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transfer and genomic mutations in the gut
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Abstract

Treating Helicobacter pylori (H. pylori) infection requires large quantities of antibiotics, thus dramatically promoting
the enrichment and dissemination of antimicrobial resistance (AMR) in feces. However, the influence of H. pylori
eradication on the AMR mobility and the gut microbiota evolution has yet to be thoroughly investigated. Here,

a study involving 12 H. pylori-positive participants was conducted, and the pre- and post- eradication fecal samples
were sequenced. Metagenomic analysis revealed that the eradication treatment drastically altered the gut micro-
biome, with the Escherichia and Klebsiella genera emerging as the predominant bacteria. Interestingly, the eradi-
cation treatment significantly increased the relative abundance and diversity of resistome and mobilome in gut
microbiota. Eradication of H. pylori also enriched AMR genes (ARGs) conferring resistance to antibiotics not admin-
istered because of the co-location with other ARGs or mobile genetic elements (MGEs). Additionally, the Escherichia
and Klebsiella genera were identified as the primary bacterial hosts of these highly transferable ARGs. Furthermore,
the genomic variations associated with ARGs in Escherichia coli (E. coli) caused by the eradication treatment were
profiled, including the parC, park, and gyrA genes. These findings revealed that H. pylori eradication promoted

the enrichment of ARGs and MGEs in the Escherichia and Klebsiella genera, and further facilitated bacterial evolution

through the horizontal transfer of ARGs and genomic variations.
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Introduction

Antimicrobial resistance (AMR) has been identified as a
major threat to ecological equilibrium and global health;
failure to address the growing problem of AMR will
result in an annual death of almost 10 million people in
the next two decades [1]. Currently, physicians world-
wide are confronted with the common predicament that
treating infectious diseases requires antibiotics, with no
alternative drugs available in clinical settings, as in the
treatment of Helicobacter pylori (H. pylori) infection.
This utilization of antibiotics is likely to promote bacte-
rial evolution associated with AMR and facilitates the
expansion and diffusion of AMR genes (ARGs) through
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horizontal transfer in gut bacterial communities [2, 3].
The ongoing evolution of gut bacteria poses a new chal-
lenge in the fight against AMR that demands our undi-
vided attention. However, recent studies have primarily
concentrated on the alterations of gut bacteria composi-
tions [4, 5], as well as the contamination of known ARGs
in bacterial communities [6], the bacterial evolution asso-
ciated with AMR in gut microbiota induced by H. pylori
eradication is seldom addressed.

H. pylori, a microaerophilic flagellated bacterium, is
estimated to infect approximately half of the world’s pop-
ulation and is known to participate in several diseases,
such as bad breath, chronic gastritis, peptic ulcer disease,
and gastric adenocarcinoma [7-9]. Therefore, eradicating
H. pylori for treatment or prevention of these disorders
is commonly prescribed by physicians, and the recom-
mended eradication regimen requires large quantities of
antibiotics for a set duration of time, like the 14-day bis-
muth-based quadruple therapy [10, 11]. The eradication
treatment inevitably leads to an imbalance of the intes-
tinal microbial communities, often accompanied by the
proliferation of antibiotic-resistant bacteria and ARGs
[12]. However, the influence of H. pylori eradication
on gut microbiota is far more than that. The horizontal
transfer of ARGs associated with antibiotic administra-
tion and affiliations of these ARGs still need to be deci-
phered clearly. These overlooked effects can promote the
bacterial evolution associated with AMR, which likely
results in serious environmental contamination of ARGs.

The first-line H. pylori eradication regimen is the
14-day bismuth-based quadruple therapy, including two
types of antibiotics (amoxicillin and clarithromycin),
one proton-pump inhibitor, and bismuth. The eradica-
tion treatment dramatically declines the alpha diversity,
especially species richness, and reduces the proportion of
Bacteroidota and Bacillota species [13, 14]. Specifically,
the proportion of Pseudomonadota generally increases
to very high levels immediately after the eradication
treatment [13, 15]. It is worth noting that, following the
14-day bismuth-based quadruple therapy, the relative
abundance of ARGs against macrolide and beta-lactam
was increased [13]. Upon being discharged into natural
environments, these multidrug-resistance bacteria can
spread and diffuse ARGs among bacterial communities,
resulting in serious threat to ecosystem and even passag-
ing AMR to human-associated pathogens [16].

