum inhibitory
concentration.
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HpGP dataset (n=1011)
A

B
HpGP and NCBI SRA datasets combined (n=1779)

Clarithromycin: 13 (8·1%) of 160
Levofloxacin: 18 (11·3%) of 160

Clarithromycin: 12 (31·6%) of 38
Levofloxacin: 8 (21·1%) of 38

Clarithromycin: 1 (8·3%) of 12
Levofloxacin: 2 (16·7%) of 12

Clarithromycin: 75 (29·8%) of 252
Levofloxacin: 70 (27·8%) of 252

Clarithromycin: 1 (3·7%) of 27
Levofloxacin: 14 (51·9%) of 27

Clarithromycin: 173 (51·2%) of 338
Levofloxacin: 43 (12·7%) of 338

Clarithromycin: 91 (19·0%) of 480
Levofloxacin: 59 (12·3%) of 480

Clarithromycin: 7 (38·9%) of 18
Levofloxacin: 0 (0%) of 18

Clarithromycin: 0 (0%) of 11
Levofloxacin: 3 (27·3%) of 11

Clarithromycin: 0 (0%) of 9
Levofloxacin: 3 (33·3%) of 9

Clarithromycin: 3 (4·1%) of 74
Levofloxacin: 12 (16·2%) of 74

Clarithromycin: 2 (18·2%) of 11
Levofloxacin: 4 (36·4%) of 11

Clarithromycin: 12 (9·7%) of 124
Levofloxacin: 48 (38·7%) of 124

Clarithromycin: 24 (10·7%) of 225
Levofloxacin: 49 (21·8%) of 225

Clarithromycin: 9 (10·2%) of 88
Levofloxacin: 14 (15·9%) of 88

Clarithromycin: 12 (32·4%) of 37
Levofloxacin: 8 (21·6%) of 37

Clarithromycin: 1 (8·3%) of 12 
Levofloxacin: 2 (16·7%) of 12

Clarithromycin: 25 (21·4%) of 117
Levofloxacin: 28 (23·9%) of 117

Clarithromycin: 2 (7·4%) of 27
Levofloxacin: 14 (51·9%) of 27

Clarithromycin: 19 (23·2%) of 82
Levofloxacin: 17 (20·7%) of 82

Clarithromycin: 62 (17·0%) of 365
Levofloxacin: 52 (14·2%) of 365

Clarithromycin: 4 (40·0%) of 10
Levofloxacin: 0 (0%) of 10

Clarithromycin: 0 (0%) of 11
Levofloxacin: 3 (27·3%) of 11

Clarithromycin: 0 (0%) of 9
Levofloxacin: 3 (33·3%) of 9

Clarithromycin: 11 (27·3%) of 11
Levofloxacin: 6 (54·6%) of 11

Clarithromycin: 2 (20·0%) of 10
Levofloxacin: 4 (40·0%) of 10

Clarithromycin: 7 (9·1%) of 77
Levofloxacin: 25 (32·5%) of 77

Clarithromycin: 17 (11·0%) of 155
Levofloxacin: 41 (26·5%) of 155

Eastern Europe North America Central AmericaEurope South America North Africa Western Africa
Southern Africa Central Africa Western Asia Central Asia Southern Asia Eastern Asia Southeast Asia

Figure 5: Global prevalence of clarithromycin and levofloxacin resistance
(A) Prevalence per geographical region within the HpGP dataset. (B) Prevalence per region combining the HpGP dataset with 768 strains available in the NCBI SRA database. HpGP=Helicobacter pylori
Genome Project. NCBI SRA=US National Center for Biotechnology Information Sequence Read Archive database.
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without known antimicrobial resistance mutations. The
resistance prevalence to at least one of the antimicrobials
with validated mutations in these regimens ranged from
0⋅6% (six of 1011) to 21⋅8% (221 of 1011), whereas
bismuth and levofloxacin-based therapy reached 24⋅5%
(248 of 1011).

Discussion
Using a diverse and international collection of H pylori
strains, we showed that resistance to clarithromycin and
levofloxacin canbepredictedwith veryhigh accuracy froma
defined catalogue of genomicmutations.We also provide a
highly curated dataset composed of 1011 strain genomes,
419 of which were phenotyped for clarithromycin and lev-
ofloxacin susceptibility by the same reference laboratory.
Resistance rates to clarithromycin and levofloxacin greater
than or equal to 15% are considered high by clinical
guidelines.2 Using the HpGP dataset and other publicly
available whole-genome sequences, we showed that resist-
ance patterns predicted from genomes were highly similar
to those derived from surveillance based on phenotypic data
for the corresponding time period.17

A key finding from our study is that a few mutations can
explain resistance to clarithromycin and levofloxacin, in
contrast with other pathogens, which often involve a high
diversity of antimicrobial resistance-associated muta-
tions.31 These few, strongly explanatory mutations should
facilitate the design of molecular diagnostic tests, often
limited by the number of mutations they can scan for each
targeted gene. Additionally, we provide valuable informa-
tion about thosemutationswithmore explanatory power or
geographical prevalence so they can be prioritised in
molecular tests and guide empirical treatments. For clari-
thromycin, the 23S rRNA 2143A→G mutation explains
85% of resistant strains in the study dataset. Other
23S rRNA gene mutations, such as 2182T→C (T2182C),
have occasionally been reported in clarithromycin-resistant
Hpylori isolates, but their relevance is still under debate.32,33

It is possible that previous studies included mixed pop-
ulations of isolates susceptible and resistant to clari-
thromycin and harbouring 23S rRNAmutations that were
associated or not with resistance.34–36 As in Burucoa and
colleagues’ study,32 our findings are based on single col-
onies. Themutation with the highest explanatory power for
levofloxacin resistance (gyrA N87K) accounted for 35⋅8% of
resistant strains in the study dataset. However, this obser-
vation does not mean that unknown genomic regions or
mutations cannotbecomemore relevant in the futureor that
rare mutations might have a role at a local level. Genomic
surveillance at different levels will help to complement the
information we obtained from theHpGP.
Notably, our study generatedMIC data froma centralised

reference laboratory.With these granular results, we found
that the 23S rRNA 2142A→G variant is associated with a
higher MIC value than 2143A→G. By contrast, gyrA var-
iants inD91have lowerMICvalues than inN87, and strains
with two simultaneous mutations have the highest MICs.