Twelve H. pylori-positive individuals were selected
through strict screening in the present study. The fresh
fecal samples collected before and immediately after
the 14-day bismuth-based quadruple therapy, were
sequenced. Reads-based analysis was employed to char-
acterize the alterations of the microbiome, antibiotic
resistome, and mobilome in the intestinal community.
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Additionally, the co-occurrence of ARGs and MGEs was
deciphered to determine the bacterial hosts of transfera-
ble ARGs. Furthermore, combining comparative genom-
ics and metagenomic intra-species diversity analysis, the
phylogenetic relationship of the representative intesti-
nal bacteria (Escherichia coli, E. coli) was profiled. The
genetic variations induced by the eradication treatment
were detailed. This study will profile the contamination of
ARGs and MGEs in fecal samples from donors subjected
to H. pylori eradication, reveal potential threat of gut
microbiota evolution associated with AMR, and facilitate
the comprehensive understanding of the influence of H.
pylori eradication.

Methods

Study design and participants

We performed a randomized study in 100 H. pylori-posi-
tive participants suffering from bad breath. These partici-
pants were subjected to the eradication treatment with
a 14-day bismuth-based quadruple therapy (amoxicillin
1000 mg, clarithromycin 500 mg, rabeprazole 10 mg, and
bismuth potassium citrate 220 mg [all given twice daily]).
This study was approved by the Institutional Review
Board of the Tianjin Third Central Hospital. Written
informed consent was obtained from all participants
before enrollment. In brief, adult patients (>20 years)
diagnosed with bad breath were eligible, and H. pylori
infection was confirmed by at least two positive results
of rapid urease test, histology, and culture. Participants
with any of the following criteria were excluded from this
study: (1) previous eradication therapy, (2) allergy to any
antibiotic of the study, (3) previous gastrectomy, (4) the
coexistence of severe concomitant illness including dis-
eases of metabolic system and gastrointestinal tract, (5)
pregnancy or lactation women, (6) the use of antibiotics,
proton pump inhibitors, bismuth, within six months, and
(7) drinking (>100 g per week of alcohol) and smoking.
And 68 participants were enrolled in our study after the
screening. A complete medical history and demographic
profiles were obtained from each participant, includ-
ing age, sex, body weight, body height, medical history,
profiles of smoking, alcohol, coffee, and tea consump-
tion once joined the study. Medications were advised to
be taken one hour before either breakfast or dinner, and
alcohol, probiotic products, and other foods influencing
gut microbiota should not be consumed during treat-
ment. To determine the success of eradicating H. pylori,
a urea breath test was performed six weeks following the
eradication treatment. Finally, only 12 participants with
successful eradication of H. pylori, completed the study
according to the strict standards. Fecal samples (10 g) of
these participants were taken at homes before and imme-
diately after the eradication treatment. These samples
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were dispatched to our laboratory within 4 h of collection
and kept at —80 ‘C until they were used.

DNA isolation and metagenomic shotgun sequencing
Microbial DNA was collected from fecal samples with
QIAamp PowerFecal Pro DNA Kit (QIAGEN, USA)
according to the manufacturer’s recommendations. In
brief, 100 mg of fecal samples were used to isolate micro-
bial DNA, and the extracted DNA were eluted in a final
volume of 50 pL of elution buffer. One pg of microbial
DNA was used to prepare DNA libraries with KAPA
UDI Adapter Kit (Roche, Switzerland). And the library
preparations were sequenced on an Illumina HiSeq plat-
form and 150 bp paired-end reads were generated. Raw
sequencing reads were first quality-controlled with Trim-
momatic (v0.39) [17], removing adaptors and low-quality
reads (read was<60 bp, contained “N” bases or quality
score mean bellow 30). The human genome (GRCh38,
GCF_000001405.26) was removed from metagenomic
reads using bowtie2 (v2.5.1) [18].

Reads-based profiling of the shotgun metagenomic data
Taxonomic profiling of the shotgun metagenomic data
was performed using MetaPhlAn (v4.03) with default
parameters, and gut microbiota were quantified at differ-
ent levels including phylum, family, genus, and species.
At the species level, the alpha metrics were calculated to
infer species richness, the indices of Shannon and Simp-
son, and beta diversity was quantified with non-metric
multidimensional scaling (NMDS) based on the Bray—
Curtis distance. Linear discriminant analysis effect size
(LEfSe) was used to identify the differentially abundant
taxa before and after the eradication treatment.

To detail the antibiotic resistome in metagenomic data,
ARGs-OAP v3.0 was used to annotate the ARG types
and subtypes with default settings, and the ARGs were
normalized to 16S ribosomal RNA (rRNA) gene. The
mobilome was inferred with ARGs-OAP on a well-struc-
tured mobile genetic element (MGE) database [19], and
the MGEs were also normalized to 16S rRNA gene. The
abundances of subtypes of ARGs and MGEs were used
to calculate the alpha indices, and the beta diversity was
assessed by NMDS on the Bray—Curtis distance.

To explore the relation between gut microbiome, anti-
biotic resistome, and mobilome, Procrustes analysis
was performed in R using the ‘vegan’ package (v 2.6.4).
The Bray—Curtis distance on gut microbiome (species
level), antibiotic resistome (subtypes), and mobilome
(subtypes), was used as input to the Procrustes analysis.
The significance was obtained using the ‘protest()’ func-
tion with 999 permutations. The Spearman’s correla-
tion of total abundance of ARGs and MGEs from each
donor was determined with ‘cor()’ function. And the
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co-occurrence networks were explored using the ‘psych’
package in R and visualized using Gephi (v0.10.1).

Assembly-based profiling of the shotgun metagenomic
data

The postfiltered reads from each donor were individually
assembled into contigs with SPAdes (version 3.13.0) [20].
To identify the ARG-containing contig (ACC), Prodigal
(V2.6.3) was used to predict the open reading frames
(ORFs) within these assembled contigs (>1000 bp), and
the nucleotide sequences of ORFs were searched for
ARGs against Structured Antibiotic Resistance Gene
database (SARG 3.0) using blastx with an E-value thresh-
old of 1e71° [21]. An ORF was identified as an ARG-like
sequence based on the criteria of 80% sequence similar-
ity and 70% query coverage [22]. Then, the filtered ACCs
were annotated with Kraken2. Finally, to examine the dis-
tribution and co-occurrence of ARGs, a manual analysis
was conducted to summarize and verify the annotation
of ACCs and ARGs on ACCs. To explore the mobility of
these ACCs, the nucleotide sequences of filtered ACCs
were searched for MGEs against the above MGE data-
base using blastn with an E-value threshold of 1e7'%. An
ACC was designated as MGE-containing ACCs with the
criteria of 90% sequence similarity and 80% query cover-
age [23]. The plasmid sequences from assembled contigs
(>1000 bp) were recovered using PlasFlow (V1.1) with
default parameters [24].

To decipher the alterations of ARGs (especially the
acquired ARGs) induced by H. pylori eradication, the
metagenome assembly genomes (MAGs) were obtained
through metagenome binning using MetaWRAP with
default parameters [25]. In brief, these assembled contigs
were subjected to bin with the algorithms of MaxBin2
[26], metaBAT2 [27], and CONCOCT [28], and a total of
620 MAGs (bins) were obtained after the bin refinement
with the minimum completion to 70% and maximum
contamination to 10%. Then, Taxator-tk was used to
accurately determine the taxonomy of each bin [29], and
PhyloPhlAn (V3.0) was also used to visualize the most
prevalent MAGs in these metagenomic samples [30]. The
ARGs carried by MAGs were determined using blastx
against the SARG database, and a total of 142 ARGs-
carrying MAGs were obtained. The maximum-likelihood
phylogenetic tree of the 142 MAGs was constructed
using PhyloPhlAn (V3.0.3). ResFinder (V4.1) was used to
detect the acquired ARGs and AMR-associated chromo-
somal point mutations in these MAGs [31].

Given to the increasing prevalence and enriched ARGs
in E. coli after H. pylori eradication, we selected this spe-
cies to explore its genomic evolution. We identified 16 E.
coli MAGs from all metagenomic samples, and the tax-
onomy classification was further verified with GTDB-Tk
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(v2.1.1) based on GENOME TAXONOMY DATABASE
(GTDB) [32]. The maximum likelihood tree of core sin-
gle nucleotide polymorphisms (SNPs) on these 16 MAGs
was identified using kSNP4 [33]. StrainPhlAn was used to
extract the reads belonging to E. coli (SGB10068) from all
metagenomic samples, and compared them with the ref-
erence genome in a phylogenetic tree [34].

Isolates of E. coli strains and genomic analysis

We randomly isolated E. coli strains from the samples of
five donors collected before and after the H. pylori eradi-
cation treatment with the E. coli/Coliform Chromogenic
Medium (Hopebiol, China). The isolates were verified
by PCR targeting 16S rRNA gene (27F: 5'-AGAGTT
TGATCCTGGCTCAG-3" and 1492R: 5'-TACGGYTAC
CTTGTTACGACTT-3") and Sanger sequencing. Sub-
sequently, 20 confirmed E. coli clones from one sample
were subjected to susceptibility testing using the disk dif-
fusion method. In brief, plates containing Luria Bertani
agar were inoculated with bacterial culture adjusted to
a turbidity of a 0.5 McFarland, then disks with antibiot-
ics including amoxicillin, clarithromycin, ciprofloxacin,
tetracycline, and gentamycin were placed and tightly
pressed onto the surfaces of medium. The plates were
kept at 37 ‘C for 24 h, and the inhibition zone diameter
was measured to assess the antibiotic susceptibility.