Differences inMICs between different mutations can have
both clinical and experimental implications, as is being
recognised for isoniazid in M tuberculosis.37 Given the
unreliable reproducibility of antimicrobial susceptibility
testing outside reference laboratories, MICs close to the
cutoff used for differentiating wild-type from mutated
isolates might lead to wrong categorisation in vitro.
Our analysis by global regions identified geographical

differences in resistance prevalence. For example, up to
51⋅2% of strains were resistant to clarithromycin in
southeast Asia, whereas levofloxacin resistance was below
13%. By contrast, more than half of the strains from south
Asia were resistant to levofloxacin but fewer than 5% were
resistant to clarithromycin. These results are consistent
with existing literature. In their meta-analysis, Savoldi
and colleagues17 reported the resistance prevalence to
different antibiotics for the differentWHO-defined regions.
By grouping the data from the present study using the
same criteria, we observed similar trends of prevalence
(appendix 2 p 20), confirming that molecular markers are, in
our dataset, good predictors of AMR. In addition, we provide
data fromAfrica, a regionwith little information available and
where we see relevant differences compared with other
countries. For example, no resistance to levofloxacin was
observed in north Africa whereas we found a prevalence of
more than 30% in southernAfrica. According to a 2024meta-
analysis,38 variations in theprevalenceofAMRrates inHpylori
in different continents, such as those shown in our and other
studies, couldhavearisenfromdivergent treatmentguidelines
in these regions. Our data can help to conduct surveillance
studies, inform local diagnosis, and design treatment guide-
lines by region, since in areas where individual susceptibility
testing is not available but the prevalence of clarithromycin
resistance is high (≥15%) or unknown, the recommended
first-line treatment is bismuth-quadruple therapy.2

Using the globally representativeHpGPdataset, we could
predict the putative success of different common eradica-
tion regimens. However, our analysis is limited by the
absence ofmutations to predict resistance tometronidazole
and amoxicillin. In fact, our estimated prevalence ranges
between 0⋅6% and 21⋅9% for these antibiotics, whereas we
obtain a prevalence of resistance of 24⋅5% in the case of the
only regimen that does not include either of these drugs
(bismuth-based and levofloxacin-based therapy). These
results suggest the need to identify clinically relevant
mutations for the drugs used in the regimens, as has
been done in this work on 23S rRNA mutations for
clarithromycin and gyrA mutations for levofloxacin.
The validation should include mutations published in the
literature as we show that some are highly prevalent in the
HpGP dataset and thus unlikely linked to resistance
(eg, T31E in rdxA; appendix 2 p 11).Our results suggest that
several empirical regimens are compromised by different
degrees of resistance and showcase the role of genomic-
based susceptibility predictions, both for surveillance and
for testing. For example, alternative empirical regimens
could be being used depending on the prevalence of
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resistance.39 However, they must be guided by local preva-
lence or resistance estimates; here, we show how genomic
surveillance could be away to inform those regimens.More
generally, we think that our data suggest that molecular
testing tools, including genomics, can be used to inform
susceptibility-guided regimens.
Although the HpGP consortium made a considerable

effort to generate a global, representative dataset, gaps in
geographical representation remain. Nevertheless, a recent
study that followed a similar approach, including theHpGP
sequences, reached similar conclusions.12 In both analyses,
locally prevalent or globally rare mutationsmight still need
to be identified. Our analysis should be interpreted as a
confirmation of the association with resistance of the
mutations present in the HpGP dataset. However, a limi-
tation of this study is that temporal resistance prevalence
trends were not considered, which might affect the inter-
pretation of changes over time. Likewise, our estimation of
resistance associated with regimens is based on published
antimicrobial resistance-conferringmutations, which have
not been extensively tested and might lead to overesti-
mation or underestimation of resistance. Thus, we con-
ducted a conservative analysis, inwhichonlymutations that
are clearly linked to a resistant phenotype are considered.
As such, our estimation of resistance linked to regimens is
likely to be a lower bound of the true prevalence. None-
theless, our study shows that molecular markers are good
predictors of phenotypic resistance to clarithromycin and
levofloxacin. This is relevant as antimicrobial susceptibility
testing is notoriously difficult for H pylori and has
reproducibility issues, particularly outside reference
laboratories.
In summary, we provide a list of validated mutations

associated with clarithromycin and levofloxacin resist-
ance in H pylori and in some cases to different MICs.
Those mutations can be ranked by their predictive value
and geographical region to inform the development of
global and locally based diagnostics. When extending
our genomic predictions of susceptibility to other drugs
such as rifabutine or tetracycline, we showed that many
patients treated with empirical treatment are likely to
harbour strains with resistance to at least one drug.
Finally, we provide a publicly available, highly accurate,
phenotyped and genotyped global dataset of strains.
Future studies should aim to expand available datasets
for resistance to other drugs and increase the geo-
graphical breadth of the sampling by leveraging novel
approaches for genotype–phenotype mapping in drug
resistance.
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