We randomly selected the E. coli isolates from one
donor, then collected the bacterial DNA and performed
the whole genome sequencing. Trimmomatic (v0.39) was
used to filter poor quality reads (including short reads
below 50 bp and N-containing reads) and adaptors from
the raw sequencing reads. Then, the high-quality reads
were subjected to PanPhlAn 3 for the pangenome-based
phylogenomic analysis. To further decipher the genomic
mutations in these isolates, bowtie2 (V2.5.1) was used to
map these postfiltered reads to the reference genomes of
E. coli (GCA_000005845.2) [18], bcftools were used to
identify variants and manipulate the results [35], inte-
grated genomics viewer (IGV) was used to scrutinize var-
iant calls and bam files manually [36], and TBtools was
used to visualize the genomic variations in circos [37].
Given the evolutionary relationship, both E. coli strains
(isolates 1 & 3 from the pre-eradication sample) were
regarded as the initial strains to explore the genomic
variations.

To determine the acquired ARGs and AMR-associated
chromosomal point mutations, ResFinder (V4.1) was
used. Firstly, the contigs of E. coli isolates were assem-
bled using SPAdes (version 3.13.0) with ‘~careful —only-
assembler’ option [20], and the obtained contigs were
subjected to the ResFinder pipeline. The tool of kSNP4
was used to characterize the phylogenetic relationship
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of these isolates based on SNPs, and iTOL (V6.7.5) was
used to visualize the phylogenetic tree [38].

Statistical analysis

Descriptive statistics for all data were manipulated by
Excel 2021 (Microsoft Corp., USA). Alpha and beta
diversity of taxonomic profiles, ARGs, and MGEs were
calculated in the R (v4.2.2), and beta diversity was visual-
ized using non-metric multidimensional scaling (NMDS)
with the Bray—Curtis dissimilarity. The Wilcoxon signed-
rank test was employed to compare the alpha parameters
and genera of gut microbiome from fecal samples col-
lected before and after the H. pylori eradication treat-
ment, as well as the antibiotic resistome and mobilome.
The Spearman’s correlation analysis was finally used to
investigate the associations between gut microbiome,
antibiotic resistome, and mobilome. A p value of less
than 0.05 was regarded as statistically significant. Net-
work visualization was conducted on the interactive plat-
form of Gephi (0.10.1). The phylogenetic tree was plotted
with iTOL (V6.7.5) online. The others were all performed
in the R or Graphpad Prism 8.

Results

Cohorts of participants

A total of 100 H. pylori-positive participants suffering
from bad breath were initially screened for the study,
and 32 participants were excluded (Fig. 1). Ultimately,
only 12 participants, consisting of five men and seven
women, completed the entire experiment following the
strict standards set forth. Table S1 presents the detailed
information on these standard-compliant participants.
Fecal samples (n=24) were collected before (defined as
Cont. group) and after (defined as HPE group) the 14-day
H. pylori eradication treatment, as in the experiment
scheme depicted in Fig. 1.

H. pylori eradication affects gut microbiota composition
The reads-based metagenomic analysis was implemented
to profile the gut microbiota alterations induced by the
quadruple eradication therapy. Most subjects experi-
enced a significant decrease in species richness, falling
below the threshold of 100 immediately after the eradi-
cation treatment (Fig. 2a; p <0.01). Additionally, both the
Shannon and Simpson indices of our subjects were dra-
matically reduced in the HPE group compared with the
baseline microbiota (Cont.) (Fig. 2b, ¢; p<0.01), indicat-
ing that most microorganisms had been restrained by H.
pylori eradication. Furthermore, NMDS analysis based
on the Bray—Curtis distances confirmed that the eradica-
tion treatment profoundly affected gut microbial compo-
sition (Fig. 2d).
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Experimental cohort

e
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100 H.pylori-positive participants screened, 68 participants enrolled,
12 participants (5 men, 7 women) completed the whole experiment.
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It was observed that H. pylori eradication had a notice-
able influence on gut microbiota at different levels,
including phylum, family, and genus (Figs. 2e & S1). Fol-
lowing the eradication treatment, a significant alteration
was observed in the predominant phyla of gut micro-
biota, with a shift from Bacteroidota and Bacillota to

ication; HPE, samples collected immediately after H. pylori eradication

Pseudomonadota (Figure Sla). Additionally, the com-
mensal bacteria belonging to the Ruminococcaceae,
Lachnospiraceae, Bifidobacteriaceae, Eubacteriaceae,
Oscillospira, and Clostridiaceae families were almost
eliminated from gut microbiota (Fig. 2e). Notably, the
Enterobacteriaceae family was found to be prevalent
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among all samples, with a relative abundance exceed-
ing 75% in most subjects. And the eradication treatment
significantly altered the relative abundances of 36 bacte-
rial genera (Table S2; p<0.05). Furthermore, the LEFSe
results revealed that the Escherichia and Klebsiella genera
were found to be substantially enriched across all donors
following the eradication treatment (Fig. 2f), with their
average abundance exceeding 30% (Fig. 2g, h; p<0.01).
These results reflected that H. pylori eradication had pro-
found implications for gut microbiota composition.

H. pylori eradication expands the gut resistome

and mobilome

The alterations of ARGs in fecal samples were charac-
terized using the ARGs-OAP pipeline. The Bray—Cur-
tis dissimilarities readily separated the gut resistome of
the Cont. and HPE groups (Fig. 3a), and the sum abun-
dance of observed ARGs was sharply increased to a con-
siderable extent (Figure S2a; p<0.01), indicating that
the enrichment of ARGs was markedly promoted by H.
pylori eradication. Additionally, the diversity of ARGs
was significantly increased by the eradication treat-
ment, as evidenced by the increased species richness
and the Shannon and Simpson indices (Figure S2b-d;
p<0.01). Of these, ARGs belonging to beta-lactam and
macrolide-lincosamide-streptogramin (MLS) can be

Page 6 of 14

directly associated with the antibiotics (amoxicillin and
clarithromycin) that were administered in the eradica-
tion treatment, including gene ampC, TEM-1, TEM-117,
TEM-193, mph(A), erm(B), and erm(F) (Fig. 3b). None-
theless, the ARGs that fell under other categories, such
as aminoglycoside, multidrug, polymyxin, tetracycline,
sulfonamide, and trimethoprim, were also observed to
be significantly augmented by the eradication treatment
(Fig. 3b). The relative abundances of these ARGs were
either equivalent to or higher than those of beta-lac-
tams (Figure S3 and Table S3). The sull, mph(A), tet(A),
dfrA17, qacEdeltal, and APH(3”)-Ib genes were the most
enriched ARGs after the treatment (Table S4).

Previous studies have revealed that the mobilome has a
pivotal influence on disseminating ARGs [39]. MGE com-
positions were analyzed using the well-established MGE
database to profile the changes in microbial mobilome
induced by H. pylori eradication [19]. Consistent with the
results of ARGs, the enrichment of MGEs was consid-
erably enhanced by the H. pylori eradication treatment,
as indicated by the alpha and beta metrics (Figs. 3¢ and
S4; p<0.01). Furthermore, it was found that the relative
total abundance of MGEs significantly increased, as evi-
denced by about a 34-fold change (Fig. 3d). Transposase,
IS91, integrase, and plasmid were the predominant cat-
egories of MGEs, accounting for approximately 90% of
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the total abundance of MGEs. In detail, the tnpA, IS91,
intll, qacEdelta, and IS26 genes were the most enriched
MGE:s after H. pylori eradication (Figure S5 and Table S5;
p<0.01).

H. pylori eradication influences the relations among gut
microbiome, resistomes, and mobilomes

The co-occurrence of ARGs and MGEs in specific bac-
teria, particularly those with pathogenic potential, poses
a substantial risk to both ecological equilibrium and
human health [19, 40]. The results of Procrustes analy-
sis demonstrated a significant correlation among the
resistome, microbiome, and mobilome (Figs. 4a, b and
S6; p<0.01) during the H. pylori eradication treatment,
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with decreasing M? values indicating a stronger associa-
tion between the resistome and mobilome (M?=0.17).
Additionally, the Spearman ’s correlation analysis con-
firmed the notable association between the identified
ARGs and MGEs (Fig. 4c; p<0.01). Furthermore, the
results of network analysis showed that these ARGs and
MGEs had a higher tendency to occur within Enterobac-
teriaceae species than other bacterial families (Fig. 4d,
e), and the predominant bacteria were identified as the
Escherichia and Klebsiella genera. Moreover, it was found
that ARGs tended to coexist with MGEs, such as tnpA,
1891, intll, and qacEdelta (Figure S7), indicating a highly
transferable potential of these ARGs. These findings sug-
gested that the co-occurrence patterns of resistomes, and
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microbiome or mobilome were changed by the H. pylori
eradication treatment.

H. pylori eradication changes the bacterial host
composition of ARGs

To further investigate the bacterial hosts of ARGs, an
assembly-based metagenomic analysis was implanted,
and the ACCs were annotated against KRAKEN2 stand-
ard database. Upon analyzing the metagenomic data, a
total of 336,176 and 71,039 contigs were obtained from
metagenomic samples collected before and after the
eradication respectively (Figure S8a). Of these contigs,
783 and 1056 were identified separately as ACCs, and
96.24% of all ACCs were annotated at the phylum level,
while 82.49% were annotated at the genus level (Fig-
ure S8b, c). Furthermore, the ratio of ACCs showed a
remarkable increase from approximately 0.23% to 3.07%
after the H. pylori eradication treatment (Figure S8d).

Before the eradication of H. pylori, the detectable ARGs
were predominantly affiliated with 13 families from four
phyla, with the most prevalent hosts of ARGs being Bac-
teroidaceae, Enterobacteriaceae, Lachnospiraceae, and
Tannerellaceae (Fig. 5a). Conversely, after the eradication
treatment, the majority of ARGs were assigned to Enter-
obacteriaceae, particularly those associated with MLS,
multidrug, beta-lactams, polymyxins, and sulfonamides
(Fig. 5b). At the genus level, it was observed that the
Escherichia and Klebsiella genera were the primary hosts
of ARGs (Table S6). Moreover, the diversity of ARGs car-
ried by both genera was greater in HPE group than the
Cont. group, as represented by these ARGs belonging
to aminoglycosides, beta-lactams, and MLS (Figure S9).
These results revealed that the enriched ARGs after the
H. pylori eradication treatment were mainly hosted by
the Escherichia and Klebsiella genera.

Metagenome binning was conducted to confirm the
representative hosts of ARGs. After filtering low-quality
metagenome-assembled genomes (MAGs), a total of 620
MAGSs (>70% completion and < 10% contamination) were
acquired for further investigation. Of these, 508 MAGs
were assembled from the metagenomes before H. pylori
eradication, whereas 112 MAGs were obtained from
the post-eradication metagenomes. Subsequently, Phy-
loPhlAn was employed to visualize the most prominent
22 species-level MAGs (Fig. 5c). The results revealed a
wide variety of MAGs in fecal samples before H. pylori
eradication, with only E. coli (16 MAGs, detected in
11/12 donors) and K. pneumoniae (eight MAGs, detected
in 7/12 donors) being prevalent after H. pylori eradi-
cation. Furthermore, all MAGs were identified at the
species level using the Genome Database Taxonomy
(Table S7). Of all MAGs, 142 MAGs were found to harbor
ARGs. Before the eradication treatment, 17.7% (90/508)
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of MAGs contained ARGs in the metagenomes, whereas
46.43% (52/112) of MAGs carried ARGs in the post-erad-
ication metagenomes (Fig. 5d). All 142 ARG-carrying
MAGs were combined to conduct the phylogenetic anal-
yses. The results revealed that, after the eradication treat-
ment, the Escherichia (11 MAGS), Klebsiella (7 MAGs),
Enterococcus (4 MAGs), and Streptococcus (4 MAGS)
genera were the predominant ARG-carrying MAGs.

H. pylori eradication facilitates the high transfer potential
of AMR

An analysis of plasmid pools was performed using Plas-
flow to assess the mobility potential of the detectable
ARGs. The results demonstrated that more sequences
were classified as being carried by plasmids after H. pylori
eradication (Fig. 6a; p<0.01), indicating a notable enrich-
ment of plasmid in the gut microbiota as a result of the
treatment. A thorough investigation was conducted on
the identified 1839 ACCs to determine their association
with MGEs. The findings revealed a significant increase
in the ratio of MGE-carrying ACCs after H. pylori eradi-
cation, from 4.85% (38/783 ACCs) to 14.58% (154/1056
ACCs; Table S8). Upon analysis, it was observed that the
relative abundance of MGE-carrying ACCs significantly
increased after H. pylori eradication, with the average
abundance rising from 8.20% to 44.48% (Fig. 6b; p<0.01).
Notably, the ACCs that carried multiple ARGs (>two)
were seldom identified in the pre-H. pylori eradication
metagenomes (Table S8). Conversely, after H. pylori erad-
ication, the co-occurrence of ARGs and MGEs was com-
monly observed in metagenomes, and the MGE-carrying
ACCs were predominantly hosted by the Escherichia and
Klebsiella genera (Fig. 6¢c). These ACCs often harbored
multiple ARGs, multiple MGE, or both, with the MGEs
primarily including intll, tnpA, 1S91, and aqcEdelta
(Table S8). These results indicated that the emergence of
the highly transferable multidrug resistance in gut micro-
biota was likely facilitated by H. pylori eradication.

H. pylori eradication promotes the phenotypic

and genotypic evolution of E. coli in gut communities

In addition to horizontal gene transfer, genomic muta-
tions are crucial in developing bacterial antibiotic
resistance, particularly when exposed to antibiotics.
Considering the high prevalence and affiliated ARGs, the
research associated with bacterial evolution focused on
the E. coli. It was found that E. coli (SGB10068) was pre-
sent in only 17 of the 24 metagenomic samples (Fig. 7a).
The phylogenetic relationship indicated that this strain’s
mutation rates (against species-specific MetaPhlAn
markers) were much lower before H. pylori eradication
than after its eradication. Additionally, the evolution-
ary tendency of E. coli strains was validated using the
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phylogenetic relationship predicted on core-genome
mutations in the 16 MAGs assigned to this bacterium
(Fig. 7b). Moreover, it was discovered that a high occur-
rence of genomic mutations on the parC, parE, and gyrA
genes was exhibited by these E. coli MAGs obtained
from the post-eradication metagenomes (Figure S10).
These mutations are believed to contribute to bacterial

resistance to nalidixic acid and ciprofloxacin [41, 42].
However, it is only feasible to identify some of the
genomic mutations responsible for antibiotic resistance
through metagenomics.

E. coli strains from fecal samples before and after H.
pylori eradication were randomly isolated to accurately
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profile the evolutionary trend. Then, the antibiotic
susceptibility of these isolates against five antibiotics
(amoxicillin, clarithromycin, ciprofloxacin, tetracycline,
and gentamycin) was examined. Most E. coli strains
isolated after the treatment were resistant to these
antibiotics, while the bacterial strains isolated before
the treatment showed relatively lower resistance rates
(<20%) (Table S9). Whole genomic sequencing indi-
cated that, a variety of ARGs conferring resistance to
aminoglycosides, beta-lactams, macrolides, quinolones,
and tetracycline were harbored by the post-eradication
isolates (Figure S11). It is likely that H. pylori eradica-
tion drastically reduced the genetic heterogeneity or
diversity within species and promoted the proliferation
of antibiotic-resistant clones (Figs. 7c and S11). The
results of the phylogenetic relationship based on pan-
genome SNPs confirmed that the H. pylori eradication
treatment likely facilitated the genetic evolution of the
surviving E. coli strains during the eradication period
(Fig. 7d, e). Additionally, genomic variations in genes
of parC, parE, and gyrA (Table S10), were in line with
the results predicted using ResFinder. Together, these
results suggested that the H. pylori eradication treat-
ment facilitated intestinal E. coli to adapt to antibiotic
pressure.

Discussion
To decipher the gut microbiota alteration caused by
H. pylori eradication, is of great importance to evalu-
ate the influence of the quadruple eradication therapy
on the clinical and ecological realms. Prior studies have
revealed that H. pylori eradication dramatically reduced
gut microbiota diversity and facilitated the expansion of
ARGs associated with antibiotics administered [13, 14,
43]. However, more research has yet to attempt to iden-
tify bacterial hosts of the most prevalent ARGs and to
analyze the evolution of these antimicrobial-resistant
bacteria, making it difficult to restrain the spread of AMR
in the intestinal community and natural environments.
H. pylori-positive participants suffering from bad
breath were enrolled in this study to objectively assess
the effect of H. pylori eradication on gut microbiota.
They were provided with a 14-day bismuth-based quad-
ruple therapy. Consistent with previous studies, it was
found that the eradication treatment reshaped the intes-
tinal microecology, significantly reducing gut microbiota
richness and changing bacterial compositions [14]. This
pattern of gut dysbiosis is likely associated with the bac-
tericidal spectrum of amoxicillin and clarithromycin, as
Bacteroidota and Bacillota species have been reported
to be susceptible to both antibiotics [44, 45]. Bacteroides
species were almost eliminated from the intestinal tract,
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while the species of Bacillota, Actinobacteria, Fusobac-
teria, and Verrucomicrobia experienced varying levels
of decrease in relative abundance. Following the treat-
ment, the proportion of Pseudomonadota increased
significantly, with Escherichia and Klebsiella as the domi-
nant genera, which was mainly due to the enrichment of
AMR genes [46]. It is noteworthy that the changes in gut
microbiota after the eradication treatment are conflicting
in various studies [13—15], which is mainly due to the dis-
parity of baseline microbiota and the antibiotic combina-
tions used [47, 48].

Studies have demonstrated that a prolonged course
of antibiotics can significantly increase the presence
of ARGs in gut microbiota, especially those that confer
resistance to antibiotics administered [5, 49]. The relative
abundance of ARGs against -lactams and macrolides,
such as the mph(A), erm(B), erm(F), TEM-117, and

TEM-1 genes, was markedly elevated through the eradi-
cation treatment with a 14-day bismuth-based quad-
ruple therapy. Of note, sull is the most enriched ARG,
which codes for a sulfonamide-resistant dihydropteroate
synthase, though no sulfonamide drugs are used in H.
pylori eradication. This phenomenon is likely caused by
the genetic environment in which the sull gene is often
connected to other ARGs and transported by class 1
integrons or other MGEs, such as plasmids [50, 51]. In
agreement with this, it was also observed that following
the eradication of H. pylori, the abundance of these ARGs
associated with sulfonamide, tetracycline, trimethoprim,
and aminoglycoside were remarkably elevated in gut
microbiota.

MGEs, including transposons, integrons, and plas-
mids, are essential for bacterial evolution and the disper-
sal of cargo such as AMR [52]. These mobile elements
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play an instrumental role in the adaptation of bacteria
to novel environments, thereby enabling the emergence
of distinct bacterial populations [53, 54]. Our findings
revealed that the eradication treatment significantly
increased the relative total abundance of both ARGs and
MGEs, with MGEs having a much higher abundance
than ARGs. Transposase, IS91, integrase, and plasmid
were the most enriched MGEs, and an increased abun-
dance of plasmid was also confirmed in gut microbiota
after the eradication treatment. To profile the correla-
tion between MGEs and ARGs, the co-occurrence and
assembly-based metagenomic analyses were conducted.
The results demonstrated that the co-location of MGEs
and ARGs was commonly observed in gut bacteria after
the eradication treatment, and even multiple MGEs and
ARGs were often found in one contig. Further analysis
verified that the predominant bacterial hosts of these
contigs were Escherichia and Klebsiella. The 14-day
bismuth-based quadruple therapy likely facilitated the
emergence of multidrug-resistant bacteria, which often
harbored highly transferable ARGs. Currently, the preva-
lence of Enterobacteriaceae in the human gastrointestinal
tract is a major concern for clinical practice, and even
more so when they have captured transferable multidrug-
resistance genes, as this can lead to treatment failure [55,
56]. Escherichia has a great capacity to capture accessory
genes via horizontal transfer from environments or other
bacteria, thus resulting in population diversity and facili-
tating bacterial evolution [57].

Antibiotic exposure is widely accepted as a major factor
in bacteria evolution, especially for acquiring AMR [58].
In addition to gene transfer facilitated by MGEs, genomic
variation contributes to obtaining AMR [59]. In this
study, the chromosomal point mutations on the gryA,
parC, and parE genes in E. coli MAGs have been reported
to be associated with bacterial resistance to nalidixic acid
and ciprofloxacin. The prevalence of these genomic vari-
ations in E. coli isolates was confirmed through genomic
analysis. Furthermore, the evolutionary trend of E. coli
strains was characterized, and more genomic mutations
on genes associated with biofilm formation, biological
metabolism, and bacterial response systems were discov-
ered. Interestingly, our findings indicated that long-term
antibiotic exposure likely reduced the intraspecific diver-
sity of E. coli and promoted the proliferation of these
homogeneous strains that contain ARGs.

Nevertheless, there were some limitations to this study.
First, after a rigorous screening process, only 12 donors
were selected for this study. Second, the metagenomes
were just assembled by short-read (150 bp). However,
in this study, metagenomic analysis and single bacterial
genome analysis were combined to characterize the bacte-
rial host of ARGs and the evolutionary trend of E. coli. In
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addition, the abundance of the Escherichia and Klebsiella
genera in baseline microbiota was insufficient for assembly.
Third, fecal samples were just collected from donors before
and immediately after the eradication treatment. Further
studies are warranted to assess the gut microbiota altera-
tions during the eradication treatment, and fecal samples
should be collected on day 0, 3, 7, and 14.

Conclusion

The bismuth-based quadruple therapy markedly affected
the microbiome, antibiotic resistome, and mobilome
in the gut bacterial community. In addition, the trans-
ferable potential of most ARGs was evaluated, and the
bacterial hosts of these ARGs were determined. The evo-
lutionary trend of the major drug-resistant bacterium, i.e.,
E. coli, induced by H. pylori eradication was analyzed in
the present study. These findings raise an alarm that highly
transferable ARGs and bacterial evolution of AMR were
considerably promoted by drugs in feces, which call for
more attention to comprehensively evaluate the influence
of the bismuth-based quadruple therapy, as well as to fight
against AMR caused by H. pylori eradication.
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